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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, the Point No Point Treaty Council has begun a multi-phase hydrologic 

modeling project. For phase one, the focus is on potential streamflow changes and how they differ by 

watershed and topography. The Distributed Hydrology Soil Vegetation Model version 3.1.2 is used to 

project streamflow changes under two climate scenarios (RCP 4.5 and RCP 8.5) in 15 watersheds that 

drain into the Hood Canal and eastern Strait of Juan de Fuca. Projections under both scenarios indicate 

that watersheds with medium to high relief, where snowpack plays an important role in the stream 

hydrology, are likely to experience a large shift in both timing and magnitude of the annual hydrograph. 

A strong linear relationship was found between elevation and projected seasonal (winter and summer) 

streamflow changes. Low-elevation watersheds are not likely to experience a drastic change in 

magnitude, but instead experience moderate winter flow increases and little change in summer flow. In 

some higher-relief areas, however, peak winter flows are projected to double while summer flows are 

projected to decrease by greater than half as snowpack is diminished. The projected changes in several 

watersheds have the potential to drastically alter fish habitat during the freshwater stages of the 

anadromous fish life cycle.  For example, higher magnitude flows occurring during winter months can 

result in a greater frequency of egg-scouring events (which harm the eggs) and access to spawning and 

rearing habitat can be diminished because of drier conditions during the summer months. 
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About this Report 

This Final Technical Project Report is a synopsis of the methodologies and results from phase 

one of the climate change stream modeling project initiated by PNPTC 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. More site-specific details and results can be 

found in the separate watershed reports, which include detailed watershed-specific model results and 

analyses (Appendices A – O). 

 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 or derived data by PNPTC (see the Methods section). This research was 

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

streamflow 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 streamflow results presented in this report are not intended to make predictions for exact 

times in the future but rather are intended to show likely trends compared to the historical baseline 

conditions over long time periods (generally 30 years or more). For example, some forecasts show what 

streamflow conditions might look like during the last 30 years of the 21st century. This is not an attempt 

to predict the exact streamflow magnitude at any specific time or date, but rather it indicates what 

typical conditions are expected to be like throughout that 30-yr timespan. 

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

ascertain the general area where the 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.  



3 
 

Contents 
Abstract ......................................................................................................................................................... 1 

About this Report .......................................................................................................................................... 2 

Acknowledgements ....................................................................................................................................... 4 

Glossary of Terms.......................................................................................................................................... 5 

Introduction .................................................................................................................................................. 6 

Background: Climate Change, Streams and Natural Resources in the Pacific Northwest ....................... 6 

Statement of Need and Study Area .......................................................................................................... 7 

Methods ...................................................................................................................................................... 12 

Model Framework and Model Setup ...................................................................................................... 12 

Model Calibration and Skill Assessment Techniques ............................................................................. 14 

Hydrologic Forecasting ........................................................................................................................... 16 

Modeling Assumptions and Uncertainties ............................................................................................. 19 

Results ......................................................................................................................................................... 20 

Model Calibration and Validation ........................................................................................................... 20 

Streamflow Forecasting Results ............................................................................................................. 23 

Snowpack Forecasting Results ................................................................................................................ 34 

Further information ................................................................................................................................ 37 

Discussion and Implications ........................................................................................................................ 38 

Potential Sources of Error and Uncertainty ............................................................................................ 40 

Conclusion ................................................................................................................................................... 42 

On-going and Future Work ......................................................................................................................... 43 

References .................................................................................................................................................. 44 

 

 
 
 



4 
 

Acknowledgements  

This report has been prepared by the Point No Point Treaty Council (PNPTC) to help guide the 

vulnerability assessments and adaptation strategies for the in-common areas of their member tribes, 

Port Gamble S’Klallam Tribe and Jamestown S’Klallam Tribe. This project would not be made possible 

without assistance and guidance from both of the Natural Resources Departments at the Port Gamble 

S’Klallam Tribe and the Jamestown S’Klallam Tribe. Funding for this project was provided by the North 

Pacific Landscape Cooperative, the U.S. Fish and Wildlife Service and the U.S. Bureau of Indian Affairs. 

  



5 
 

 

Glossary of Terms 

CMIP5: Coupled Model Intercomparison Project Phase 5 

DHSVM: Distributed Hydrology Soil Vegetation Model 

ENSO: El Niño Southern Oscillation  

ESA: Endangered Species Act 

FWS: United States Fish and Wildlife Service 

GCM: Global Climate Model (also called General Circulation Model) 

HC: Hood Canal 

JKST: Jamestown S’Klallam Tribe 

LAI: Leaf Area Index 

MACA: Multivariate Adaptive Constructed Analog statistical downscaling method 

MPE: Mean Percentage Error 

MT-CLIM: Mountain Climate Simulator algorithms (University of Montana) 

NLCD: National Land Cover Database 

NRCS: Natural Resources Conservation Service 

NSE: Nash-Sutcliffe Efficiency score 

PDO: Pacific Decadal Oscillation 

PGST: Port Gamble S’Klallam Tribe 

PNPTC: Point No Point Treaty Council 

PNW: Pacific Northwest 

RCP: Representative Concentration Pathway 

SJDF: Strait of Juan de Fuca 

SNOTEL: Snow Telemetry measurement site 

SWE: Snow Water Equivalent 

USGS: United States Geological Survey 

WDFW: Washington Department of Fish and Wildlife 
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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 in the Pacific Northwest in regards 

to the management and care of natural resources. Because changes in the climate have the potential to 

affect natural resources, tribes and other agencies are particularly concerned with how these changes 

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

Tribes of the northwest have a long history in these lands, practicing subsistence ways of life long before 

colonization.  These place-based people still rely heavily on streams and the species they support for 

subsistence, cultural and important 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, Rupp, and 

Mote 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 (Mauger et al. 2015; Snover et al. 2013). Throughout the 21st century, average 

annual 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 flow regime of major streams and their tributaries, potentially 

negatively impacting fish spawning and rearing habitat. 
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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 the stream flow regime change will directly affect fish species in the near-

term 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 Peninsula and Kitsap Peninsula, 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 economically and culturally important to the 

Tribes.  JKST and PGST, among other tribes in the Pacific Northwest (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 purposes 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). 

