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Problem Statement 

 My objective is to model projected stream temperature changes in the Stillaguamish 

River and select at-risk tributaries through the 21st century. Recent climate modeling predicts that 

the Stillaguamish River, a mixed rain-and-snow dominated basin (Figure 1; Mauger et al., 2015) 

in northwestern Washington, will experience stream temperature increases due to climate 

warming; increased stream temperatures would threaten salmon populations that spawn in the 

watershed (Freeman, 2019; Clarke, 2020). Although informative, previous projections were 

limited to the North Fork and South Fork basins and used disaggregated daily meteorological 

inputs. My work will include the entire Stillaguamish basin and apply 1-hour meteorological data 

developed using the Weather Research and Forecasting (WRF) model that extends through 2015 

(Chen et al., 2018). Additionally, I will target key tributaries that Freeman (2019) and Clarke 

(2020) identified as at a higher risk for stream temperature increases (Figure 2) using an updated 

temperature model. My results will inform fish management decisions in the watershed and 

provide further insight on how climate warming will affect a rain-and-snow dominated basin in 

western Washington State. 
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1. Introduction 

Global Climate Models currently project air temperature increases in the Pacific Northwest 

to be 3° C to 7° C through the end of the 21st century (Abatzoglou and Brown, 2012; Mote and 

Salathe, 2010). Climate warming has been shown to impact watershed temperatures and the 

cold-water habitat in the region (Yan et al., 2021; Lee et al., 2020; Cao et al., 2016; Luce et al., 

2014). The Stillaguamish River is a key resource in the Puget Sound region that contains 1400 

km of salmonid habitat. The two largest subbasins in the Stillaguamish basin, the North Fork and 

South Fork (Figure 1), currently exceed the Total Daily Maximum Load for stream temperature 

according to the Washington State Department of Ecology (WSDOE), meaning any additional 

increases in stream temperature would be detrimental to the aquatic habitat (WSDOE, 2004; Cao 

et al., 2016). Several species that spawn in the basin are classified as threatened under the U.S. 

Endangered Species Act, and projections of climate warming suggest that temperature increases 

will further endanger salmon populations (WSDOE, 2004; Sun et al., 2015; Lee et al., 2020). My 

research will examine projected temperature changes within the entire Stillaguamish basin to 

provide a more complete picture of the impacts of global climate warming on this salmonid 

habitat. 

My work builds on that of Freeman (2019) and Clarke (2020) who modeled projected 

stream temperatures in the North Fork and South Fork of the Stillaguamish and identified key 

tributaries most at risk to stream temperature increases (Figure 1; Figure 2). Both studies used 

basin average stream-temperature model calibration parameters and 3-hour gridded 

meteorological inputs that extended to 2013 (Freeman, 2019; Clarke, 2020). Additionally, their 

models cannot predict stream temperatures beyond the respective basin mouths (Freeman, 2019; 

Clarke, 2020). I will model the entire Stillaguamish River basin to include the Pilchuck basin and 

the mainstem and further examine the priority reaches using localized stream temperature 

calibration parameters and an updated version of the River Basin Model (Yearsley, 2020; Sun et 

al., 2015; Yearsley et al., 2009). I will also use newly developed 1-hour gridded meteorological 

forcings at a higher gridded spatial resolution and extended temporal period that ends in 2015 

(e.g., Mauger and Won, 2020; Mauger et al., In Progress). Improving the spatial and temporal 

resolution will reduce uncertainties of previous modeling efforts in the prioritized reaches. The 

results of my research will serve to inform the Stillaguamish Tribe’s conservation and restoration 
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efforts and support current research on how stream temperatures in a snow-and-rain-dominated 

watershed will respond to global climate warming (e.g., Yan et al., 2021; Lee et al., 2020). 

 

2. Background 

2.1 Physical Basin Characteristics 

The Stillaguamish basin is a mixed snow-and-rain-dominated basin in northwestern 

Washington with a drainage area of roughly 1700 km2 (Figure 1; Mauger et al., 2015; WSDOE, 

2004; Pollock et al., 2005) and is located within the Snohomish and Skagit counties (Arya and 

Zhang, 2015; SCPW, 2015). The mouth of the Stillaguamish river discharges into the Puget 

Sound and is affected by tidal influences (Brown and Taylor, 2018). There is currently data from 

two stations at the mouth of the Stillaguamish, the Silvana station managed by the WSDOE and 

the Stanwood station (no longer operating) managed by the United States Geological Survey 

(USGS). Annual discharge at the Silvana station near the mouth (WSDOE station 05A070; 

Figure 1) is on the order of 120 cms with peak flows reaching upwards of 1000 cms and low 

flows of roughly 15 cms (WSDOE, n.d.).  At the Stanwood station (USGS station 12170300) 

annual flows have been 100s of cms, and peak flows over 1000 cms. The Stanwood station is 

noted to have tidal influences. Monthly low flows at the Stanwood station are similar to those 

recorded at the Silvana station for the summer.  

