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Chapter 1: Introduction 

 Debris flow hazards are a major concern in regions with steeply sloped mountains 

and volcanoes. Debris flows are channelized slurries of water and volcanic sediment 

debris that are extremely destructive (Brantley and Power, 1985; Tilling et al., 1990). 

They can travel over 80 km down drainages commonly reaching speeds between 30 -70 

km hr-1 (Myers and Brantley, 1995). Cascade Range volcanoes have proven to be a 

source of numerous, large debris flows, or lahars, in the past.  

 Mount Rainier is one of the most well-known stratovolcanoes in the Cascade 

Range, standing at 4,392 m (14,410 ft) and located southeast of the Seattle metropolitan 

area (Figure 1). It is particularly dangerous because numerous, large volume lahar 

deposits are mapped in populated areas. Since events of large magnitude have occurred in 

the past, there is a possibility for such events to occur in the future. One of the largest 

lahars in the world was generated at Mt. Rainier. The Osceola Mudflow began as a series 

of avalanches from the summit and encompassed 3.8 km3 of material which spread over 

200 km2 of the Puget Sound lowland and into the Puget Sound about 5,600 years ago 

(Vallance and Scott, 1997). Many other debris and mudflows have occurred since then, 

some related to volcanic processes and some not, including the well-known Electron, 

Paradise, Round Pass, and National lahars (Crandell, 1971; Scott and Vallance, 1995; 

Vallance and Scott, 1997). 

In November, 2006 a “Pineapple Express” in the Pacific Northwest dropping 

record amounts of rain. This system is produced when a jet stream drives a warm 

moisture plume generated in the eastern Pacific onto the western coast of North America 
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and into the Cascade Range (NOAA, 2005; Gottschalk et al., 2005). High snow pack can 

act as a barrier to gully initiated debris flows as the snow will absorb the rainfall. Low 

snow pack will melt with warm rainfall and increase runoff. Increased precipitation and 

lack of snow cover to absorb the rain in the Cascades initiated debris flows on at least 

five volcanoes in 2006: Mount Jefferson (Sobieszczyk et al., 2009), Mount St. Helens 

(Olson, 2012), Mount Rainier (Copeland, 2009; Legg, 2013), Mount Adams (Williams, 

2011), and Mount Hood (Pirot, 2010).Studies done by Pirot (2010), Williams (2011), and 

Olson (2012) developed methodologies to determine which drainages are most 

susceptible to debris flows and develop potential forecasting methods. Copeland (2009) 

and Legg (2013) looked specifically at recent debris flow history on Mt. Rainier and 

potential forecasting methods. 

 

Figure 1. Major Cascade Range volcanoes (Topinka, 1997). 
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1.1 Aims and Objectives 

 My objective is to combine the methodologies from Pirot (2010), Williams 

(2011), and Olson (2012) and their findings to develop a susceptibility map for debris 

flows on Mt. Rainier, initiated by rainstorm events like the 2006 event. There are three 

major aims for this study: 

1. Define major non debris flow and debris flow generating drainages surrounding 

Mt. Rainier and collect attributes related to glacier coverage, geology, rainfall, 

vegetation, topography, and debris flows to describe each drainage. 

2. Identify which drainage basin attributes are the most significant to debris flow 

initiation using a regression analysis, test the results against what actually 

occurred in 2006 to identify accuracy of the model, and use the resulting model to 

develop a susceptibility map for similar future rainstorm events on Mt. Rainier. 

Combine the attributes from this study and those from Pirot (2010), Williams (2011), and 

Olson (2012), perform a regression analysis on the data and develop a model for these 

four Cascade Range volcanoes. 
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Chapter 2: Background 

2.1 Geology 

 There are at least four major formations that help illustrate the history of Mt. 

Rainier (Sisson and Vallance, 2011; Fiske et al., 1963): About 36 to 28 million years ago, 

3,050 m thick andesitic breccias and rock of the Ohanapecosh Formation. The next 

youngest rock is about 26 million years old, 915 m thick rhyodacite ash flow system of 

the Stevens Ridge Formation. The second youngest formations are about 26 to 22 million 

years old, 1520 m thick andesitic and basaltic rocks of the Fifes Peak Formation. The 

youngest rocks are the 18 to 14 million year old granodiorite Tatoosh Pluton. 