 

 



8 
 

 

Figure 1.PNPTC stream modeling study area. (A) Point No Point Treaty Council area (black outline) and the initial phase one 
study area watersheds (shaded gray) in Northwest Washington State. (B) Elevation ranges (in feet) 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. 

 

Many important fish species, including some ESA listed species, are found within the study area 

watersheds (Figure 2). Some of the important fish 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 been carried out. 

Previous hydrology studies have been carried out to highlight potential impacts of climate change on 
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some of these important fish habitats, but only at a regional scale (e.g., Mote et al. 2014; Mauger et al. 

2015; Littell et al. 2009). PGST, JKST and the PNPTC have growing concerns about the availability of finer 

resolution information, which can help inform natural resource management decisions. Phase one of the 

PNPTC stream modeling study provides natural resources managers with higher resolution streamflow 

change projections. This study focuses on important fish stream habitats not only in main river channels, 

but also in the smaller tributaries and other smaller watersheds that are often overlooked in regional 

studies. 

 

 

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. 
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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 averages in the higher mountainous elevations (NCDC, 2018). Most rainfall occurs 

during the cooler months (fall/winter/spring) with little precipitation during the summer months. The 

study area receives considerable snowfall during the winter months at high elevations while lower 

elevation areas generally remain snow free for most of the year. The study area is unique in that it also 

contains streams within the rain shadow of the Olympic Mountains. The Dungeness River and Sequim 

areas, in particular, experience substantially less precipitation throughout the average 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 Pacific 

Northwest (PNW), the El Niño-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) are 

primary drivers of seasonal weather trends and patterns (Abatzoglou, Rupp, and Mote 2014). 

 The study area watersheds vary greatly in terms of topography, aspect, and local-scale 

climatology. The Big Quilcene, Dosewallips, Duckabush, Dungeness, and Hamma Hamma watersheds 

have mean elevations greater than 2500 ft. and a relief of greater than 6000 ft. above sea level (Figure 

1B and Table 1). 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, Tohver, and Hamlet 2010; Mauger et al. 2015; Tohver, Hamlet, and Lee 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 its snowmelt. 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). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



11 
 

 
Table 1. 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. Drainage direction is the approximate overall 
trend of the main channel from the headwaters to the watershed outlet. 

Watershed 
Approx. 

Area (sq mi) 
Approx. 

Relief (ft) 
Mean 

Elevation (ft) 
Drainage 
Direction 

Big Beef 15 1280 490 Northeast 

Big Quilcene 68 7700 3110 East 

Chimacum 37 910 340 North 

Dosewallips 117 7725 3635 East 

Duckabush 77 6660 3160 East 

Dungeness 199 7775 3480 North 

Hamma Hamma 84 6830 2900 East 

Jimmycomelately 15 3450 1500 Northeast 

Little Anderson 5 550 380 Northwest 

Little Quilcene 37 6270 1510 Southeast 

Salmon 21 3700 1430 Northeast 

Seabeck 5.5 580 360 North 

Snow 23 4260 1250 Northeast 

Stavis 6.5 570 380 North 

Tarboo 13 730 430 South 

 

 

 In addition to studying specific 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. This study can give tribal 

resources managers and planners a better understanding of not only how climate scenarios can impact 

the aquatic ecosystems, but also can give an indication as to which watersheds and topographies are 

most resilient to a warming climate. 
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Methods 

Model Framework and Model Setup 

This study employs the Distributed Hydrology Soil Vegetation Model (DHSVM; Wigmosta, Vail, 

and Lettenmaier 1994) version 3.1.2 and uses statistically downscaled climate forecasts to project 

changes in streamflow under different climate scenarios. 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., 

2013, Murphy, 2016). Because of the complex local topography, there is a lack of historical weather 

stations throughout much of the study area. To account for this, gridded meteorological and 

climatological datasets were used as forcings for the model. For calibration, a publically available 

statistically extrapolated historical meteorological 1/16 degree grid (Livneh et al. 2013) is used along 

with 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). 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. In this way, 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 achieving watershed-scale resolution. Snowpack 

and streamflow evolution are 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 (i.e. 2010-2040, 2041-2070, and 2070-2099). 

The DHSVM is a physically based, spatially distributed hydrology model that requires explicit 

physical characteristics of the watershed, including topography, land cover, soil type, estimated soil 

thickness, and a stream network. The digital spatial inputs were acquired largely from publically 

available sources (e.g., USGS, NLCD, and NRCS) and processed in ArcGIS and Python into 50 meter grids. 

Separate watershed boundaries and digital dataset layers were created for each of the 15 project 

watersheds to better capture the local variability and reduce computation time for each simulation. 
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The DHSVM allows for the parameterization of a suite of soil, meteorological, and vegetation 

variables. These include, but are not limited to, the following: soil porosity, soil lateral and vertical 

conductivities, soil field capacity, vegetation leaf area index (LAI) for both over- and under-story 

canopies, vegetation moisture thresholds, and precipitation and temperature lapse rates. Initial 

parameter values were set based largely on existing literature and what has been used in previous 

studies with the DHSVM in the PNW (e.g., Dickerson-Lange and Mitchell 2013; Du et al. 2013; Murphy 

2016). 

DHSVM meteorological forcing inputs include temperature (°C), relative humidity (%), 

precipitation (m), wind speed (m/s), and incoming shortwave and longwave radiation (W/m2). Because 

of the mountainous terrain and remoteness of the study area watersheds, there is a lack of consistent 

historical meteorological observations. To correct for this issue, the model is forced during calibration 

with a publically available statistically derived meteorological grid (Livneh et al. 2013). The Livneh grid 

utilizes precipitation, minimum temperature, and maximum temperature data collected from 1915-2011 

throughout the contiguous United States from approximately 20,000 National Climate Data Center 

(NCDC) cooperative observer weather stations. These data are statistically interpolated to form a 

continuous 1/16 degree (~ 6 km) resolution grid. Monthly precipitation estimates from the Parameter-

Elevation Regressions on Independent Slopes Model (PRISM; Daly, Neilson, and Phillips 1994) are 

incorporated into the Livneh grid to further account for spatial variability. Only stations with a minimum 

of 20 years of valid data are used in the interpolation. Center points of each Livneh grid cell were used 

as meteorological input locations for the DHSVM (e.g., Murphy 2016). The daily Livneh meteorological 

gridded time series were disaggregated into 3-hour timesteps using the variable infiltration capacity 

model (VIC; Liang et al. 1994), which employs the MT-CLIM scheme for downscaling meteorological 

forcings (Hungerford et al. 1989; Bohn et al. 2013) to better capture sub-daily fluctuations in radiation 

inputs. Sub-daily radiation inputs are particularly important for accurately estimating snowmelt and 

runoff processes in mountainous terrains. 