The basin has three main tributaries, the North Fork (735 km2), the South Fork (657 km2) and 

the Pilchuck (212 km2). The North Fork and South Fork of the Stillaguamish have large 

elevation changes from tens of meters at the mouths to over 2000 m at the headwaters (Beechie 

et al., 2001; Figure 1). The North Fork subbasin has more south facing slopes than the South 

Fork and roughly 20% of each subbasin is greater than 1000 m in elevation and has historically 

supported a winter snowpack (Figure 3; Clarke, 2020). The North Fork has historical annual 

peak flows ranging from 280 to 1400 cms in the fall and winter and low flows near 11 cms in the 

summer (USGS station 12167000). The North Fork has a historical average annual discharge of 

57 cms (USGS station 12167000). Similarly, the South Fork has an average annual discharge of 

69 cms, peak flows which range from 290 cms to over 1000 cms, and low flows less than 10 cms 

(WSDOE station 05A105). The Pilchuck is the smallest of the three subbasins (WSDOE, 2004), 

has the lowest peak elevation (Figure 1), and is rain dominated. Historical average annual 

discharge in the Pilchuck is roughly 10 cms (WSDOE station 05D070) making it the smallest 
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contributor to the Stillaguamish River. Peak flows in the Pilchuck are roughly 100 cms and 

summer low flows less than 5 cms (WSDOE station 05D070). 

Over 75% of the Stillaguamish basin is forest covered (Mitchell et al., 2020; SIRC, 2005). 

Coniferous forests dominate the Stillaguamish basin covering 60% of the watershed area 

(Mitchell et al., 2020). Another 25% of basin landcover is made up of mixed forests, deciduous 

forests, and shrublands (Mitchell et al., 2020). Urban and agricultural land-use areas make up 

most of the landcover around the lower mainstem of the Stillaguamish basin (SIRC, 2005). 

Cultivated lands, pastures, and grassland make up 7% of the landcover, developed area 

contributes to 2% of the watershed area, wetlands and bare land make up the remaining 4% 

(Mitchell et al., 2020). 

The underlying geology of the Stillaguamish basin was shaped by the glaciation of the Puget 

Sound region and volcanic lahar events during the late Pleistocene and early Holocene (Scott and 

Collins, 2021; Booth et al., 2003; Beechie et al., 2001). Glaciation of the Puget Sound lowlands 

occurred several times through the late Pleistocene (15-18 ka; Booth et al., 2003). Repeated 

glaciation of the area is the predominant control on the current topography of the Stillaguamish 

basin (Booth et al., 2003). The North Fork of the Stillaguamish was uniquely impacted by 

glaciation and volcanic events (Booth et al., 2003). Following the retreat of the Cordilleran ice 

and subsequent eruptions of Glacier Peak, which caused damming lahars, the North Fork ceased 

being a drainage for the paleo Upper Skagit, Suiattle and Sauk watersheds (Booth et al., 2003). 

The change in drainage left the North Fork with a small river channel in a wide valley cut by a 

large historical river (Booth et al., 2003). The strata which characterize the Stillaguamish basin 

are distinct between high and low elevations. High elevation areas are primarily made up of 

sedimentary and low-grade metamorphic units, while the valleys are filled with sediment 

deposits, such as glacial tills, glacial outwash that ranges in size from coarse gravel to sand, and 

alluvium that are Pleistocene in age (Scott and Collins, 2021; Beechie et al., 2001; Booth et al., 

2017). Other unconsolidated deposits in the area include silt and lacustrine clays (Booth et al., 

2017; Beechie et al., 2001). Currently there is no evidence to support the presence of lahar 

deposits in the basin (Scott and Collins, 2021). The famous Oso landslide occurred near Oso in 

March of 2014 in the North Fork of the Stillaguamish (Figure 1; Booth et al., 2017; Iverson and 

George, 2016). 
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The Stillaguamish watershed has a maritime climate characterized by warm dry summers 

and cool wet winters (Sound Science Contributors, 2007). The majority of this precipitation falls 

between October and April. Due to topographic relief and the orographic effect, precipitation and 

temperature varies spatially in the basin, i.e., higher elevations receive greater amounts of 

precipitation during the winter months (Beechie et al., 2001). Annual precipitation magnitude 

ranges from less than one meter in the lowlands to over three meters in the highlands (PRISM 

Climate Group, 2014). The main drivers of the watershed’s climate variability are the El Nino-

Southern Oscillation (ENSO) which fluctuates on an annual or biennial time scale, and the 

Pacific Decadal Oscillation (PDO) which causes climate fluctuations on the decadal time scale 

(Hamlet et al., 2013). Both ENSO and PDO events are caused by oceanic and atmospheric 

circulation in the tropical Pacific (McPhaden et al., 2006). For ENSO events El Nino years are 

warm and associated with less precipitation, while La Nina years are cooler and produce more 

precipitation in the Pacific Northwest (McPhaden et al., 2006). Similarly, PDO events shift 

between periods of warmer and cooler periods with less and more precipitation, respectively. 

 

2.2 Climate change in the Puget Sound Region 

 Global climate warming is a well-documented phenomenon, and its effects within the 

Puget Sound region are becoming better understood. Within the Puget Sound region, average air 

temperatures are expected to increase on average, by 2.8 °C under low greenhouse gas emission 

scenarios and 4.7 °C under high emission scenarios by the end of the 21st century relative to the 

temperature averages from 1971 to 2005 (Mauger and Vogel, 2020). Projected warming rates in 

the greater Pacific Northwest have been estimated to be 0.1 °C to 0.6 °C per decade (Mote and 

Salathe, 2010). The increase in average air temperature is expected to change precipitation 

patterns in the Puget Sound region by shifting more precipitation to fall as rain instead of snow at 

higher elevations and increasing the intensity (Mauger et al., In Progress; Mauger and Vogel, 

2020; Mantua et al., 2010). 

