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1 INTRODUCTION 
 
The Stillaguamish Tribe Natural Resources Climate Change Vulnerability Assessment project seeks 

to establish a baseline understanding of how climate change is likely to affect priority species and 

habitats in the Stillaguamish Watershed, Port Susan Bay, Whidbey Basin, and the area ceded under 

the Treaty of Point Elliott.   

 

This document, developed by the University of Washington Climate Impacts Group as technical 

input for the project, summarizes projected changes in Pacific Northwest climate and climate-

sensitive attributes that can influence natural resources vulnerability. These attributes include 

projected changes in air temperature, precipitation, snowpack, streamflow, sedimentation, water 

temperature, fire risk, sea level rise, ocean chemistry, and other relevant factors.   

 

Because this document draws from existing data and literature, the time periods and spatial scale of 

the information varies. Where possible, projections specific to the Stillaguamish watershed are 

provided. Other frequently reported geographic scales in this report are the U.S. Pacific Northwest 

(covering the states of Washington, Oregon, and Idaho), Washington State, Puget Sound, or the 

Washington Cascades. Many of the projections are for mid-century (generally the 2050s) and end of 

century (2100); other time periods are also reported, depending on the study. 

 

 

2 OBSERVED TRENDS: OVERVIEW 
 

Instrumental and observational data show that climate in the Pacific Northwest is warming, 

although it is not possible to say conclusively at this time if or how much of that warming is due to 

rising greenhouse gas emissions versus natural variability (Box 1). As summarized in Climate 

Change Impacts and Adaptation in Washington State: Technical Summaries for Decision Makers,[1] 

observed changes in regional temperature and precipitation include the following: 

 

 Pacific Northwest average annual temperature warmed about +1.3°F between 1895 and 

2011 (Figure 1), with statistically-significant warming occurring in all seasons except 

spring.[2] 

 The frost-free season (and the associated growing season) for the Pacific Northwest has 

lengthened by 35 days (±6 days) from 1895 to 2011.[3] 

 Nighttime heat events have become more frequent west of the Cascade Mountains in 
Oregon and Washington (1901-2009), although there has been no significant trend in 

daytime heat events or cold events for 1895-2011 in the Pacific Northwest as a whole.[4] 

 There are no statistically-significant long-term (1895-2011) annual or seasonal 
precipitation trends in Pacific Northwest precipitation.[5][6] Trends in heavy precipitation 

are equally ambiguous; most studies find slightly increasing trends but few are statistically-

significant and results are sensitive to the choices of dates and method of the analysis. 
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Box 1. The Role of Climate Variability Observed Trends and in a Changing Climate  

 

While this project is focused on assessing vulnerability to climate change, it is important to note 

that natural climate variability will continue to influence Pacific Northwest climate – and as a 

consequence, its communities and natural resources – even as long-term warming continues as 

a result of human activities.  

 

Climate variability in the Pacific Northwest is largely governed by two large-scale oceanic and 

atmospheric oscillations: the El Niño/Southern Oscillation (ENSO) and the Pacific Decadal 

Oscillation (PDO). ENSO cycles last for up to a year, typically peaking between December and 

April; warm phases are referred to as “El Niño” and cool phases as “La Niña”.[7]  The PDO is also 

characterized by warm and cool phases, but unlike ENSO the cool/warm phases of PDO 

typically persist for 10 to 30 years.[A][8] 

 

El Niño and warm phase PDO tend to, but do not always, result in above average annual 

temperatures and drier winters in the Pacific Northwest. El Niño and warm phase PDO are also 

more likely to result in lower than average snowpack, lower flood risk, and higher forest fire 

risk. In contrast, La Niña and cool phase PDO increase the odds for cooler than average annual 

temperatures and wetter winters, leading to higher winter snowpack, higher flood risk, and 

lower forest fire risk while in those phases. When the same phases of ENSO and PDO occur 

simultaneously (i.e., years characterized by both El Niño and warm phase PDO or by La Niña 

and cool phase PDO), the impact on Pacific Northwest climate is typically larger. If the ENSO and 

PDO patterns are in opposite phases in a given year, their effects on temperature and 

precipitation may offset each other to some degree.  

 

How (and whether) ENSO and PDO will change in the future as a result of climate change 

remain open questions. Some studies suggest that climate change may cause a prolonged 

persistence of El Niño conditions in the equatorial Pacific, although the reasons remain 

uncertain.[9][10] Despite this uncertainty, we expect ENSO and PDO to continue influencing 

Pacific Northwest climate in the coming decades, sometimes reinforcing or counteracting the 

effects of human-induced climate change. For example, if PDO were to persist in its cool phase 

for another decade or two, the long-term global warming trend could be masked in the Pacific 

Northwest, leading to smaller near-term changes and the possibility of more rapid changes 

when the PDO returns to warm phase conditions. 

 

 

 

 

 

 

 

 

 

 

                                                             
A  Based on analysis of observed 20th century sea surface temperatures. Prior to 1900, the PDO pattern is less 

persistent. It is unclear at this time which pattern is more indicative of the true behavior of the PDO.  
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Figure 1. Rising temperatures in the Pacific Northwest. Average annual temperature (red line) 

shown relative to the 1901–1960 average (indicated by the solid horizontal line). The dashed line 

is the fitted trend, indicating the +0.13°F/decade warming for 1895-2011. Figure source: Snover 

et al. 2013[1]; Data source: Kunkel et al. 2013.[2] 

 

 

There are no long-term temperature and precipitation monitoring stations in the Stillaguamish 

watershed, however trends at nearby stations indicate long-term warming and increasing 

precipitation. Average annual temperature at Everett increased +0.71° between 1895 and 2014 

(Table 1, top). Everett has also become notably wetter over the last century, with increasing 

precipitation trends in spring, summer, and fall. Similar trends are reported for Sedro Woolley 

(Table 1, bottom).  Hall et al. (2014)[11] found a statistically significant (p<0.05) increase in annual 

precipitation at Arlington and decrease (p<0.05) in snowfall at Darrington for the period 1954-

2011. Note that single station trends will vary by location and may not be reflective of conditions 

elsewhere in a basin (for example, in the foothills or mountains).  