A cold bias was noted in the Livneh grid when compared to modern PRISM normals (1981-2010). 

Since the majority of meteorological observations are made from high population areas, which are 

typically at lower elevations, there is a lack of high elevation historical weather observations. Because of 

this, the Livneh grid was developed using a constant temperature lapse rate of minus 6.5°C per km 

(Livneh et al. 2013) and at high elevations in particular, the maximum and minimum monthly Livneh 

temperatures were significantly lower than those from the (more realistic) PRISM climatologies. Initial 

model runs indicated an over-simulation of snowpack due to these over-estimated cold temperatures at 
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high elevation locations. To account for this, a delta method correction (e.g., Sperna Weiland et al., 

2010; Watanabe et al., 2012) was applied to all of the Livneh cells within each of the watersheds to 

adjust monthly temperature statistics to the PRISM temperature normals from 1981-2010. 

 Because of the complex topography of the region, there is a rain shadow effect, particularly in 

the Dungeness, Jimmycomelately, Snow, and Salmon watersheds, which was found to be improperly 

accounted for in the Livneh grids. In some cases, this initially led to an over-estimation of precipitation 

and streamflow. A correction was applied where necessary by incorporating a precipitation scaling 

factor that has been built into the DHSVM. This correction was not needed in all the basins and was only 

used where necessary, predominantly in the most extreme rain shadow impacted areas. 

 

Model Calibration and Skill Assessment Techniques 

Calibration and validation included the comparison of modeling output to historic streamflow 

observations from USGS and WA Department of Ecology (DOE) gauging stations within each of the 

watersheds (Figure 3). Note that the water rights on the Big Quilcene and Little Quilcene Rivers is 

partially owned by the City of Port Townsend and there is an active diversion on each of those streams 

which removes water for their usage. There is no record of the diversion flow amount that is removed 

from the streams which makes for some uncertainty in these systems, thus making calibration more 

challenging. The Big Quilcene river diversion has a maximum withdraw rate of 40cfs and the City of Port 

Townsend has a reported average annual water usage from the Big and Little Quilcene rivers of 

approximately 18cfs and 4cfs respectively, though actual flow diversions are uncertain (Pickett 2013).  

In addition to streamflow calibration, modeled Snow Water Equivalent (SWE) was compared to 

SWE observations at the Mount Crag (3960 ft. elevation) and Dungeness (4010 ft. elevation) Natural 

Resources Conservation Service (NRCS) Snow Telemetry (SNOTEL) sites in the Big Quilcene and 

Dungeness river watersheds respectively (Figure 3). However, since the SNOTEL site measurements only 

capture snowpack in one location and are not representative of entire watersheds, SWE measurements 

were used only as a guide and not as a primary calibration element. 
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Figure 3. Study area calibration locations. USGS (dotted circles) and WA. Dept. of Ecology (dotted squares) stream 
gauges used for model calibration. The two NRCS SNOTEL sites are labeled and indicated with the open triangles. 

 

Statistical techniques such as the second order Nash-Sutcliffe model efficiency coefficient (NSE; 

Nash and Sutcliffe, 1970), a first order goodness of fit statistic (E1; Waichler et al., 2004), and mean 

percentage error (MPE) were used to assess the model skill. For this study, a NSE score of 0.5 or greater 

was considered a minimum calibration requirement in most cases. Modeling results were also visually 

compared to observed data and residuals were examined to assess the model skill in terms of not only 

magnitude, but also seasonal and annual temporal variations. When possible, a minimum of 10-year 

calibration/validation periods were used to ensure that the model was reasonably reproducing 

watershed characteristics and its responses to typical meteorological changes, eliminating bias toward 

anomalous water years. Since many streams did not have gauges installed until after the year 2000, 

calibration was focused on more recent years. If calibration or validation results from the model were 

not accurately reproducing the observed data, sensitive parameters that reflected basin characteristics 

were modified. These sensitive parameters included (but were not limited to): temperature and 

precipitation lapse rates, snow and rain temperature thresholds, soil porosity and lateral conductivity, 

and leaf area index of vegetation cover, consistent with other studies of DHSVM parameter sensitivity 

(e.g., Du et al., 2013; Kelleher et al., 2015). 
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Hydrologic 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 more severe warming, “business-as-usual,” RCP8.5; Table 2) were used. The 10 GCMs were selected 

based on their suitability for climate prediction in the PNW (Rupp et al. 2013). MACA climate data are 

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 and use the same lapse rates, elevation 

corrections, and other 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. 

 

Table 2. GCM projections used in this study. The listed resolution is the pre-downscaled native resolution of the 
GCM. 

 

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

goals from one another. As such, 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 4 and Figure 5). To account for this, 

modelers often examine the combined results of an ensemble of models, rather than individual model 

runs (e.g., Tohver, Hamlet, and Lee 2014; Dickerson-Lange and Mitchell 2013; Mantua, Tohver, and 

Hamlet 2010; Elsner et al. 2010). The same type of ensemble methodology is used in this project, where 

multiple model runs, each using different GCM projections, 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 contain the individual model run output range along with the ensemble 

results. 

 

Figure 4. Projected study area temperature changes. 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. 
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Figure 5. Projected study area precipitation changes. Projected mean monthly ensemble precipitation 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 precipitation values. 

 

Hydrologic conditions were simulated in major streams and their tributaries with the calibrated 

DHSVM 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 hydrologic processes within the basin, 

30-year 50th percentile (median), 5th percentile, and 95th percentile flows were examined.  Also, median 

watershed SWE results covering years 2010-2040, 2041-2070, and 2070-2099 were examined. In this 

way, streamflow and snowpack changes can be compared to the baseline historical conditions to see the 

likely relative changes. 

Trends in projected streamflow are estimated by comparing forecasts to modeled historical 

streamflows rather than historical observations in an effort to maintain internal consistency and account 

for model biases. Since the physical processes and hydrological energy and mass balance relationships 

remain consistent within the model through time, any bias or error will also remain consistent and can 

be accounted for. 
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Modeling Assumptions and Uncertainties 

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

this model uses static vegetation canopies (and 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. 