 Around 10 to 12 million years ago, subduction of the Juan de Fuca plate along the 

western margin of North America started to build the Cascade Range. There have been 

multiple growing stages of the Mount Rainier cone; the ancestral growth period occurred 

between 2 to 1 million years ago with the most recent growing period starting about 

500,000 years ago.  

There are 26 named glaciers on the flanks of Mount Rainer (Figure 2). Due to 

advance and recession of glaciers on the mountain, there are numerous glacial deposits on 

the mountain which have contributed to debris flow initiation in the past. The 

combination of highly weathered volcanic rock deposited in over-steepened, un-

buttressed glacial moraines and water contribution from melting glaciers and storm 

events creates and debris flow hazard in many drainages. 

2.2 Glaciation 

 This study identifies 26 named glaciers on the flanks of the volcano (Figure 2).  
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Figure 2. Map of the glaciers on Mt. Rainier used in this study. 

According to the U.S. Geological Survey, there have been two major glacial 

periods affecting Mount Rainier. The first, Hayden Creek Glaciation, occurred 170 

thousand to 130 thousand years ago. Glaciers during this period extended down the 

Cowlitz River Channel 105 km (63 mi) and down the Nisqually River Valley 48 km (30 

mi). The second, Evans Creek Glaciation, occurred 22 to 15 thousand years ago. During 

this time, glaciers were much smaller and confined to valleys on the volcano. These 

glaciers existed up to 64 km (38 mi) down the Cowlitz Valley, 30 km (19 mi) down the 

Nisqually Valley, 38 km (24 mi) down the White Valley, and 26 km (16 mi) down the 
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Puyallup and Mowich valleys. Additionally, there have been many small glaciations 

since the Evans Creek period, the most recent of which started about 10,000 years ago. 

2.3 Debris Flows 

2.3.1 Characteristics 

Debris flows are fast moving (10s km hr-1) sediment water slurry (like wet 

concrete) characteristic of debris flows (Iverson, 1997; Pierson, 2005; Vallance et al., 

2003). Debris flows are very destructive processes that can transport boulders as large at 

10 m in diameter (Iverson, 1997). Peak discharges can be 5 to 40 times greater than 

normal floods (Wilford et al., 2004). Flow physics are slightly different than other mass 

wasting processes. They are under the influence of both solid and fluid forces, whereas a 

normal flood is completely dominated by fluid forces, and rock avalanches are 

completely dominated by solid forces (Iverson, 1997). 

Debris flows leave behind distinctive topographic features including levees, 

deposits with lobate margins and surfaces that are curved up with large clasts 

concentrated at the margins and distributed more randomly closer to the center of the 

flow on the surface (Pierson, 2005; Godt and Coe, 2007). Clasts are matrix supported 

subangular to angular sands and gravels. Sand and gravel dominate the grain size 

distribution of these deposits, with a small fraction of clays (≤ 10%) (Iverson, 1997). 

Deposits can have normal grading or inverse grading (Pierson, 2005). 

Debris flows inflict much damage on the riparian vegetation and can erode in the 

stream channel. Large clasts, typically boulders and cobbles can be found jammed into 

holes between roots and in cavities in trees and buildings (Pierson, 2005). They tend to 
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strip bark and erode away wood on trees, especially on the upstream side, and may even 

remove a tree entirely. Mud coatings collect on surfaces the flow comes in contact with. 

2.3.2 Initiation  

There are three initiation mechanisms for debris flow, but more commonly debris 

flows are initiated through a combination of these three mechanisms: 

1. Slope failure is the most common mechanism for debris flow initiation 

(Iverson, 1997; Godt and Coe, 2007). When the material becomes loose on a 

slope and it fails, it may be able to incorporate enough water in a stream 

channel to achieve the consistency necessary to be a debris flow (Iverson 

1997). A slope failure can be initiated a number of ways; the most common 

being infiltration from high rainfall or undercutting from increased stream 

flow (Iverson 1997; Godt and Coe 2007). 