 

In addition to changes in temperature and precipitation, the Pacific Northwest has seen: 

 

 An overall decline in April 1 snowpack in the Washington Cascades from the mid-20th 

century to 2006, with substantial year-to-year variability due to natural variability;[12][13] 

 Declines in average glacier area of 7% in the North Cascades (1958-1998)[14] and 49% on 
Mt. Adams (1904-2006);[15] 

 Earlier shift in the timing of peak spring streamflow in many snowmelt-influenced rivers in 
the Pacific Northwest (1948-2002);[16]  
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 Rising sea level in most regions of Washington State,[17][18] including 0.65 feet of sea level 

rise in Seattle for the period 1898-2013;[B] and 

 An increase in the acidity of marine waters along the Washington Coast and Puget Sound. 
Global ocean acidity has increased 30% relative to pre-industrial levels, affecting pH levels 

along the Washington Coast and Puget Sound.[19][20]  

 

Hall et al. (2014) examined the influence of land cover change, climate trends, and climate 
oscillations on low and high streamflow trends for the North Fork Stillaguamish River for the 
period 1954-2011. Statistically significant increases in maximum flows were found for 1-day, 3-day, 
and 7-day maximum flows (p<0.05) and 30-day and 90-day maximum flows (p<0.10). Trends in 
low flows were also found, although statistical significance was only met for the base flow index (7-
day minimum flow/annual mean flow; p<0.05). Modeling conducted for the analysis suggested that 
increasing precipitation at Arlington was the primary driver for the increase in maximum flows. 
However, the authors also noted that stream channel straightening and decreased floodplain 
storage could also be contributing to higher peak flows at the gage. Land cover change (i.e., logging) 
and decadal patterns of climate variability (e.g., the Pacific Decadal Oscillation)—rather than long 
term changes in precipitation—were found to be the most significant factors shaping observed low 
flow trends.  
 
 

Table 1. Temperature and Precipitation Trends for Everett, WA (Station 452675) (top) and Sedro Woolley, 

WA (Station 457507) (bottom). Note that trends at individual stations are not necessarily representative of 

regional or sub-regional trends, due to the effects of topography, land cover, and other factors. (Data source: 

Office of the Washington State Climatologist, http://www.climate.washington.edu/) 

 

EVERETT 
Temperature (˚F) Precipitation (inches) 

Annual 
Mean  

Annual 
Max 

Annual 
Min 

Annual 
Average 

Winter 
(Dec-Feb) 

Spring 
(Mar-May) 

Summer 
(June-Aug) 

Fall  
(Sept-Nov) 

Trend, 
1895-2014 

0.71 0.83 0.60 
3.21 
(+10%) 

-1.19  
(-9%) 

2.14 
(+30%) 

1.31 
(+36%) 

0.95 
(+11%) 

Variability ± 1.05 ± 1.17 ± 1.10 ± 5.55 ± 2.93 ± 2.08 ± 1.86 ± 2.71 

 

SEDRO 
WOLLEY 

Temperature (˚F) Precipitation (inches) 

Annual 
Mean  

Annual 
Max 

Annual 
Min 

Annual 
Average 

Winter 
(Dec-Feb) 

Spring 
(Mar-May) 

Summer 
(June-Aug) 

Fall  
(Sept-Nov) 

Trend, 
1895-2014 

1.19 -0.34 2.74 
1.55 
(+3%) 

-1.90  
(-11%) 

2.38 
(+25%) 

0.83 
(+17%) 

0.24  
(+2%) 

Variability ± 1.11 ± 1.24 ± 1.36 ± 1.36 ± 2.40 ± 2.70 ± 2.22 ± 4.13 

 

 

                                                             

B Seattle mean sea level trend obtained from NOAA Tides and Currents, for station 9447130 
(http://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?stnid=9447130)   

http://www.climate.washington.edu/
http://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?stnid=9447130
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3 PROJECTED CHANGES IN PACIFIC NORTHWEST CLIMATE 
 
Projecting changes in 21st century climate requires the use of global climate models and scenarios 

of future greenhouse gas emissions, which incorporate assumptions about future changes in global 

population, technological advances, and other factors that influence the amount of carbon dioxide 

and other greenhouse gases emitted into the atmosphere as a result of human activities. 

Greenhouse gas scenarios are developed by international climate modeling centers for use by the 

scientific community to study climate change and climate change impacts. 

 

Most of the projections provided in this section are based on low, moderate, or high greenhouse gas 

scenarios (Table 2). The specific scenario names associated with each, e.g., RCP 4.5 versus B1, is an 

indication of different generations of scenarios. The current generation of greenhouse gas scenarios 

are known as RCPs, or Representative Concentration Pathways.  