A shift to a rain-dominant precipitation pattern will decrease snowpack and increase 

flooding risks (Mauger and Vogel, 2020; Musselman, 2018; Mantua, 2010). In the Stillaguamish 

basin, snow cover may only be 50% of what it is today by 2075 (Figure 3; Clarke, 2020; 

Freeman, 2019). A recent study by Siler et al. (2019) has shown that regional ocean surface 

temperature variability, similar to PDO and ENSO events, is currently buffering the decline of 
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snowpack across much of the western United States and especially in the Cascades region. 

However, the buffering capacity of this variability is expected to be lost in the coming decades, 

and snowpack storage will decline more rapidly (Siler et al., 2019). Another effect of the lost 

snow and increased rain is greater surface runoff (Mauger and Vogel, 2020; Hamlet et al., 2013). 

An increase of rain on snow events is expected and will further tax the snow storage capacity and 

accumulation in the Pacific Northwest (Musselman et al., 2018). These rain-on-snow events will 

likely increase flooding frequency and severity in the future (Mauger and Vogel, 2020). Clarke 

(2020) and Freeman (2019) have shown that projected winter flows will increase in the North 

and South Forks of the basin by 43% to 60%. Robinson et al. (2021) project a 25 to 30% increase 

in peak-flow magnitudes for the entire Stillaguamish watershed. 

 

2.3 Stream Temperature 

Stream temperature is influenced by a number of properties, such as solar radiation, 

stream morphology, groundwater interactions, air temperature, and riparian shading (WSDOE, 

2004; Swartz et al., 2020; Vliet et al., 2011). These factors each play an important role in the 

management of cold-water aquatic species as elevated stream temperatures can be harmful to 

migratory processes and decrease the amount of dissolved oxygen in the stream (SRIC, 2005). 

Heating of the Stillaguamish River due to climate change will be driven by increasing air 

temperature, solar radiation, and a decrease in the snowmelt contribution (Vliet et al., 2011, 

Musselman et al., 2018; Clarke, 2020; Freeman, 2019; Yan et al., 2021). In the Stillaguamish 

watershed the primary factors controlling stream cooling are riparian shading and snowmelt fed 

headwaters. There is also the potential for near surface groundwater interactions to contribute to 

cooling (SCPW, 2015).  

Previous studies in the Stillaguamish basin and greater Puget Sound area predict stream 

temperatures will increase through the 21st century with the available climate scenarios (Cao et 

al., 2016; Freeman, 2019; Clarke, 2020; Lee et al., 2020). These increased temperatures are 

projected to be 2 °C to 6 °C for the entire basin (Cao et al., 2016), up to 7.4 °C for the North 

Fork of the Stillaguamish River, and up to 6.4 °C for the South Fork of the Stillaguamish River. 

The largest increases are projected to occur in June due to the loss of spring-time snowmelt (i.e., 

freshet; Figure 4; Clarke, 2020; Freeman, 2019). In addition to projecting the maximum amount 

of temperature change Clarke (2020) and Freeman (2019) identified seven tributaries in the 
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watershed that are the most at-risk for temperature changes in the future (Figure 2). These at-risk 

reaches were determined based on the projected stream temperatures increases being high. The 

greater the temperature increase the more likely it is that stream temperatures will surpass 

temperature thresholds for salmonids in reaches which already exceed water quality standards. A 

few of these reaches are Jim Creek and Canyon Creek in the South Fork and Squire Creek in the 

North Fork (Clarke, 2020; Freeman, 2019). The North Fork is projected to have higher 

temperature increases than the South Fork of the Stillaguamish (Freeman, 2019; Clarke, 2020). 

The different physical characteristics between the two subbasins are what create the temperature 

discrepancy. The North Fork has a higher amount of south facing slopes which would receive 

more incoming solar radiation and resides in a wider river valley (Clarke, 2020).  

 

2.4 Fish Habitat in the Stillaguamish River 

The Stillaguamish River is a key resource in the Puget Sound basin because it contains 

1400 km of salmon habitat in its roughly 1700 km2 basin. Eight salmonid species use the 

Stillaguamish River for spawning throughout the year and two of these anadromous species are 

threatened under the U.S. Endangered Species Act. These species are the Puget Sound Chinook 

salmon and Steelhead trout (Freeman, 2019). Initially classified as threatened in 1999, the 

Chinook salmon are crucial to the Stillaguamish Tribe of Indians, who depend on the Chinook 

populations for cultural and economic practices (SIRC, 2005).  The Chinook salmon are at a 

higher risk than other species because their main spawning time occurs during the summer and 

early fall when stream temperatures are typically at a maximum (Clarke, 2020; SIRC, 2005). 

The projected shift from snow to rain at higher elevations in the basin will increase 

flooding frequency and magnitude disrupting the available spawning habitat and induce more 

frequent mass wasting events increasing the sediment load to the Stillaguamish river (Mitchell et 

al., 2020; Musselman et al., 2018; Hamlet et al., 2013).  Increases in air temperatures and a 

decreasing snowpack will contribute to increasing stream temperatures that may exceed the 

lethality threshold of about 22 °C for adult Chinook salmon (Mantua et al., 2010; Cao et al., 

2016; Richter et al., 2006). Additionally, decreases in snowpack can also decrease the available 

cold-water refugia that salmon seek in the warm summer months in snow dominated basins 

(Cline et al., 2020).  
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Cold-water refugia are places in which fauna, such as salmonids can seek respite from 

unfavorable stream conditions, specifically elevated water temperatures (Torgersen, 2012).  

There are several controls on places of cold-water refugia, such as cooler head water 

temperatures due to snowmelt, or inputs of cooler water from groundwater interactions. 