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

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

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

and are not necessarily 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 

Calibration results of daily and monthly time series indicate that the model consistently does a 

good job of simulating realistic conditions within each of the study area watersheds, although there is 

variability in model skill between watersheds and locations within the same watershed (Table 3). Also, 

some issues arise with consistency in the observational data because each gauge has a different gauging 

record length, contain some data gaps, and several gauges are managed by different agencies. 

For all of the study area watersheds, the model consistently under-estimated extreme peak flow 

events (i.e., extreme large flashy storms) but performed well in simulating baseflows and median flows 

(e.g., Figure 6). Overall, the model performed well and the Livneh gridded meteorological forcings do an 

adequate job of simulating historical meteorological conditions in complex terrain, even where there are 

sparse weather gauging records. 

In addition to evaluating model skill using daily and monthly time series results, 5th percentile 

and 95th percentile long-term flow results are examined to ensure that the model was accurately 

reproducing more extreme low and high flow events. In general, the model showed good skill for both 

5th and 95th percentile daily flows (see specific watershed reports for more calibration detail). 
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Table 3. Streamflow calibration results by watershed. Daily and monthly timeseries streamflow calibration results 
for the PNPTC study area watersheds. See the full technical report and appendices for additional calibration results 
and more information. 

  Daily Timeseries Monthly Timeseries 

Stream Name 
Location 

Calibration 
Period (wy) 

NSE E1 NSE 

Big Beef 
DOE Gauge 2001-2010 0.62 0.66 0.80 

USGS Gauge 1996-2010 0.73 0.64 0.89 

Big Quilcene 
DOE Gauge 2003-2010 0.67 0.63 0.80 

USGS Gauge 1995-2010 0.56 0.50 0.67 

Chimacum DOE Gauge 2004-2010 0.63 0.67 0.88 

Dosewallips DOE Gauge 2008-2012 0.57 0.52 0.73 

Duckabush USGS Gauge 1951-2010 0.60 0.54 0.82 

Dungeness 
DOE Gauge 2001-2010 0.52 0.51 0.75 

USGS Gauge 1951-2010 0.49 0.48 0.69 

Hamma Hamma USGS Gauge 1952-1970 0.71 0.60 0.85 

Jimmycomelately DOE Gauge 2006-2010 0.65 0.62 0.73 

Little Anderson DOE Gauge         

Little Quilcene DOE Gauge 2003-2010 0.65 0.59 0.78 

Salmon DOE Gauge 2003-2010 0.60 0.54 0.70 

Seabeck DOE Gauge 2005-2010 0.75 0.64 0.82 

Snow DOE Gauge 2003-2010 0.63 0.56 0.57 

Stavis DOE Gauge 2006 0.74 0.66 0.86 

Tarboo DOE Gauge 2004-2010 0.52 0.62 0.89 
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Figure 6. Selection of Duckabush River streamflow calibration results. Example of daily time series calibration 
results for the Duckabush River at the USGS stream gauge location for water years 2006-2010. Gray line indicates 
the observed streamflow and the red line is the DHSVM simulated streamflow. 
 

 

SWE was used as a secondary calibration parameter to ensure that the DHSVM was simulating 

realistic snow levels. Only two SNOTEL gauging sites exist within the domain of this project, making 

calibration of SWE difficult outside of the Dungeness and Big Quilcene/Dosewallips watersheds where 

the SNOTEL sites are located. Comparing simulated SWE results to observations at the Mount Crag and 

Dungeness SNOTEL sites indicate that the DHSVM is producing realistic SWE magnitudes and timing 

(Figure 7). There is variability in the SWE model skill at the Dungeness SNOTEL site, with several years 

matching well and several years over-estimating SWE magnitudes. The model performed more 

consistently at the Mount Crag SNOTEL site as compared to the observational record but did over-

estimate SWE magnitudes throughout the simulation period. 
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Figure 7. SWE calibrations results for the Mount Crag (A) and Dungeness (B) SNOTEL sites. Gray lines are the 
observed SWE and red lines are the simulated SWE. 

 

Streamflow Forecasting Results 

Under both RCP 4.5 and RCP 8.5 scenarios, the model ensemble results indicate major changes 

in the timing and magnitude of streamflow in the mountainous study area watersheds and less severe 

changes in the lower elevation areas. Results show that topographic relief plays a particularly important 

role in the way watershed hydrology responds to climate change scenarios. High relief watersheds, 

which have historically experienced a combination of snowfall and rain, are the most impacted. 
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For an RCP 8.5 warming scenario, summer flows in mountainous watersheds are projected to 

decrease, a consequence of a diminishing spring snowmelt runoff peak, and winter flows are projected 

to increase (e.g., Figure 8 and Figure 9). In addition to the decreased magnitude of spring snowmelt 

runoff, the timing is also expected to change, shifting earlier in the water year by greater than one 

month in places. These trends are similar for the Big Quilcene, Dosewallips, Duckabush, Dungeness, and 

Hamma Hamma watersheds and are most pronounced at mid-elevation tributaries. Lower elevation 

tributaries, however, were far less impacted by the changes in climate forcings. For example, in the Big 

Quilcene River watershed, the low-elevation Penny Creek tributary is projected to experience far less of 

a winter flow increase and a less drastic summer flow decrease as compared to other tributaries and the 

main channel of the Big Quilcene River (Figure 8). 