 

Table 2.  Greenhouse gas scenarios used in global and regional climate studies. The scenarios most 

commonly used in Pacific Northwest climate change studies are noted with an *. Scenarios are typically 

updated every 5-10 years for use in Intergovernmental Panel on Climate Change (IPCC) global assessment 

reports, which are released every 5-7 years. Table modified from Snover et al. 2013, Table 3-1.[1]  

IPCC Fifth 
Assessment 
Report (2013) 
scenarios  

Comparable IPCC Third 
and Fourth Assessment 
Report (2001-2013) 
scenarios  

Scenario characteristics Related 
qualitative 
description 

RCP 2.6 
No analogue in previous 
scenarios 

An extremely low scenario that reflects 
aggressive greenhouse gas reduction 
and sequestration efforts 

“Very Low” 

RCP 4.5 
Very close to B1 by 2100, 
but higher emissions at 
mid-century 

A low scenario in which greenhouse gas 
emissions stabilize by mid-century and 
fall sharply thereafter 

“Low” 

RCP 6.0 
Similar to A1B by 2100, but 
closer to B1 at mid-century 

A medium scenario in which greenhouse 
gas emissions increase gradually until 
stabilizing in the final decades of the 21st 
century 

“Medium” 

RCP 8.5 Nearly identical to A1FI[C] 
A high scenario that assumes continued 
increases in greenhouse gas emissions 
until the end of the 21st century 

"High” 

 
 

 Temperature 
 

All climate models project warming in the Pacific Northwest during the 21st century as a result of 

rising atmospheric greenhouse gas concentrations, with the total amount of change dependent on 

the rate of greenhouse gas emissions.[21] 

                                                             
C The A2 greenhouse gas scenario is between the RCP 6.0 and 8.5 scenarios. 
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 For the 2050s,[D] relative to 1950-1999, temperature is projected to rise +4.3°F (range: +2.0 
to 6.7°F) for a low emissions scenario (RCP 4.5) and +5.8°F (range: +3.1 to +8.5°F) for a high 
greenhouse gas scenario (RCP8.5) (Figure 2).[1] 

 For the 2080s,[E] relative to 1950-1999, temperature is projected to rise +5.2 (range: +2.5 to 
8.5°F) for a low emissions scenario (RCP 4.5) and +8.7°F (range: +4.9 to 12.3°F) for a high 
greenhouse gas scenario (RCP8.5).[1] 

 
All seasons are projected to be warmer in the Pacific Northwest, with only small differences in the 

warming projected for each season. Models also project more frequent heat events and less 

frequent cold snaps (Table 3).[22]  

 

Figure 2. Average yearly temperatures for the Pacific Northwest relative to the average for 1950-1999 
(gray horizontal line). The black line shows the average simulated temperature for 1950–2011, while the 
grey lines show individual model results for the same time period. Thin colored lines show individual 
model projections for two emissions scenarios (low: RCP 4.5, and high: RCP 8.5), and thick colored lines 
show the average among models projections for each scenario. Figure source: Snover et al. 2013.[1] 

 

 

 

                                                             
D  Specifically, “2050s” refers to the 30-year average spanning from 2041 to 2070.  
E  Specifically, “2080s” refers to the 30-year average spanning from 2070 to 2099. 
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Table 3. Projected changes in common temperature thresholds for the Pacific 

Northwest, by midcentury (2041–2070, relative to 1971–2000), based on a high 

greenhouse gas scenario (A2). Source: Kunkel et al., 2013.[23] 

Variable Projected change 

Length of freeze-free period:  +35 days (± 6 days) 

Number of days above 90°F:  +8 days (± 7 days) 

Number of nights below 10°F:  −8 days (± 5 days) 

Growing degree days (base 50°F):  +51% (± 14%) 

Growing degree days (base 50°F):  +51% (± 14%) 

 

 

 Precipitation 
 

Average Annual and Seasonal Precipitation 
Climate models do not project significant changes in annual precipitation for the Pacific Northwest. 

Most models project increases in average annual precipitation as well as winter, spring and fall 

precipitation, but those increases are small relative to the large natural year-to-year variation that 

characterizes Pacific Northwest precipitation. Similarly, summer precipitation is also projected to 

decrease but changes are small relative to variability.  

 

 Projected increases in winter, spring and fall precipitation range, on average, from +2% to 
+7% by the 2050s (2041–2070, relative to 1950 – 1999).[24] 

 Summer precipitation decreases -6% to -8% for RCP 4.5 and RCP 8.5, respectively, on 

average for the 2050s, relative to relative to 1950 – 1999.[25] 

 Some individual models show decrease in summertime precipitation up to -30% by the 
2050s, relative to relative to 1950 – 1999.[26] 

 

Extreme Precipitation  
Overall, climate models indicate that heavy rainfall events are likely to become more frequent and 

intense in the Pacific Northwest.[27][28][29]  

 

 The number of days that precipitation exceeds 1-inch  in the Pacific Northwest increases by 

+13% (±7%) by midcentury (2041–2070) under a high emissions scenario, compared to the 

average over the historical period from 1950–1999.[30] 

 The number of days that precipitation exceeds the historical 99th percentile increases by 
280% by the end of the 21st century (2070–2099, relative to 1970–1999) under the highest 

emissions scenario (RCP 8.5), due to projections of more frequent Atmospheric River events 

along the North American west coast.[31] 

 

Heavy precipitation events in the Pacific Northwest are typically a consequence of “atmospheric 

rivers”, or ARs.[32][33] ARs are narrow ribbons of water vapor transport extending from the tropics to 

the west coast of North America during the winter months (Figure 3). ARs that reach the Puget  
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Figure 3. Satellite image of an Atmospheric River. Source: NOAA. 