2. Outburst floods from glaciers can also cause debris flows (Vallance et al., 

2003). High discharges can erode banks and incorporate enough sediment to 

become debris flows. These types of initiations are less common, but are 

known to occur in drainages with a large glacier located in the upper basin 

(Vallance et al., 2003). These types of events are associated with warmer 

temperatures and increased rainfall (Vallance et al., 2003). 

3. Debris flows can also initiate by a process called rilling. Runoff can erode 

sediment on sidewalls forming rills, the rills coalesce into channels, the 

channels can erode more from the bed or margins in a process known as 

bulking up, and the mixture can become a debris flow (Godt and Coe, 2007). 
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This is referred to as “headless” initiation in Pirot (2010), Williams (2011), 

and Olson (2012). 

2.4 Debris Flows and Lahars on Mt. Rainier 

During the past 11,000 years there have been numerous eruptive periods which 

have produced large lahars and debris flows on Mt. Rainier, the largest of which was the 

Osceola Mudflow, which occurred at 5,600 years ago (Sisson and Vallance, 2011; 

Vallance and Scott, 1997). This mudflow began as a water saturated avalanche initiated 

by eruptions at the summit of the volcano (Vallance and Scott, 1997). It entrained 3.8 

km3 of material, flowed down the White River and eventually into the Puget Sound 

lowland, covering 200 km2. The avalanche transformed into a clay-rich lahar within 2 km 

of the source due to sufficient amounts of water and hydrothermally altered material that 

was easily incorporated. 

The next youngest, notable lahar is the National Lahar (Sisson and Vallance, 

2011). It occurred between 2,200 and 500 years ago. The lahar was likely initiated when 

an eruption rapidly melted snow and ice on the south flank of the mountain. This lahar 

flowed down the Nisqually River into the Puget Sound.  

The Electron Mudflow, which occurred about 500 years ago, was not initiated by 

a volcanic eruption (Sisson and Vallance, 2011). The western flank of the mountain 

failed into the Puyallup River Valley, evolved into a debris flow, and flowed 100 km 

downstream. The trigger for the collapse of the volcano is still under debate. One 

possibility is a flank collapse when magma inflation destabilized the volcanic flank. 

Other possibilities include earthquake shaking and slope failure  



 

9 

 

Within historic times Mount Rainier has had many small debris. These debris 

flows are commonly unrelated to volcanic activity. More than 40 have occurred within 

the last few decades, 23 of which have been documented within the Tahoma Creek 

drainage basin since 1867 (Vallance et al., 2003; Sisson and Vallance, 2011).  

In this specific study and environment, lahars are much larger scale, larger 

volume events which have been mapped to populated areas in the Puget Sound Lowland. 

Debris flows in this study are much smaller in scale and likely exist as hyperconcentrated 

flows and floods greater distances down drainage. Debris flows in this study likely only 

impact park infrastructure and roads closer to the park. 

2.5 Climate 

 According to the Western Regional Climate Center (2013), the Western Cascades 

receive 1.5-2.5 m or more rainfall annually, most which falls on east-west oriented 

mountain valleys. Additionally, Mount Rainier also receives 1.3-1.8 m of snowfall in 

lower elevations and 10.2-15.2 m in higher elevation. The eastern slope of the Cascades 

receives much less annual rainfall than the western slope; 0.6-2.3 m. Similarly, the 

snowfall on these slopes is 1.9-10.2 m.  

2.6 November 2006 Pineapple Express Storm 

 In November, 2006 a “Pineapple Express” system moved through the Pacific 

Northwest, and dropped record amounts of rain.  A Pineapple Express system begins 

around the Hawaiian Islands with a moisture plume. The subtropical jet stream drives the 

moisture plume towards the West Coast and into the Pacific Northwest (Figure 3) 

(Gottschalk et al., 2005; NOAA, 2005; NASA Earth Observatory, 2006). The sudden 
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increased precipitation, in combination with the lack of snow in the Cascades initiated 

debris flows on Mt. Jefferson (Sobieszczyk et al., 2009), Mt. Hood (Pirot, 2010), Mt. 