 

 

Figure 8. Big Quilcene median daily streamflow projections. RCP 8.5 scenario 30-year median (50th percentile) 
daily streamflow projections (in cfs) for a selection of sites in the Big Quilcene watershed for water years 2070-
2099 (red lines). The baseline historical modeled 60-yr (1951-2010) median daily flows are shown with the black 
lines for comparison. The gray area is the 10-member ensemble range for the projection period. 
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Figure 9. Seasonal study area RCP 8.5 projections for 2070-2099. Median daily 30-yr (2070-2099) streamflow 
projections (in percent) by watershed compared to the historical 60-yr (1951-2010) modeled base period for RCP 
8.5. Darker reds/oranges indicate largest flow decrease while darker blues indicates largest increases. Fall is 
defined as Sep-Nov; winter is Dec-Feb, spring is Mar-May, and summer is Jun-Aug. Watersheds are labeled as: (A) 
Big Beef; (B) Big Quilcene; (C) Chimacum; (D) Dosewallips; (E) Duckabush; (F) Dungeness; (G) Hamma Hamma; (H) 
Jimmycomelately; (I)Little Anderson; (J) Little Quilcene; (K) Salmon; (L) Seabeck; (M) Snow; (N) Stavis; (O) Tarboo. 
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The RCP 4.5 scenario, with less warming than RCP 8.5, is still likely to have a large impact on 

watershed hydrology (Figure 10). Comparing RCP 4.5 results to RCP 8.5 results indicates that similar 

shifts in streamflow timing and magnitude are likely to occur even with significant greenhouse gas 

mitigation in the 21st century, although not to the same level of severity as in the RCP 8.5 scenario. 

Winter flows are projected to increase, summer flows are projected to decrease, and the snowmelt 

runoff is projected to decrease and shift to earlier in the year. As with the RCP 8.5 scenario, the mid- to 

high-relief mountainous watersheds are likely to be impacted the most by the RCP 4.5 scenario. 
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Figure 10. Seasonal study area RCP 4.5 projections for 2070-2099. Median daily 30-yr (2070-2099) streamflow 
projections (in percent) by watershed compared to the historical 60-yr (1951-2010) modeled base period for RCP 
4.5. Darker reds/oranges indicate largest flow decrease while darker blues indicates largest increases. Fall is 
defined as Sep-Nov; winter is Dec-Feb, spring is Mar-May, and summer is Jun-Aug. Watersheds are labeled as: (A) 
Big Beef; (B) Big Quilcene; (C) Chimacum; (D) Dosewallips; (E) Duckabush; (F) Dungeness; (G) Hamma Hamma; (H) 
Jimmycomelately; (I)Little Anderson; (J) Little Quilcene; (K) Salmon; (L) Seabeck; (M) Snow; (N) Stavis; (O) Tarboo. 
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 By the late 21st century, median summer flows (Jun-Aug) are projected to decrease by an 

average of 62% for all watersheds with a mean elevation over 2500ft (Table 4 and Table 5). Winter flows 

for these watersheds are projected to increase by a similar amount. Modeling results indicate a 

substantial change in forecasted low and high flow events (5th and 95th flows; Table 5) is likely. Like with 

the median flow change projections, there is likely to be an increase in winter flows and a decrease in 

summer flows that are proportional to the mean watershed elevation. Under RCP 8.5 in particular, high 

runoff events that take place during the stormy winter months are likely to get stronger, especially in 

the more mountainous watersheds. Lower-lying areas such as the Big Beef or Tarboo watersheds are 

projected to experience an increase in high-flow winter events as well, but to a lesser extent than the 

higher elevation areas. 

 
Figure 11. Study area seasonal streamflow change. Seasonal streamflow changes (percent) compared to the 
historical modeled 60-yr (1951-2010) base period from. 
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Table 4.Seasonal streamflow changes by watershed. RCP 8.5 Projected median (50th percentile) seasonal 
streamflow changes for 2070-2099 at the stream outlet for each watershed in the study compared to median 
historical modeled seasonal flows (1951-2010). Highlighted in light blue are projected increased flows greater than 
5% and in red are projected decreased flows greater than 5%. Values not highlighted are within 5% of historical 
seasonal flow magnitudes. Fall is defined as Sep-Nov; winter is Dec-Feb, spring is Mar-May, and summer is Jun-
Aug. 

Watershed Fall Winter Spring Summer 

Big Beef 5.63% 17.28% 4.40% -11.01% 

Big Quilcene -12.70% 48.50% 8.40% -55.80% 

Chimacum 1.64% 14.91% -3.82% -11.14% 

Dosewallips -3.50% 80.20% 15.90% -69.60% 

Duckabush -14.00% 60.80% 6.50% -66.10% 

Dungeness -14.60% 62.70% 31.20% -57.70% 

Hamma Hamma -8.08% 61.25% -3.34% -64.64% 

Jimmycomelately 0.73% 39.31% -29.95% -18.51% 

Little Quilcene -0.79% 25.61% -5.74% -24.28% 

Salmon 9.10% 16.50% -4.20% -8.80% 

Seabeck 16.57% 23.93% -5.79% -9.09% 

Snow 11.50% 19.20% -3.60% -10.30% 

Stavis 4.10% 18.57% 4.46% -8.71% 

Tarboo 5.11% 20.65% -2.45% -10.91% 

 

Table 5. Seasonal streamflow changes by mean watershed elevation. RCP 8.5 Projected seasonal streamflow 
changes by mean watershed elevation for 2070-2099 at the stream outlet for each watershed in the study 
compared to historical modeled seasonal flows (1951-2010). Highlighted in blue are projected increased flows 
greater than 5% and in red are projected decreased flows greater than 5%. Values not highlighted are within 5% of 
historical seasonal flow magnitudes. Fall is defined as Sep-Nov; winter is Dec-Feb, spring is Mar-May, and summer 
is Jun-Aug. 

Low Flows (5th Percentile) 

Mean Elevation (ft) Fall Winter Spring Summer 

< 1000 (n=5) 17.03% 27.47% 1.52% -6.27% 

1000 - 2000 (n=4) 14.42% 31.72% -7.92% -9.80% 

> 2000 (n=5) -1.36% 63.51% 7.31% -56.35% 

Median Flows (50th Percentile) 

Mean Elevation (ft) Fall Winter Spring Summer 

< 1000 (n=5) 6.61% 19.07% -0.64% -10.17% 

1000 - 2000 (n=4) 5.13% 25.16% -10.87% -15.47% 

> 2000 (n=5) -10.58% 62.69% 11.73% -62.77% 

High Flows (95th Percentile) 

Mean Elevation (ft) Fall Winter Spring Summer 

< 1000 (n=5) 4.29% 9.41% -2.08% -10.59% 

1000 - 2000 (n=4) 8.61% 12.86% -7.33% -11.59% 

> 2000 (n=5) -3.09% 52.15% 11.06% -61.63% 
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There is a strong positive linear correlation between the median projected winter flow increase 

and mean watershed elevation (Pearson’s r = 0.93 at 95% confidence, n=15). Conversely, a strong 

negative linear relationship was found between projected summer flow decrease and mean watershed 

elevation (Pearson’s r = -0.95 at 95% confidence, n=15). Thus, the higher the mean watershed elevation 

is, the greater the projected proportional change in summer and winter streamflow. The elevation-

streamflow change relationship is also noted when examining smaller tributaries throughout the study 

area (Figure 11). Note that all watersheds in this study have outlets at sea level and a total relief of less 

than 8,000ft, so this linear relationship does not necessarily apply to all inland watersheds or 

watersheds at a more extreme high altitude. 