 

 

Sound are responsible for most of the extreme precipitation events in the Pacific Northwest.  

 

An in-depth examination of precipitation projected by climate models shows that AR events will 

increase in frequency and intensity during winter along the U.S. west coast.[10] The location and 

intensity of the Puget Sound convergence zone is also an important component of extreme 

precipitation events in the central Puget Sound region, however the impact of climate change on the 

convergence zone is unknown.    

Global climate models provide precipitation projections at the scale of the Pacific Northwest or the 

North American west coast. Using downscaling methods and regional climate models, a number of 

studies have provided projections for scales comparable to the Stillaguamish watershed but there is 

no published analysis specific to the Stillaguamish watershed at this time.  

 

 Snowpack and Streamflow 
 
Projected changes in temperature and precipitation will result in a shorter snow season as more 

precipitation falls as rain and snow melts away earlier in spring. Projected changes in April 1st snow 

water equivalent (SWE) show large declines, relative to 1916-2006, in Washington State and the 

Pacific Northwest for both a low (B1) and a moderate emissions scenario (A1B).[34][35][36] 

 

 Average spring snowpack in Washington State is projected to decline by −56 to −70% by the 

2080s (2070-2099, relative to 1916-2006) for a low (B1) and moderate greenhouse gas 
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scenario (A1B).[F] 

 April 1 SWE in the Stillaguamish Basin is projected to decline by -39% (ranging from -21% 
to -52%) for the 2020s, -56% (ranging from -15% to -71%) for the 2040s, and -82% 

(ranging from -46% to -99%) for the 2080s for a moderate (A1B) greenhouse gas scenario, 

relative to relative to 1916-2006. [G] 

 Peak spring snowmelt is projected to occur three weeks earlier by the 2040s and six weeks 
earlier by the 2080s for four Puget Sound Basins (the Tolt, the Green, the Cedar and the 

Sultan), effectively lengthening the traditional summer low-flow season.[37] 

 

The consequences of declining snowpack and earlier spring snowmelt depend on the balance of 

wintertime rain and snow accumulation within a watershed. The Stillaguamish watershed is 

considered a weak transient, or rain/snow mix, watershed. Transient watersheds are characterized 

by two periods of relatively high streamflows during the year: one during late fall, coinciding with 

the return of the fall rains and another in early spring as a result of snowmelt (Figure 4). In the case 

of the Stillaguamish, the fall streamflow peak is higher than the spring peak due to the watershed’s 

relatively low elevation. The watershed is not presently warm enough overall, however, to be 

considered a rain-dominant watershed.  

 

Transient watersheds are generally expected to experience significant changes in streamflow 

seasonality, although results will vary by watershed. For the Stillaguamish, warmer winter 

temperatures are expected to cause more winter precipitation to fall as rain rather than snow, 

contributing to higher winter streamflows and lower spring (April 1) snowpack (Figure 4, Table 4). 

Spring streamflow is generally earlier and lower as warmer spring temperatures trigger earlier, but 

declining, snowmelt. Summer streamflows are also reduced both as a function of earlier spring 

runoff and higher summer temperatures, which can increase losses due to evapotranspiration. 
These changes, which become more pronounced as warming increases, collectively transform the 

Stillaguamish watershed from a weak transient watershed to a rain-dominant watershed.  

 

Extreme High (Flood) and Low Streamflows 
Floods. All Puget Sound watersheds are projected to experience increases in winter flood risk due to 

declining snowpack and increasing heavy precipitation events. Rising snowlines increase winter 

flood risk by effectively increasing the basin area during storms: a larger area means more water is 

channeled into rivers. 

 

 The 100-year flood for the North Fork Stillaguamish River (at Arlington) is projected to 

increase by +26% (range: +6% to +64%) on average by the end of the century, relative to 

1970-1999, under a moderate (A1B) greenhouse gas scenario. [38]  

 Recent research has shown that heavy precipitation events will increase in both frequency 
and intensity;[39] this would further exacerbate flood risk in the Stillaguamish. 

 

 

                                                             
F These numbers indicate changes in April 1st Snow Water Equivalent (SWE). SWE is a measure of the total 

amount of water contained in the snowpack. April 1st is the approximate current timing of peak annual 
snowpack in the mountains of the Northwest. 

G  Based on data described in Hamlet et al., 2013.  
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Figure 4. Monthly graph of water depth for the Stillaguamish near Stanwood. Estimates of 

the monthly average depth are based the water-year, starting in October and ending in 

September. Changes are shown for three time periods: the 2020s (blue line), the 2040s 

(gold line), and the 2080s (red line) for the A1B emissions scenario. All changes are relative 

to average historical flows (1916–2006; black line). Figure based on data from the Pacific 

Northwest Hydroclimate Scenarios Project (http://warm.atmos.washington.edu/2860/). 
 

 
Table 4. Percent changes in annual and seasonal streamflow estimated for the 

Stillaguamish at Stanwood for three future time periods under a moderate (A1B) 

emissions scenario. Estimates derived from the Pacific Northwest Hydroclimate 

Scenarios Project (http://warm.atmos.washington.edu/2860/). 