Groundwater and hyporheic zones can alter stream temperatures heterogeneously in space and 

time and provide refugia for salmon (Faulkner et al., 2020). The hyporheic zone is an ecotone 

made up of fluvial sediments between surface waters and groundwater (Boulton et al., 1998). 

Faulkner et al. (2020), found that in the Willamette River, over a six-hundred-meter path, stream 

temperature was decreased 7 °C due to hyporheic. Hyporheic exchange is typically thought of as 

exchange coming from the riverbed, known as bedform exchange, but can occur laterally from 

hillslopes or channel banks which also effectively decreases stream temperatures (Leach et al., 

2021).   

Reaches of the Stillaguamish River have already surpassed the Total Maximum Daily 

Load (TMDL), a measure of water quality parameters established by the WSDOE for 

temperature (WSDOE, 2004; SCPW, 2015). The Snohomish County Public Works (SCPW) 

reported that the Stillaguamish River exceeded the temperature standard of 17.5 °C roughly 30% 

of the time in tributaries and 70% of the time in the mainstem for temperature monitoring 

completed between 2008 and 2012 (SCPW, 2015; WSDOE, 2004). 

The projections of Clarke (2020) and Freeman (2019) support that the Chinook population 

in the Stillaguamish will be put at a greater risk near the end of the 21st century. Freeman (2019) 

and Clarke (2020) used the 7-DADMax, a technique used to measure stream temperatures that 

may harm sensitive salmonid species (7-DADMax; Mantua et al., 2010). The 7-DADMax is the 

average of the maximum daily stream temperature for seven consecutive days and is what the 

Environmental Protection Agency (EPA) and the WSDOE use as thresholds for salmon.  The 16 

°C threshold is the maximum temperature for salmon spawning, rearing, and migration. The 17.5 

°C threshold is for salmon embryo lethality. For adult salmon, the lethality threshold is 22 °C 

(Mantua et al., 2010). The WSDOE found that Pilchuck Creek, Deer Creek, the length of the 

North Fork from the Deer Creek confluence to the mouth, and the mainstem, all of which had 7-

DADMax averages between 21 C and 25 C (WSDOE, 2004).  Freeman (2019) found that up to 

132 days in the North Fork at the Oso gauge of the Stillaguamish would exceed the 16 C 7-

DADMax late in the century at high emission scenarios. Historically, this threshold was only 
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exceeded 33 days throughout the year (Freeman, 2019). The South Fork of the Stillaguamish is 

projected to exceed the 16 oC 7-DADMax about 110 days late in the century at high emission 

scenarios at the Ecology stream gauge at Granite Falls (Figure 1; Figure 4; Clarke, 2020).  

Historically, the modeled 16o C 7-DADMax was about 40 days (Clarke, 2020).  

 

2.5 Numerical modeling 

The Distributed Hydrology Soil Vegetation model (DHSVM; Wigmosta et al., 1994; 

Wigmosta et al., 2002) and the River Basin Model (RBM; Yearsley, 2009 and 2012; Sun et al. 

2015) when coupled as a model chain are excellent tools for exploring the effects of projected 

climate change scenarios on stream temperatures (Yearsley et al., 2019). The DHSVM was 

initially developed for mountainous watersheds and has been adapted to be used with the RBM 

(Sun et al., 2014; Sun et al., 2018). While many alterations have been made to the DHSVM to 

improve the model’s skill and parameterization the model does not sufficiently simulate 

interactions between surface water and deep groundwater. Previous studies have accounted for 

this shortcoming by altering soil characteristics to provide a greater groundwater input (Clarke, 

2020; Freeman, 2019). Some outputs of the DHSVM include snow-water equivalent, snowmelt, 

and streamflow discharges (Wigmosta, 2002).  

The RBM is a semi-Lagrangian, one-dimensional stream temperature model. The RBM 

solves thermal conservation equations by tracking parcels of water as they move along the 

stream segments and gain or lose heat due to solar radiation and groundwater input fluctuations 

at the start and end of each stream segment (e.g., solar radiation, longwave radiation, sensible 

heat and groundwater). The RBM was recently updated and now allows for tributary specific 

calibration parameters that allow the user to target specific reaches (Yearsley, 2020). RBM 

calibration parameters include those for the Leopold relation, which is used to estimate stream 

velocity and depth from the DHSVM discharge values (Leopold and Maddock, 1953). The 

Mohseni parameters are used in the Mohseni relation that estimates the head-water temperatures 

from the air temperatures the DHSVM produces (Mohseni et al., 1998). Head-water stream 

temperatures are required as initial conditions for the RBM model. An additional adjustment to 

headwater temperatures is used in the spring when snowmelt is prevalent. A snowmelt 

algorithm is invoked to estimate headwater temperatures when the snowmelt volume is above a 

specific threshold and accounts for the impacts of snowmelt volume on headwater temperatures 
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(Freeman, 2019). The RBM also requires a smoothing parameter which attenuates high air 

temperature fluctuations, minimum stream velocity, and the minimum stream depths. The 

model outputs stream temperature for each stream segment that are then analyzed using various 

statistical techniques (Yearsley, 2009 and 2012; Sun et al., 2015). Several studies within the 

Puget Sound region have demonstrated the efficacy of the DHSVM and RBM to make 

projections of hydrologic variation driven by climate change (Yan et al., 2021; Lee at al., 2020; 

Cao et al., 2016; Sun et al., 2015).  