While there has not been a significant observable trend in historical average annual streamflow 

in many watersheds, a modest increase is projected in each of the study area watersheds by the end of 

the century (e.g., Figure 12). The projected increase is between 9% and 19% for each study area 

watershed with inter-annual variability similar to the historical flows. This increase does not seem to 

depend upon the watershed size, elevation, or total relief. Annual water volume increases similarly in 

watersheds within the most extreme rain shadow areas and in typically wetter areas. Additionally, there 

is very little difference between the RCP 4.5 and RCP 8.5 scenarios in total annual stream water volume. 
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Figure 12. Average annual streamflow, 1950-2099. Average annual stream discharge at the river outlet for (A) the 
Salmon Creek watershed and (B) the larger higher-relief Dosewallips River watershed. The historical (1950-2005) 
average annual flows are shown in black and dashed lines are 10-member MACA ensemble projections (2010-
2099) for RCP 4.5 (golden lines) and RCP 8.5 (red lines) scenarios. 

 

The onset and timing of impacts from climate warming is likely to differ by watershed and 

between RCP scenarios. For high-relief study watersheds, projected impacts from both RCP 4.5 and RCP 

8.5 scenarios are noticeable within the first half of the 21st century, becoming more severe later on 

(Figure 13). This example (Figure 13) is located on the Duckabush River outlet, but the trends are similar 

for the other high-relief watersheds such as the Big Quilcene, Dosewallips, Dungeness, and Hamma 
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Hamma).  In these watersheds, the RCP 4.5 and RCP 8.5 results do not differ greatly from one another 

until the second half of the 21st century, when the RCP 8.5 scenario produces more extreme changes. 

 

 

Figure 13. Duckabush median daily streamflow projections through the 21st century. 10 member ensemble 30-
year median daily streamflow projections (in cfs) for the Duckabush River outlet under RCP4.5 (left plots; gold 
lines) and RCP8.5 (right plots; red lines) climate scenarios for 2010-2040 (top plots), 2041-2070 (middle plots), and 
2070-2099 (bottom plots). Gray shaded areas represent the ensemble range and modeled historical 60-year 
median daily flows are shown with the black line for comparison. 
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Results from lower-elevation watersheds with mean elevations less than 1000 ft (Big Beef, 

Chimacum, Seabeck, Stavis, and Tarboo) indicate little difference between the two scenarios for the 

entirety of the simulation period (e.g., Figure 14). The lower elevation areas will not likely have the same 

level of proportional streamflow change as some of the other watersheds, instead displaying a 

comparatively modest winter flow increase and summer decrease. These watersheds are likely to have a 

median summer flow drop of less than 11% on average and winter flow increases of just under 20% 

(Tables 4 and 5). 

 

Figure 14. Salmon Creek median daily streamflow projections through the 21st century. 10 member ensemble 30-
year median daily streamflow projections (in cfs) for the Salmon Creek (at the river outlet) under RCP4.5 (left plots; 
gold lines) and RCP8.5 (right plots; red lines) climate scenarios for 2010-2040 (top plots), 2041-2070 (middle plots), 
and 2070-2099 (bottom plots). Gray shaded areas represent the ensemble range and modeled historical 60-year 
median daily flows are shown with the black line for comparison. 
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 A sudden drop in streamflow during the December months was noted in nearly all watersheds 

throughout the study area under both RCP 4.5 and RCP8.5 scenarios, and in the Livneh-forced historical 

simulation results (e.g., Figure 13 and Figure 14). This appears to be an artifact of the original Livneh 

meteorological grid which is mirrored in the MACA forecasts during the downscaling process. The drop 

in flow is due to a lower magnitude of precipitation within the Livneh historical dataset and appears to 

be erroneous as this drop does not match with historical weather station data from the region. The drop 

in December streamflow is consistent throughout the entire simulation period, however, so it can be 

accounted for in the projections. 

 

Snowpack Forecasting Results 

The SWE projections are averaged over the entire watershed (rather than at a specific SNOTEL 

location) in order to give a better indication of watershed-wide snowpack changes. Projections indicate 

a significant decrease in watershed SWE for both the RCP 4.5 and RCP 85 scenarios by the end of the 21st 

century, with a more severe decline for RCP 8.5 (Table 6). Like with the stream flow projections, SWE 

changes under RCP 4.5 and RCP 8.5 scenarios are similar to one another until the latter half of the 21st 

century, at which point RCP 8.5 is projected to produce a far more severe drop in SWE (e.g., Figure 15). 

In both scenarios, a large amount of variability exists between the individual model runs, making precise 

predictions of SWE magnitude changes difficult. Even so, each model run (and the ensemble) project a 

large decrease in SWE in the mountainous watersheds. 

 Historically, even during the summer months, some snowpack remains in the highest reaches of 

the high-elevation watersheds. Under an RCP 4.5 scenario, this is still likely to be the case in some 

locations, such as the Dungeness River watershed, although the magnitude of summer SWE is likely to 

be minimal compared to historical levels (Figure 16). Under the more extreme warming scenario of RCP 

8.5, summer snowpack is likely to be minimal (if not altogether nonexistent) even at the highest 

elevations during the warmer months of the year. 

 Peak SWE magnitudes have historically occurred near the end of March to the beginning of April 

and this is projected to change under a warming climate for some watersheds. For instance, the 

Duckabush and Dosewallips watersheds are likely to see a shift in peak SWE to earlier in the spring by 

approximately one month under a RCP 4.5 warming scenario (e.g., Figure 15). 
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 Lower elevation watersheds (i.e., Big Beef, Chimacum, Little Anderson, Salmon, Seabeck, Snow, 

and Stavis) receive very little annual snowfall. As such, we do not examine SWE trends in these areas 

since they do not rely as heavily on snowpack for streamflow. Note, however, that they do still receive 

snowfall in a typical year, but it melts rapidly and is not enough to drive the hydrology of the river 

systems like it would in the upper elevation watersheds. 