 

Streamflow timing 2020s 2040s 2080s 

Annual +7% +11% +15% 

Spring -7% -8% -16% 

Summer -39% -52% -67% 

Fall +14% +22% +34% 

Winter +24% +33% +47% 

http://warm.atmos.washington.edu/2860/
http://warm.atmos.washington.edu/2860/
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Low flows. The low flow season for Puget Sound watersheds typically occurs in late summer, when 

the region is driest and the snowmelt contribution diminishes. Summer low flows are projected to 

decline further in the future, particularly in watersheds fed at least in part by snowmelt. Increased 

evaporation and uptake from surrounding vegetation will further exacerbate summer low flows. [40]  

 

 7Q10 flows [H] for the North Fork Stillaguamish River (at Arlington) are projected to decline 
-27% (range: -33% to -16%) for the 2040s, relative to 1916-2006, under a moderate (A1B) 

emissions scenario. [I] 
 

 

 Stream Temperature 
 

Stream temperatures are an important factor in the quality of Pacific Northwest aquatic habitat and 

salmon. When exposed to higher water temperatures, salmon become more susceptible to 

pathogens, suffer higher mortality, and stop or slow their migration. 

 

The warmer air temperatures projected as a result of climate change will increase water 

temperatures in watersheds throughout the Puget Sound region, including the Stillaguamish 

watershed (Figure 5).[41] Increases are most significant in the lower elevation, downstream portions 

of watersheds where rivers slow down, widen and encounter warmer air temperatures. The 

amount of time that rivers exceed thermal thresholds is also longer as a result of warming air 

temperatures.  

 

 By the 2080s (2070-2099, relative to 1970-1999),[J] 16% more stream locations in Western 

Washington are projected to experience weekly summer stream temperatures stressful to 

salmon (in excess of 67°F ) under a moderate (A1B) greenhouse gas scenario.[42]  

 The Stillaguamish River at Arlington is expected to exceed the 67°F  thermal threshold for 

over 12 weeks in the summer by the end of the century, relative to a historical range of 1 to 

3 weeks (1916-2006), under a moderate (A1B) greenhouse gas scenario (Figure 6). 

 

 

 Landslides and Sediment Transport 
 

Changes in landslide frequency and sediment transport can affect water quality, aquatic and coastal 

habitat, flooding, and relative sea level rise. Little research has been completed on how climate 

change may affect sediment loads and landslides in the Puget Sound region, although current 

projects in North Cascades National Park and the Skagit basin provide some insights. 

 

                                                             
H  The 7Q10 flow is the lowest 7-day average flow that occurs (on average) once every 10 years (source: 

http://water.epa.gov/scitech/datait/models/dflow/flow101.cfm)  
I  Based on data described in Hamlet, A.F., M.M. Elsner, G.S. Mauger, S-Y. Lee, I. Tohver, and R.A. Norheim. 

2013. An overview of the Columbia Basin Climate Change Scenarios Project: Approach, methods, and 
summary of key results. Atmosphere-Ocean 51(4):392-415, doi: 10.1080/07055900.2013.819555. 

J Average projected change for 124 stream locations across Washington State. Projections are made using ten 
global climate models and a medium greenhouse gas scenario (A1B). 

http://water.epa.gov/scitech/datait/models/dflow/flow101.cfm
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Figure 5. Maps of historical (1993 – 2011) average August stream temperatures in °C (top) and projected 

stream temperatures modeled for the 2080s (2070 – 2099) using August air temperatures under a moderate 

(A1B) greenhouse gas scenario. Source: NorWest project 

(http://www.fs.fed.us/rm/boise/AWAE/projects/stream_temperature.shtml) 

  

Observed, 1993-2011 

Projected, 2070-2099 

http://www.fs.fed.us/rm/boise/AWAE/projects/stream_temperature.shtml
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Figure 6. Estimates of the week number (left) out of 52 in a year (e.g. week 30 is the first week of 

August) and the number of weeks/year (right) that thermal thresholds exceed 67°F for the 

Stillaguamish River at Arlington. Estimates are based on an analysis relating water temperatures to air 

temperatures for the historical and future conditions. Figure source: Mantua et al. (2010)[43] 

 
 

Landslides  
The location and size of landslides depends on several factors, including precipitation duration and 

intensity, antecedent soil moisture, soil types, slope gradients, runoff patterns, land cover, and land-

use.[44][45]  Location and size are also important to determinants of the amount of sediment 

delivered by landslide to a river.  

 

Most landslides in the Pacific Northwest occur on the west side of the Cascades during the rainy 

season (Oct–May). They are predominantly initiated by intense rain events or by lower intensity, 

but persistent rainfall over a prolonged period (precipitating high soil moisture content), rapid 

snow or ice melt or low evaporative demand that allow soil moisture to persist. [46] Figure 7 shows 

the current probability of landslides (top) and the streamside sediment yield from observed slides 

in 2001 (bottom) for the Stillaguamish watershed. 

 

The most direct mechanism by which climate change may influence future landslide risk is higher 

seasonal precipitation and more extreme precipitation, as discussed in Section 3.2. According to a 

U.S. Geological Survey assessment of landslide risk in the Seattle area from 1933–1997, the 

probability of a landslide occurring increases when rainfall totals and/or intensity exceed the 

following thresholds:  

 

 Cumulative Precipitation Threshold: the probability of a landslide occurring is approximately 
10% when the region experiences between 3.5 and 5.2 inches total precipitation during any 

18-day period; and/or 

 Rainfall intensity-duration threshold: the probability of a landslide occurring is between 30–
70% when the intensity-duration threshold is exceeded in a day. If soils are already wet, a 

storm producing at least 2-3 inches of rain over the course of 1-2 days is enough to exceed 

the intensity-duration threshold (Figure 8). [47][48] 
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Figure 7. Landslide probability map (top) and sediment delivery map (bottom) for the Stillaguamish 

watershed. [49] 
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Figure 8. U.S. Geological Survey rainfall intensity and duration curve determining 

landslide threshold based on observed landslides in the Seattle area from 1933 – 

1997.[50] 
 