 

3. Methods 

To project the effects of climate warming on stream temperatures in the Stillaguamish basin, 

I will first re-calibrate the DHSVM to more accurately achieve summer flows (Robinson et al., 

2021). The RBM will be calibrated using parameters derived from field measurements and 

refined gridded meteorological forcing data. I will then use the calibrated models with 13 

dynamically downscaled climate forcings to simulate the projected hydrology and stream 

temperatures.  

 

3.1 Distributed Hydrology Soil and Vegetation Model Setup 

The DHSVM has been setup and calibrated for peak flows in the Stillaguamish basin 

(Robinson et al., 2021). The current setup for the basin uses a 150-meter grid cell size, a 

simulated stream network made of 1561 stream segments (Figure 1) and is forced with 1-hour 

meteorological data. I will alter the current Stillaguamish DHSVM setup, so the model captures 

historically accurate summer baseflows. Using the methods described in Freeman, (2019) I will 

create a riparian vegetation parameter input file for the DHSVM required to produce the energy 

outputs used in the RBM. To estimate the tree height along each stream segment, I will use first 

and last return LiDAR data form the Washington Department of Natural Resources (WA DNR) 

and a lidar differencing technique in ArcGIS. I will use a 2016 C-CAP land coverage from the 

National Oceanic and Atmospheric Administration (NOAA) to estimate dominant vegetation 

type and the corresponding Leaf Area Index (LAI) along each stream segment in 

ArcGIS. Additionally, I will estimate average channel widths based on measurements in Google 

Earth Pro. I will base other riparian vegetation parameters, such as buffer width, canopy-bank 

distance, and canopy overhang on Cao et al. (2016). 
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3.2 Historical Weather Research Forecasting Inputs 

The meteorologic forcing data I will use to calibrate both the DHSVM and RBM are derived 

from the Weather Research and Forecasting model (WRF) which the Pacific Northwest National 

Laboratory (PNNL) developed (Chen et al., 2018). The WRF model produces meteorologic 

forcing data for the entirety of the western United States and uses observational and remote 

sensing data to produce gridded estimates of atmospheric conditions (Chen et al., 2018; Mauger 

et al., In Progress). The WRF data have a 1-hour timestep, a spatial resolution of 6 km, and have 

been bias corrected for the Stillaguamish River by the Climate Impacts Group at University of 

Washington (CIG; Mauger and Won, 2020; Mauger et al., In Progress; Robinson et al, 2021). 

These bias-corrections included temperature and precipitation corrections in the lower Puget 

Sound region (Mauger et al., In Progress; Robinson et al, 2021). The DHSVM inputs include air 

temperature, incident long and shortwave radiation, wind speed, relative humidity, and 

precipitation and span from the 1981 to 2015 (Mauger and Won, 2020; Mauger et al., In 

Progress; Robinson et al., 2020).  

 

3.3 Distributed Hydrology Soil and Vegetation Model Calibration 

 I will focus on calibrating the DHSVM to late spring and summer baseflows as this period 

is representative of the peak stream temperatures. To recalibrate the DHSVM I will focus on 

altering precipitation and temperature lapse rates and soil hydraulic parameters until a 

satisfactory model skill is achieved. I will calibrate the DHSVM streamflow outputs to stream 

gauges in the basin that are managed by the WSDOE (WSDOE, n.d.) and the USGS (Figure 3). 

Using the methods from Freeman (2019), I will compare the snowpack coverage maps produced 

by the DHSVM to two snow telemetry (SNOTEL) sites managed by the Natural Resources 

Conservation Service (NRCS) to ensure the model is producing accurate snow fall and 

accumulation measurements. Because there are no SNOTEL monitoring sites within the basin, 

the two closest monitoring sites, roughly 60 km and 70 km southeast of Arlington, WA, were 

chosen as the standards. The SNOTEL stations are at similar elevations to the basin and should 

provide reasonable estimates for what one can expect for snow accumulation in the 

Stillaguamish watershed. The Skookum Creek Station is at 1009 m elevation and the Alpine 

Meadows station is at an elevation of 1067 m.  



 

 

13 

In addition to the SNOTEL stations, I will use remote sensing data products that may 

provide a better estimate of the snowpack and provide additional snow metrics at mid-elevations 

in the watershed. I will use code from the SnowCloudMetrics website to retrieve a fractional 

snow coverage area at a 500-meter spatial resolution and a daily temporal resolution (Crumply et 

al., Submitted). I will also use this code to retrieve a map of modeled snow disappearance dates 

for several years within my calibration period (Crumply et al., Submitted). Both of these 

products are derived from satellite imagery from the Moderate Resolution Imaging 

Spectroradiometer (MODIS; Crumply et al., Submitted). I will also use the Snow Data 

Assimilation Systems data (SNODAS), which provides estimates of snowpack characteristics, 

such as depth and snow water equivalent (NOHRSC, 2004). These data can be downloaded as a 

time series for a single point, similar to a SNOTEL station.  

I will quantify my model skill, the efficacy of the model to produce outputs similar to 

historically measured quantities, by using the Nash-Sutcliffe efficiency coefficient method (NSE; 

Morsiari et al., 2007; Nash and Sutcliffe, 1970) on daily annual and daily summer flows. I will 

also run other tests described by Morsiari et al. (2007), which include the coefficient of 

determination (R2) of the projections when compared to the historically observed data, the root 

mean square error (RMSE), and the standard deviation ratio (RSR). For the model skill to be 

considered satisfactory the NSE, which compares projected historical flow to measured historical 

streamflows, must be greater than 0.5 (Moriasi et al., 2007). An adequate model skill is 

represented by an NSE of 0.5 and satisfactory values of the R2 and RSR are 0.7 or greater 

(Moriasi et al., 2007; Nash and Sutcliffe, 1970). 