 

Table 6. Seasonal SWE change projections. Projected RCP 8.5 median seasonal SWE changes for the 2080s (2070-
2099) compared to the modeled 60-year base period (1951-2010) for study area watersheds with mean elevations 
greater than 1500ft. Darker shading indicates a more drastic reduction in SWE compared to the base period. 

Watershed Fall Winter Spring Summer 

Big Quilcene -95% -74% -74% -95% 

Dosewallips -94% -72% -80% -95% 

Duckabush -97% -73% -82% -97% 

Dungeness -79% -62% -62% -83% 

Hamma Hamma -95% -68% -78% -97% 

Jimmycomelately -100% -98% -100% -100% 

Little Quilcene -100% -82% -93% -100% 
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Figure 15. Duckabush watershed average SWE change projections. Watershed median (50th percentile) daily snow 
water equivalent projections (inches) for 30-yr intervals surrounding the 2020s (top plots), 2050s (middle plots), 
and 2080s (bottom plots) for the Duckabush River watershed. RCP 4.5 scenarios are shown on the left and RCP 8.5 
scenarios are shown on the right. The gold (RCP 4.5) and red (RCP 8.5) lines represent the ensemble projections 
while the gray shaded area is the range of results using the 10 different GCM forcing inputs. The solid black line is 
the historical (1951-2010) watershed median daily SWE for comparison. 
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Figure 16. Study area watershed average SWE change projections. Watershed 30-year (1970-2099) 10-member 
MACA ensemble median snow water equivalent projections (inches) for the six highest-relief watersheds (RCP 4.5 
on left; RCP 8.5 on right). The gray shaded area represents ensemble range and is shown to illustrate the variability 
between model runs. Black line indicates the historical simulated watershed SWE for the 60-year 1951-2010 period 
for comparison. Note that the lower elevation watersheds (e.g., Big Beef, Salmon Creek, Snow Creek, etc.) are not 
shown since they are too low in elevation for significant snowpack to develop. 

 

Further information 

For more detailed watershed-scale information, please see the individual watershed reports 

located in Appendices A – O.  These reports are watershed specific and include additional calibration 

techniques and projection results by catchment area and also include forecasts for smaller tributaries. 

For additional information, visit the Point No Point Treaty Council website at climate.pnptc.org or 

contact the PNPTC directly. 

 

  



38 
 

Discussion and Implications 

Given the mountainous terrain and historically mild maritime climate of the PNPTC study area, 

where rainfall and snowfall are both prevalent during the winter months, many watersheds are sensitive 

to temperature changes and water availability. This is apparent when examining both the RCP 4.5 and 

RCP 8.5 streamflow projections. In the higher elevation watersheds and tributaries (Big Quilcene, 

Dosewallips, Duckabush, Dungeness, and Hamma Hamma), model results project a decrease in the 

spring runoff as air temperatures warm and a decrease (or possibly  complete disappearance of 

snowmelt) during the spring months. This change is also accompanied by an increase in flow during 

winter months, with a proportionally greater increase in winter flow compared to the historical period 

particularly in the mid to upper reaches of the watersheds (Table 5). These changes indicate that, while 

there may not be a drastic change in total annual precipitation volume, much of the precipitation in the 

mid to upper elevation areas is expected to change from snow to rain during the winter months. A 

smaller snowpack means less snow to melt out in the spring and greater amounts of water available to 

runoff directly into streams during the winter. 

 Summer flows, which are critical for the fish species found in the Hood Canal and Strait of Juan 

de Fuca watersheds, are projected to decrease by nearly 70% in some streams (Table 4). Main channels 

and smaller tributaries with headwaters located at lower elevations, however, are not projected to 

experience as much of a summer time flow decrease (Figure 11). These areas have historically had 

typically low summer flows, so even a modest change can have impacts on fish passage and habitat 

availability. The average annual streamflow, and consequently total annual discharge, are projected to 

increase throughout the 21st century by 10-20% (Figure 12), with seasonal changes that may be much 

greater in specific watersheds (e.g., Dosewallips, Duckabush, and Dungeness). This indicates that water 

flow timing and type of precipitation (i.e., rain or snow) is likely the most critical change to the study 

area watersheds under a warming climate.  A change in precipitation magnitude, however, could also 

have some serious ramifications for juvenile fish in the stream. All of these projected changes combined 

can have a long-lasting impact on the spawning and rearing cycles of ESA listed salmon and steelhead 

fish species in these watersheds. 

 A substantial drop in streamflow during the month of December appears in both the historical 

and projected model results. This decrease in flow appears to be due to erroneously low precipitation 

magnitudes in the Livneh gridded meteorological dataset that is then mimicked in the GCM climate 

projections during the MACA downscaling process. After comparing the raw, unaltered Livneh 

precipitation data to local weather station precipitation data, there is a discrepancy between the two for 
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the month of December. Since the Livneh data was used as the training dataset for the GMC 

downscaling process, however, this error remains consistent throughout the entire simulation period 

(1951-2099). Thus, even though the total flow magnitudes are low for December, the relative changes 

that are projected in this report remain informative. Future PNPTC stream modeling work will focus on 

corrections to this error. 

 Results from this study highlight the stark hydrological contrast between high-elevation and 

low-elevation watersheds and how they are projected to be affected differently under the same climate 

change scenarios. Mountainous watersheds such as the Big Quilcene, Dosewallips, Duckabush, 

Dungeness and Hamma Hamma rivers and their mid- to high-elevation tributaries are expected to be 

significantly impacted by warming air temperatures as snowpack diminishes. Low-elevation watersheds, 

such as Snow and Salmon, are projected to have less severe impacts in terms of stream flow, although 

winter flows are still expected to increase (Table 4). The relationship between elevation and streamflow 

is strongly linearly correlated, with summer flow being negatively correlated while winter flows are 

positively correlated. Note that this applies to the watershed as a whole and does not necessarily apply 

to all high-elevation tributaries whose outlets are also at high elevations. Smaller tributaries located at 

higher elevations might still have cold enough annual temperatures whereby the stream flows are not as 

heavily impacted, even later in the 21st century. 