 
 

Sedimentation  
Sedimentation can occur rapidly when associated with landslide events, but it is also a slow process 
inherent in natural stream processes and habitat formation in the Pacific Northwest. Sedimentation 
in the Stillaguamish watershed is influenced by human and natural processes. Historical and 
current estimates of excessive sediment deposition in the Stillaguamish watershed are 
predominantly attributed to: 
 

 Increased frequency of discharge rates known to move sediments (i.e. 2.5-yr return 
interval) resulting from vegetation removal and forest road building; disconnection of the 
river from the floodplain; removal of large woody debris from the river. [51] 

 Over 124 miles of road constructed on landslide-prone areas (slopes > 30% and on 
unconsolidated, non-cohesive geology) in 13 sub-basins of the Stillaguamish. [52] 

 The unprecedented Oso landslide in March of 2014, which moved an estimated 18 million 
tons of material by destabilizing slopes consisting of ancient glacial sediment. [53] 

 
Sediment loads in the Puget Sound rivers are expected to increase as declining snowpack and 
glacial recession expose more unconsolidated soils to rain, flood flows, and disturbance 
events.[54][55][56] Sediment transport in coastal areas is also likely to increase as a result of sea level 
rise. Projected sea level rise will increase tidal reach, potentially accelerating erosion rates and 
increasing landslide frequency along the coastal areas. It remains uncertain if bluff erosion will 
mitigate sea level rise or if sediment will be transported offshore by increased wave exposure due 
to higher water levels.[57] 
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4 FOREST FIRE AND INSECT RISK 
 
Washington State is expected to see increases in annual area burned by forest fires over the coming 

century.  This increase is due to projected declines in summer precipitation and warmer summer 

temperatures, which work in concert to reduce the moisture content of fuels. Earlier snowmelt is 

also expected to bring an earlier start of the fire season.  

 

Projecting future changes in fire regimes in Western Washington is difficult due to the lack of a 

historical fire record in these areas. As a result, there is considerable uncertainty as to how much 

fire risk in Western Washington is likely to change, although it is generally expected to increase.  

 

 In forested ecosystems (Western and Eastern Cascades, Okanogan Highlands, and Blue 

Mountains), annual area burned is projected to increase by about a factor of 4 by the 2040s, 

compared to 1980-2006, under a medium (A1B) greenhouse gas scenario.[58] 

 One set of projections estimates that annual area burned for Pacific Northwest forests west 

of the Cascade Range crest will be about +150% to +1000% higher in 2070-2099 compared 

to 1971-2000, under a high (A2) greenhouse gas scenario.[K][59] 

 

Fire risk will also be exacerbated by damage to forest health caused by insects. Mountain pine 

beetle outbreaks have typically occurred in lower to mid-elevations in the Washington Cascades, 

where historical temperatures have been suitable for the insects’ habitat. However, as the region 

warms, the thermal suitability for this species could move up in elevation.[60] Additionally, the lower 

and mid-elevation areas could become favorable for other pests currently deterred by the current 

climate conditions. For example, root disease (Armillaria) could thrive in the lower and mid-

elevation regions under the warmer temperatures projected for the Pacific Northwest.[61] 

 

5 MARINE CONDITIONS IN PUGET SOUND 
 

 Ocean Temperature 
 

The world’s oceans have proven an effective heat sink over the past century, and as such have 

absorbed most of the additional warming associated with higher greenhouse gases in the 

atmosphere. The warming of the world’s oceans also contributes to sea level rise resulting from 

thermal expansion of the water. 
 

 Over the past 100 years, the upper layers of oceans have warmed by about 1.1°F globally.[62] 

Global ocean warming is projected to continue through the 21st century and the strongest 

warming will occur in the tropical and Northern Hemisphere subtropical regions.[63] 

                                                             

K  Changes from historical (1971–2000) to future (2070–2099) modeled using MC1 vegetation model 
projections based on three global climate models (CSIRO-Mk3, Hadley CM3, and MIROC 3.2 models) under a 
high (A2) greenhouse gas scenario. 
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 Projected surface temperatures off the coast of Washington indicate a rise of +2.2°F by the 

2040s (relative to the 1970–1999 average).[64] 

Ocean temperatures off the coast of the Washington are highly influenced by upwelling and natural 

variability. As a result, temperature projections for Washington’s coastal marine environment have 

greater uncertainty than atmospheric projections. 

 

 Ocean Acidification 
 

Worldwide the oceans have absorbed about 25% of the carbon dioxide (CO2) associated with 

human activities.[65] The added CO2 has changed the ocean’s chemistry by increasing its acidity 

(+30% relative to pre-industrial levels) and reducing the availability of carbonate ions.[66] This 

latter impact is particularly threatening to shellfish that require calcium carbonate as the molecular 

building block for shell formation. 