 

3.4 River Basin Model Calibration 

I will be using a newly updated version of the RBM that is able to model temperature 

changes at the tributary and basin wide scale (Yearsley, 2020). The main DHSVM outputs that 

are used as inputs for the RBM are stream discharge, air temperature, wind and energy sources, 

such as long and shortwave radiation and sensible heat. Calibration of the RBM requires the 

manipulation of eleven variables until the simulated stream temperatures match observed stream 

temperatures within statistical thresholds. The RBM requires four Mohseni and four Leopold 

parameters as model inputs (Yearsley, 2009 and 2012; Sun et al., 2015). The Mohseni 
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parameters are needed to obtain head-water temperature from the air temperature and must be 

estimated from field observations. The Mohseni parameters are used in the following equation: 

 

 𝑇ℎ𝑒𝑎𝑑 =  𝜇 +  
𝛼 − 𝜇

1 +  𝑒𝛾(𝛽−𝑇𝑠𝑚𝑜𝑜𝑡ℎ)
 

 

(1) 

where, Thead is headwater temperature degrees Celsius (°C), Tsmooth is smoothed air temperature 

(unitless), 𝛾 is the steepest slope of the function (ratio), 𝛽 is the air temperature at the inflection 

point of the function (°C), 𝜇 is the minimum headwater temperature (°C) and 𝛼 is the maximum 

headwater temperature (°C). 

The Tsmooth requires a Mohseni smoothing parameter that attenuates high air temperature 

fluctuations and minimum stream velocity and depth, and is computed by the following 

equation,  

 

 𝑇𝑠𝑚𝑜𝑜𝑡ℎ =  𝜏 ∗ 𝑇𝑎𝑖𝑟(𝑡) + (1 − 𝜏) ∗ 𝑇𝑎𝑖𝑟(𝑡 − 1) 

 

(2) 

 

where, 𝑇𝑎𝑖𝑟 is the air temperature (°C), t is the time step in hours, and 𝜏 is  

 

 
𝜏 =  

1

(𝑠𝑚𝑜𝑜𝑡ℎ𝑖𝑛𝑔 𝑝𝑒𝑟𝑖𝑜𝑑)
=

1

(
7 𝑑𝑎𝑦𝑠 ∗ 8 𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝𝑠

𝑑𝑎𝑦
)
 

 

 

(3) 

The Leopold relation estimates stream velocity and depth from discharge values provided 

by the DHSVM (Clarke, 2020; Freeman, 2019). The relation which represents the velocity is  

 

 𝑢 = 𝑐𝑄𝑑  (4) 

 

where u is velocity in meters per second (m/sec), Q is discharge in cubic meters per second 

(cms), c and d are empirical constants. The equation which describes the Leopold relation for 

depth is  

 



 

 

15 

 𝐷 = 𝑎𝑄𝑏  (5) 

   

where D is depth in meters (m), Q is discharge (cms), a and b are empirical constants. I will 

generate independent RBM calibration parameters for the Pilchuck basin and for the at-risk 

tributaries (Figure 2). To compute the variable Mohseni and Leopold parameters, I will first 

complete my field work in the basin to gather the appropriate measurements. 

I will travel to the Pilchuck subbasin (Figure 1) and select at-risk reaches within North 

Fork and South Fork subbasins (Figure 2) with employees of the Stillaguamish Tribe to collect 

calibration data. These calibration data will include measurements, such as stream temperature, 

air temperature, and stream discharge magnitudes. I will collect discharge measurements to 

capture flow remiges during the late spring and early fall. In the late spring, flows will be 

considered high flows due to the addition of snowmelt, and flows will be considered low in the 

early fall because there is no addition of snowmelt to the stream discharge (Table 2). The 

measurements and discharges magnitudes will be used to compute the Leopold and Mohseni 

calibration parameters needed to calibrate the RBM (Yearsley, 2009 and 2012, Sun et al., 2015). 

The Leopold parameters will be computed from my stream discharge, depth and velocity 

measurements, and then used to correct the discharge values that the DHSVM produces. The 

water and air temperature data I collect will be used to compute the Mohseni parameters which 

will modify the head water temperatures outputted by the DHSVM. I will need to supplement 

the air temperature values I collect with estimated air temperatures and will likely use the 

publicly available PRISM climate dataset distributed and managed by Oregon State University 

(PRISM, 2014). I will also install additional HOBO TidbiT Water Temperature Data Loggers 

and air temperature probes used by the Stillaguamish Tribe in the Pilchuck subbasin (Figure 1).  