 Because of the high-relief of the Olympic Mountains, snowpack plays an important role in the 

hydrology of the Olympic Peninsula and is projected to be impacted greatly by a warming climate. This is 

perhaps the largest driving force behind the streamflow change projections. Watersheds with moderate 

elevation, such as the Little Quilcene and Jimmycomelately watersheds, are projected to have the 

greatest proportional decrease in SWE under both RCP 4.5 and 8.5 scenarios. Because these mid-

elevation watersheds do not have as much of a snowpack area to begin with, however, the impacts on 

streamflow are not as great as in the larger watersheds (i.e. Dungeness watershed) with higher mean 

elevations.  

 From a fish life-cycle perspective, the projected streamflow changes are likely to have profound 

effects, especially for salmonids. A large increase in winter streamflow has the potential to scour stream 

beds and harm fish eggs while low summer flows can impede fish passage to historical spawning reaches 

(e.g., Seiler et al., 2002; Montgomery et al., 1996). The loss of stream habitat due to low stream flows 

can also increase competition within the remaining limited spawning habitat for some fish species (Davis 

and Unwin, 1989). Additionally, changes in streamflow can alter the sediment transport rates within the 

river systems, which can have deleterious effects on salmon survival through deposition or streambed 
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alteration (Brown 2011; May et al. 2009). This is particularly concerning since salmon eggs are extremely 

sensitive to water quality and sedimentation. Suspended sediments can also increase turbidity and 

lessen sunlight penetration into the water column, reducing photosynthesis and limiting primary 

production and ultimately affecting the food web (McCubbin et al., 1990). 

Changes in streamflow volume and snowmelt rates can impact water temperatures, which can 

harm fish reproduction and general fish health (Lisi et al. 2015; Mantua, Tohver, and Hamlet 2009). 

While this phase of the PNPTC stream modeling study highlights the potential changes to streamflow, it 

does not estimate changes to stream temperature. The lower-lying watersheds appear to be less 

impacted by stream flow forecasts but may often be exposed to warmer air temperatures and other 

factors that have not yet been evaluated. Thus, in order to fully assess potential fish habitat changes, 

both streamflow and stream temperature must be examined. For the tribes and many local 

communities which rely on PNW salmonids and other fish species, these potential stream habitat 

changes will have a drastic economic and cultural impact. 

 

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 there are very few large aquifers, lakes and reservoirs. 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 has an impact on the DHSVM model skill, 

particularly in relation to summer flows which are under-estimated in some of the smaller low-lying 

areas (e.g., Seabeck and Little Anderson). 

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

lie in the GCMs and the downscaling process (Table 2). Errors in the historical weather data can be 

replicated in the downscaling process, such as the low precipitation magnitudes that occur in the Livneh 

grids for the month of December. Additionally, many assumptions are made in an effort to estimate 

future global climate trends, but there are uncertainties related to economic projections, technological 

advancements, and global population trends which all influence greenhouse gas emissions. Results from 

multi-model ensembles are examined collectively instead of individually in an effort to reduce some of 
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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. 

Potential sources of error in these stream forecasting models will be examined in more detail in 

Phase II and Phase III of this project. This will include a correction to the low December Livneh 

precipitation and a refinement of the technique used to disaggregate the daily Livneh gridded 

meteorological data into sub-daily time steps. The precipitation forcings used in this project were 

disaggregated into 3-hour time steps using the VIC/MT-CLIM methodology which spreads the 

precipitation magnitude evenly between each sub-daily timestep. This has the potential to mute the 

heavy sub-daily rainfall events by spreading them out over more time. Ultimately, this may have 

contributed to an under-simulation of peak flows within the model results, potentially hurting the model 

skill and lowering NSE scores. Many of the lower NSE scores in this study area are due to the peak flows 

not matching well, even when the model showed a good level of skill for base flows and median flows.  
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Conclusion 

Climate change has the potential to drastically alter the hydrology of the Pacific Northwest, 

potentially to the detriment of the critical fish species (particularly salmon and steelhead) that rely on 

snowpack runoff and streamflow for spawning and rearing. Numerical modeling results predict 

significant decreases in spring and summer streamflow due to a transition from snowpack to rainfall 

dominated runoff in mid- to high-relief mountainous watersheds. In contrast, less severe streamflow 

changes are predicted in the lower elevation watersheds and tributaries, highlighting the importance of 

topographic controls on the hydrology of the Pacific Northwest. When looking at streamflow in 

isolation, this has the potential to have a profound impact on fish habitat availability in various 

watersheds throughout the region because of water magnitude or lack of water, as described above. 

Natural resource planners and managers will have to take topographic influences into account as 

climate variability and changes in stream flow can have drastically different effects on hydrology, even 

on neighboring watersheds within the same region. 

The PNPTC stream flow models provide an initial set of streamflow projections to target the 

most vulnerable watersheds and can help tribes and natural resource managers identify and prioritize 

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

vulnerable (ESA) populations and target those areas for further assessment. Streamflow projections 

highlighted in this study illustrate the need for long-term planning amongst tribes and agencies which 

manage and rely on these natural resources.  
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On-going and Future Work 

This paper presents the results from Phase I of a multi part project to assess the potential 

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

watersheds. Phase II of the PNPTC climate and stream modeling project will incorporate stream 

temperature modeling into the existing DHSVM framework, using the RBM stream temperature model. 

The RBM stream temperature model makes use of DHSVM hydrological and meteorological outputs to 

estimate water temperature for each stream segment of the hydrological network within a watershed. 

Thus, a high-resolution estimate of stream temperature changes can be made to better target fish 

habitats that are most sensitive to a warming climate. All of the watersheds in this document will have 

stream temperature estimates for the 21st century under the RCP4.5 and RCP8.5 climate scenarios using 

the same 10 GCMs as forcings. 

 Further work will also be carried out to improve the model fit and implement new climate 

projections as they become available. This includes transitioning the model to the newest DHSVM 

release, version 3.2, which implements new functionality and improvements and will be beneficial 

during the phase II stream temperature projections. Phase I modeling used a gridded historical 

meteorological dataset that spanned from 1950-2010 for calibration and validation. Future work will 

incorporate data from post-2010 to better train the model and focus on better calibration of peak flows 

and extreme events. Additional bias-correction techniques will also be examined to simulate local 

climatologies and their impacts on watershed hydrology.  
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