 

Washington’s marine waters are particularly susceptible to ocean acidification because of the 

influence of regional upwelling, which transports offshore, carbon-rich water to the continental 

shelf.[67]  In urbanized estuaries and/or restricted inlets of Puget Sound (such as Hood Canal), 

runoff containing nutrients and organic carbon from land sources also influence pH levels. Added 

nutrients and organic carbon stimulate algal growth, ultimately increasing acidity as the algae and 

other associated organic matter decompose.[68][69]  

 

Ocean acidity is expected to increase in Puget Sound as a result of these regional factors and 

changes in global ocean acidification resulting from human activities. The average acidity of the 

global oceans is projected to increase by 100–150% by the end of this century (compared to pre-

industrial levels) under a high (A2) greenhouse gas scenario.[70] By end of century, ocean 

acidification is expected to account for 49-82% of the corrosiveness projected for Hood Canal 

subsurface waters (defined as depths greater than 40 meters).[71]  

 

 Sea Level Rise and Storm Surge 
 

Sea Level Rise 
Sea level is projected to rise in most coastal areas of Washington State due to the combined effects 

of global sea level rise, land subsidence related to plate tectonics, and other factors (Table 5).[L][72] 

This will lead to inundation of low-lying areas, increased exposure to storm surge events, increased 

coastal flooding, increased coastal erosion, and shifting or loss of coastal habitat types.[73] Sea level 

rise is also expected to reduce the effectiveness of tide gates for draining low lying cropland in 

regions such as the Skagit Valley.[74] 

 

 Sea levels in Washington State are projected to increase by +4 to +56 inches by 2100, 

                                                             
L  Research by Mote et al. in 2008 [14] indicates that declining sea level is possible in the Northwest Olympic 

Peninsula if the rate of global sea level rise is very low and if the rate of uplift caused by plate tectonics 
continues to exceed the rate of global sea level rise. Although most current global projections would result in 
sea level rise for the northwest Olympic Peninsula, it is not yet possible to conclusively rule out a decline in 
sea level for that region. 



  Summary of Projected Changes | Page 18 

 

relative to 2000 levels (Table 5). 

 Under a high sea level rise scenario (+27.3 inches by 2100, relative to 1980-99), brackish 
marsh and estuarine beach in Padilla Bay, Skagit Bay, and Port Susan Bay decline -77%  and 

-91%, respectively (Table 6, Figure 9). Tidal flat habitat expands more than 600% in the 

same scenario as a result of sea level rise. [75] 

 

Table 5. Sea level rise projections for Washington State and sub-regions. Projections are in inches, 

for 2030, 2050, and 2100 (relative to 2000), from two regionally-specific studies: Mote et al 2008[76] 

and NRC 2012.[77] Values shown are the central (for NRC 2012), or medium (for Mote et al. 2008) 

projections, with the projected range shown in parentheses.  

Domain 2030 2050 2100 

Washington State  

(NRC 2012) 

+3 inches  

(-2 to +9 in.) 

 +7 inches  

(-1 to +19 in.) 

 +24 inches  

(+4 to +56 in.) 

Puget Sound  

(Mote et al. 2008) 
--- 

+ 6 inches  

(+3 to +22 in.) 

+13 inches  

(+6 to +50 in.) 

 

 

Storm Surge and Coastal Flooding 
Climate change is not projected to change the overall height or behavior of storm surge events in 

the Pacific Northwest, however higher sea level increases the inland reach and impact of high tides 

and storm surge, increasing the likelihood of today’s extreme coastal flood events (Table 7).[78][79] 

[80] The extent, depth, and duration of coastal flooding can also be exacerbated when higher tides 

coincide with river flooding (Figure 10).[81]  
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Table 6. Projected changes in habitat for Padilla Bay, Skagit Bay, and the Bay of Port Susan for +11.2, 

+27.3, and +59.1 inches of sea level rise. Table from National Wildlife Federation 2007, p.37. [82] 
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Figure 9. Habitat changes resulting from sea level rise projections for Port Susan. Estimates show 

+11.2 inches by Year 2050 and +27.3 inches by Year 2100 (relative to the 1980 – 1999 levels). 

Figure source: National Wildlife Federation 2007, p39 [83]  
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Table 7. Impact of sea level rise on the probability of today’s 100-year coastal flood event in Olympia, WA. 

As sea level rises, the probability of today’s 100-year flood event increases from a 1% annual probability 

to a 100% probability if sea level rises +24 inches or more. Table adapted from Simpson 2012[84] 

 

Sea level rise amount  
0 

inches 

+3 

inches 

+6 

inches 

+12 

inches 

+24 

inches 

+50 

inches 

Return frequency for a storm 

tide reaching the current 

100-year flood level  

100-yr 

event 

40-yr 

event 

18-yr 

event 

2-yr 

event 

< 1-yr 

event 

<< 1-yr 

event  

Equivalent annual 

probability of occurrence 
1%  2.5% 5.5% 50% 100% 100% 

 

 

 
Figure 10. Projected changes in inundation (in feet) in the Skagit River basin for the 2050s due to 

the combined effects of a 100-year flood event, a moderate storm surge, and 1.99 feet of sea level 

rise. Red lines represent the historical FEMA 100-yr flood inundation. Figure source: Hamman 

2012[85]  
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6 ADDITIONAL SOURCES 
 
In addition to the specific sources cited in this study, the following reports, websites, and data tools 

are recommended for more information on climate change impacts relevant to the Stillaguamish 

basin and surrounding areas. The information provided here is a sampling of available sources and 

should not be considered a comprehensive listing. Additional sources relevant to specific questions 

or issues may also be available.  

 

Synthesis Reports and Other Publications 

 

State of Knowledge Report - Climate Change Impacts and Adaptation in Washington State: 

Technical Summaries for Decision Makers (2013)  

http://cses.washington.edu/cig/reports.shtml  

Climate Change Impacts and Adaptation in Washington State: Technical Summaries for Decision 

Makers summarizes existing knowledge about the likely effects of climate change on Washington 

State and the Pacific Northwest, with an emphasis on research since 2007. This "State of 

Knowledge" report provides technical summaries detailing observed and projected changes for 

Washington's climate, water resources, forests, species and ecosystems, coasts and ocean, 

infrastructure, agriculture, and human health in an easy-to-read summary format designed to 

complement the foundational literature from which it draws. The report also describes climate 

change adaptation activities underway across the state and data resources available to support 

local adaptation efforts. A Puget Sound-focused “State of Knowledge” report is scheduled for release 

in fall 2015.  