 Once I begin the calibration process, I expect to apply the snowmelt algorithm used by 

Clarke (2020), and Freeman (2019) to estimate headwater temperatures based on snowmelt 

volumes. As described by Clarke (2020), and Freeman (2019), when the basin wide snowmelt 

volume reaches a threshold (e.g., 0.00007 m3/ hour) the snowmelt algorithm sets a basin wide 

headwater temperature to 7 °C (Clarke, 2020; Freeman, 2019). If the snowmelt volume is above 

this threshold the model uses the Mohseni parameters to estimate headwater temperature (Clarke, 

2020; Freeman, 2019). 
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To assess the model skill, I will use the same statistical tools (objective functions) that I 

will implement for the DHSVM.  I will use an NSE to compare modeled temperature changes to 

temperatures record at the WSDOE gauging stations (Figure 3) prior to 2015 (Morsiari et al., 

2007; Nash and Sutcliffe, 1970). I will determine the R2 for the projections, as well as the 

RMSE, and the RSR. In addition to comparing my simulated result with the WSDOE gauges, I 

will also attempt to use the TidbiT sensors that have been present and recording continuous 

temperature data prior to 2015 for calibration. For the model’s skill to be considered satisfactory, 

the NSE must be greater than 0.5 (Moriasi et al., 2007; Nash and Sutcliffe, 1970). A member of 

the Mitchell, Research group created a parameter optimization Python script for the RBM to aid 

in the automation of the calibration process. I will utilize this optimization script during my 

model calibration. 

 

3.5 Projected Simulations  

To project future stream flow temperatures, I will force the calibrated DHSVM and RBM 

with projected meteorological forcing data from twelve different GCMs at the RCP 8.5 scenario 

and one GMC at the RCP 4.5 scenario at 1-hour resolutions from 1970 to 2099 (Table 1). The 

RCP 8.5 is the high greenhouse gas emission scenario if no changes in industry emissions 

standards are made (Mauger and Won, 2020). The RCP 4.5 is greenhouse gas scenario if 

reductions in gas emissions reduce in the next few years (Mauger and Won, 2020). I will focus 

on these high emissions scenarios as they are able to describe both the high emissions rates in the 

short term as well as moderate or low emissions rates over a long period of time (Mauger and 

Won, 2020). The meteorological forcings I will use from these GCMs have been dynamically 

downscaled with the WRF model. The projected WRF data have been bias corrected for the 

Stillaguamish watershed by CIG similarly to the historical WRF forcings (Mauger et al., In 

Progress; Robinson et al., 2021). The regional scale of the WRF model provides a better estimate 

for weather variation with complex topography and is useful when observations in the area are 

infrequent (Mauger et al., In Progress). The simulations will be performed on a 20-node server in 

the Institute of Watershed Studies in Huxley College.  
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3.6 Data Analysis 

To analyze the stream temperature projections in the Stillaguamish river, I will use R and 

Python scripts for statistical analysis, similar to those used by Clarke (2020) and Freeman 

(2019). The projected temperature outputs will be summarized in 30-year projected intervals or 

projected climate normals and compared to a 30-year hindcast normal (1981 to 2010). The 30-

year climate normal accounts for the biennial and decadal changes that are common in the 

Pacific Northwest climate due to PDO and ENSO events. The intervals will be centered on the 

years 1996 for the hindcast, 2050, and 2085 for the projections. For each climate normal I will 

investigate stream temperature trends by examining 7-DADMax, which is how the EPA 

addresses water quality concerns related to salmonids (Mantua et al., 2010; WSDOE, 2004). I 

will also compare my results to similar temperature studies in the Puget Sound region (Yan et al., 

2021; Clarke, 2020; Lee, 2020; Freeman, 2019; Cao, 2016). I will also compare the daily 

temperature averages for each of the GCMs and focus on the hottest months of the year, June, 

July, and August, to determine the threat temperature poses to spawning Chinook salmon. 

In addition to stream temperature analysis, I will examine streamflow changes for the 

climate projections and snow metric changes. I will analyze how the monthly and daily median 

discharge values for a 30-year climate normal compare to the hindcast values; additionally, the 

snow water equivalent changes will be examined based on a basin wide averages for the 

projections and hindcast. I will also analyze the change of spatial extent of the snow-covered 

area between the projections and hindcast.  

 

4. Hypotheses 

 The results of my thesis will likely support previous research which suggests that stream 

temperatures will increase significantly through the 21st century (Clarke, 2020; Freeman, 2019; 

Cao et al., 2016). I expect warming trends to be larger in the North Fork of the Stillaguamish due 

to a greater loss of snow coverage, the channel morphology, and predominant aspect direction of 

the subbasin, which is southerly. In contrast, the temperature increases in the Pilchuck are likely 

to be the smallest as it is currently a rain-dominated basin at lower elevations. Currently, 

temperatures during the summer months, June, July, and August, are on average roughly 2 °C 

warmer in the Pilchuck than in the North Fork and South Fork (WSDOE, 2021). August 

temperatures mirror this, but the largest difference between the Pilchuck and the other subbasins 
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is in June when the spring freshet is present in the North Fork and South Fork (WSDOE, 2021). 

Stream temperature projections for the North Fork and South Fork are likely to be comparable to 

the temperatures historically observed in the Pilchuck as the basins are expected to shift to be 

rain-dominated and lose the spring freshet. I also expect to see the effects of diurnal buffering of 

stream temperatures in the Stillaguamish due to tidal influences near the mouth of the 

Stillaguamish river at the Stanwood or Silvana gauges.  

  The South Fork will likely have more moderate changes when compared with the other 

two subbasins but be similar to changes in the North Fork due to the influence of snowpack 

(Clarke, 2020). The South Fork basin has an east-west profile and steep canyons. Previous work 

indicates that the North Fork will see higher temperature increases in the future, but both 

subbasins peak in July with the greatest increases in June (Clarke, 2020; Freeman, 2019). I 

expect that temporal variation in temperature will remain similar to this in my evaluation. 

Independent tributary results are likely to show similar increases to what Freeman (2019) and 

Clarke (2020) found but may be considered more precise due to reach specific RBM calibration 

parameters (Yearsley, 2020).  