 

Skagit River Basin Climate Science Report (2011)  

http://www.skagitcounty.net/EnvisionSkagit/Documents/ClimateChange/Complete.pdf   

A summary report prepared for Skagit County and the Envision Skagit project by the Department of 

Civil and Environmental Engineering and the Climate Impacts Group. The report provides a 

comprehensive overview of how climate variability and change affect hydrology, glaciers, 

geomorphology, ecosystems, and human systems in the Skagit basin.  

 

North Pacific Landscape Conservation Cooperative Climate Science Digest (monthly) 

http://www.northpacificlcc.org/  

A monthly e-digest summarizing emerging information on climate change science, upcoming 

events, and training opportunities related to natural and cultural resource management throughout 

the Pacific Northwest.  

 

Data Tools and Websites 

 

NorWeST 

http://www.fs.fed.us/rm/boise/AWAE/projects/NorWeST.html  

The NorWeST webpage hosts stream temperature data and geospatial map outputs from a regional 
temperature model for the Northwest U.S. Data are available at a 1-km spatial resolution. Modeled 

climate scenarios for August mean stream temperature include +1°C, +2°C, and +3°C of warming, 

relative to 1993-2011, and the A1B greenhouse gas emissions scenario (a moderate warming 

scenario) for the 2040s and the 2080s.   

http://cses.washington.edu/cig/reports.shtml
http://www.skagitcounty.net/EnvisionSkagit/Documents/ClimateChange/Complete.pdf
http://www.northpacificlcc.org/
http://www.fs.fed.us/rm/boise/AWAE/projects/NorWeST.html
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Integrated Scenarios of the Future Northwest Environment 

http://pnwcirc.org/projects/integrated-scenarios/  

This modeling project uses the CMIP5 global climate models and state-of-the science models of 

vegetation and hydrology to describe the Northwest’s future climate, vegetation, and hydrology. 

Downscaled data developed for the Integrated Scenarios project (available at 

http://maca.northwestknowledge.net/) are used by groups like the Climate Impacts Group to 

develop spatially-explicit climate impacts scenarios for a range of users and locations.    

 

Databasin & AdaptWest 

http://databasin.org/  |  http://adaptwest.databasin.org/  

Data Basin is a science-based mapping and analysis platform that supports learning, research, and 

sustainable environmental stewardship. The tool provides open access to thousands of 

scientifically-grounded, biological, physical, and socio-economic datasets. Information can be used 

to explore and organize data & information; create custom visualizations, drawings, and analyses; 

utilize collaborative tools in groups; publish datasets, maps, and galleries; and develop decision-

support and custom tools. AdaptWest, a component of the Databasin tool, provides data layers 

specific to climate change adaptation and conservation planning in the western United States.  

 

Climate Change Sensitivity Database 

http://www.climatevulnerability.org/  

A digital database summarizing climate-change sensitivities for species and habitats of concern 

throughout the Pacific Northwest. The Climate Change Sensitivity Database is part of the Pacific 

Northwest Vulnerability Assessment project, which is being developed at the University of 

Washington in collaboration with researchers, managers, and planners at federal, state, and 

academic institutions throughout the Pacific Northwest.  

 

Climate Shield  

http://www.fs.fed.us/rm/boise/AWAE/projects/ClimateShield.html 

The Climate Shield website hosts geospatial data and related information that describes specific 

locations of cold-water refuge streams for native Cutthroat Trout and Bull Trout across the 

northwestern U.S 

 

Western U.S. Streamflow Metrics  

http://www.fs.fed.us/rm/boise/AWAE/projects/modeled_stream_flow_metrics.shtml 

Modeled flow metrics for streams in the Western U.S. for historical and future climate change 

scenarios. Data available for the Pacific Northwest, which includes the Puget Sound catchment.  

 

Other 

 

Pacific Northwest Tribal Climate Change Network 

http://tribalclimate.uoregon.edu/  

The Pacific Northwest Tribal Climate Change Network serves as a means to exchange information 

on climate change policy, programs, grants and other opportunities for tribes to engage in climate 

change issues. The Network also provides input into the development of project resources and 

helps focus on the most critical areas for research and action. 

 

http://pnwcirc.org/projects/integrated-scenarios/
http://maca.northwestknowledge.net/
http://databasin.org/
http://adaptwest.databasin.org/
http://www.climatevulnerability.org/
http://www.fs.fed.us/rm/boise/AWAE/projects/ClimateShield.html
http://www.fs.fed.us/rm/boise/AWAE/projects/modeled_stream_flow_metrics.shtml
http://tribalclimate.uoregon.edu/
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The Washington Wildlife Habitat Connectivity Working Group  

http://waconnected.org/ 

The Washington Wildlife Habitat Connectivity Working Group is a science-based partnership co-led 

by the Washington Department of Fish and Wildlife and the Washington Department of 

Transportation that was established to produce tools and analyses that support habitat 

connectivity in Washington and surrounding habitats. Group members include land and natural 

resource management agencies, organizations, tribes, and universities. The group’s climate change 

subgroup recently (2013) evaluated the utility of future climate change projections for identifying 

climate-resilient corridors.  

 

  

http://waconnected.org/
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