 

5. Model Uncertainties 

There are several uncertainties associated with the modeling approach I will be using. First, 

because deep groundwater interactions in the Stillaguamish basin are not thoroughly captured, 

my projections should be considered the most severe case scenario as groundwater interactions 

will likely cool stream temperatures (Clarke, 2020; Luce et al., 2014). Second, hyporheic 

exchange or shallow groundwater inputs are also not well considered in the RBM modeling 

processes, and several studies have shown that hyporheic exchange cools stream temperatures 

(Leach et al., 2021; Faulkner et al., 2020). Third, in addition to groundwater exchanges not being 

well-established, locations of cold-water refugia are not presently known, and streams that may 

see significant increases in temperature increases may also house these cold-water pools where 

Chinook can find respite. Lastly, the land coverage will remain constant throughout the modeling 

processes, meaning that land coverage established in 2016 will be used for the 2085 projections. 

However, land coverage will likely change through the 21st century. Changes may occur due to 

logging in the watershed, land-use changes, or growing population demands which would require 

more area to be allocated for urbanization or agriculture. 
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6. Research Dissemination 

I will submit abstracts to several regional and national scientific conferences to present 

my research as either a poster or an oral presentation (e.g., Northwest Climate Conference). I 

will communicate findings to the Stillaguamish Tribe of Indians Department of Natural 

Resources and include GIS data layers representing the projected temperature changes in the 

watershed and at-risk tributaries that can be used for future management decisions. Lastly, I will 

submit a manuscript prepared for publication in a peer-reviewed journal, such as the Journal of 

Hydrology or Hydrologic Processes. Table 2 is a proposed timeline for the tasks I will need to 

complete to finish my thesis.  
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8.  Tables 

Table 1. Dynamically downscaled Global Climate Models that I will be using to project stream 

temperature and hydrology changes in the Stillaguamish basin through the 21st century.  

Global Climate 

Model 
Parent Research Center 

Greenhouse 

Gas Scenarios 

To be 

Evaluated 

ACCESS1-0 

Commonwealth Scientific and 

Industrial Research Organization 

(CSIRO), Australia/ Bureau of 

Meteorology, Australia 

Low (RCP 4.5) 

and High (RCP 

8.5) 

ACCESS1-3 

Commonwealth Scientific and 

Industrial Research Organization 

(CSIRO), Australia/ Bureau of 

Meteorology, Australia 

High (RCP 

8.5) 

BCC-csm1-1 
Beijing Climate Center (BCC), China 

Meteorological Administration 

High (RCP 

8.5) 

CanESM2 
Canadian Centre for Climate 

Modeling and Analysis 

High (RCP 

8.5) 

CCSM4 
National Center of Atmospheric 

Research (NCAR), USA 

High (RCP 

8.5) 

CSIRO-Mk3-

6-0 

Commonwealth Scientific and 

Industrial Research Organization 

(CSIRO) / Queensland Climate 

Change Centre of Excellence, 

Australia 

High (RCP 

8.5) 

FGOALS-g2 

LASG, Institute of Atmospheric 

Physics, Chinese Academy of 

Sciences 

High (RCP 

8.5) 

GFDL-CM3 
NOAA Geophysical Fluid Dynamics 

Laboratory, USA 

High (RCP 

8.5) 

GISS-E2-H 
NASA Goddard Institute for Space 

Studies, USA 

High (RCP 

8.5) 

MIROC5 

Atmosphere and Ocean Research 

Institute (The University of Tokyo), 

National Institute for Environmental 

Studies, and Japan Agency for 

Marine-Earth Science and 

Technology 

High (RCP 

8.5) 

MRI-CGCM3 
Meteorological Research Institute, 

Japan 

High (RCP 

8.5) 

NorESM1-M Norwegian Climate Center, Norway 
High (RCP 

8.5) 
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Table 2. A proposed timeline of the completion of tasks required for my thesis to my expected 

graduation date.  

Task 

 

05/

21 

 

06/

21 

 

07/

21 

 

08/

21 

 

09/

21 

 

10/

21 

 

11/

21 

 

12/

21 

 

01/

22 

 

02/

22 

 

03/

22 

 

04/

22 

 

05/

22 

 

06/

22 

Literature 

review 

 

X X X X X X X X X X X X X  

 

Field work 
 

X X X X X        
 

Riparian 

vegetation  

setup 
X  X                      

 

Model 

calibration 
X X X X X X              

 

Statistical 

analysis 

   X X X X X X X X     
 

Writing, 

drafting, 

reporting 

 

 X  X X X X X X X X X X X 

 

Thesis tabling 

and defense 

 
                     X X 
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9. Figures 

 

 
Figure 1. The Stillaguamish basin in northwestern Washington and its three subbasins the South Fork (yellow), the North Fork (red), 

and the Pilchuck (black). Stations managed by the United States Geological Survey (USGS; orange triangles) for the model calibration 

of streamflows. The Washington department of Ecology gauges (WSDOE; green circles) will be used to calibrate to historical 

temperature (WSDOE, n.d.).  
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Figure 2. The mouths of at-risk tributaries (purple diamonds) determined to be at a greater risk for temperature increases by Clarke 

(2020), Freeman (2019), and the Stillaguamish Tribe.  
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Figure 3. The average April 1st snow water equivalent for historical snowlines and projected snowlines for the 30-year climate normals 

centered on 2075 (blue) and historical hindcasts (light blue) for the North Fork and South Fork of the Stillaguamish River (Clarke, 

2020; Freeman, 2019). 