Rainier (Copeland, 2009; Legg, 2013), Mt. Adams (Williams, 2011), and Mt. St. Helens 

(Olson, 2012). 

 

Figure 3. NOAA figure of a typical Pineapple Express system. 

2.7 Past Work 

 Pirot (2010), Williams (2011), and Olson (2012) conducted studies on Mt. Hood, 

Mt. Adams, and Mt. St. Helens, respectively. Each thesis expanded on the previous to 
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collect attributes related to the basins draining the volcanoes in an attempt to better refine 

susceptibility maps for debris flow occurrence. Pirot (2010) found vegetation coverage, 

gradient, and stream connection with glacier to be the most significant factors correlated 

with debris flow initiation on Mt. Hood. Williams (2011) found percent ice and average 

annual precipitation to be the most significant factors on Mt. Adams. Olson (2012) found 

percent steep slopes, percent unconsolidated material, and average annual precipitation to 

be the most significant factors on Mt. St. Helens. 

Copeland (2009) identified debris flow initiation in 2006 in Van Trump, Pyramid, 

West Fork of the White, Inter Fork, Tahoma, and Kautz. Legg (2013) added 

Ohanapecosh to the list. This study seeks to expand on these two. All debris flows 

identified by Copeland (2009) and Legg (2013) were initiated to some degree, or entirely 

by channel erosion, or headless initiation. Glacier outburst floods and glacial lake 

outburst floods played a role in initiation at least partially in Tahoma and West Fork of 

the White, respectively (Copeland, 2009). 

 Ellinger (2010) examined the influence of glacial recession on debris flow 

initiation on Mt. Rainier and Mt. Hood, in an effort to identify the impacts of climate 

change on mass wasting events. His study identified glacial terminus boundaries between 

1987 and 2005. Copeland (2009) identified Inter Fork, Pyramid, and Van Trump had 

their first historic debris flows in 2006 and Ellinger (2010) found that they initiated 

within 1987 and 2005 recession boundaries, indicating that glacial recession plays a role 

in debris flow initiation sites on Mt. Rainier. 
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 According to this distribution, Model 1 shows that nine drainages are 

characterized as very low susceptibility: Lee, Rushing Water, Swift Creek, St. Andrews, 

Fish, Paradise, Sunbeam, Williwakas, and Boulder Basins. Ten are characterized as low: 

Cataract and Marmont, Grant and Spray, Crater, Tatoosh, Unicorn, Stevens, Basalt, 

Wright, Inter Fork, and Lodi Basins. Five are characterizes as moderate: North Puyalllup, 

Pyramid, Van Trump, Muddy Fork Cowlitz, and Ohanapecosh Basins. Ten are 

characterized as high: Carbon, North Mowich, South Mowich, South Puyallup, Tahoma, 

Kautz, Nisqually, Fryingpan, White, and West Fork of the White Basins. 

 

Figure 78. Susceptibility map for drainages on Mt. Rainier based on Model 1 results. 
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 Model 2 shows that nine drainages are characterized as very low susceptibility: 

Crater, Lee, Rushing Water, Swift, St. Andrews, Fish, Tatoosh Sunbeam, and Boulder 

Basins. Nine are characterized as low: Cataract and Marmot, Grant and Spray, Paradise, 

Stevens, Unicorn, Williwakas, Wright, Inter Fork, and Lodi Basins. Six are characterized 

as moderate: Carbon, North Puyallup, Muddy Fork Cowlitz, Basalt, Ohanapecosh, and 

West Fork of the White Basins. Ten are characterized as high: North Mowich, South 

Mowich, South Puyallup, Tahoma, Pyramid, Kautz, Van Trump, Nisqually, Fryingpan, 

and White River Basins. 

 

Figure 79. Susceptibility map for drainages on Mt. Rainier based on Model 2 results. 
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 Nine drainages changed by one magnitude up or down between the models. They 

are listed in Table 8. 

Table 8. Difference between models. 

Drainage Model 1 Model 2 

Basalt Low Moderate 

Carbon High Moderate 

Crater Low Very Low 

Paradise Very Low Low 

Pyramid Moderate High 

Tatoosh Low Very Low 

Van Trump Moderate High 

West Fork of the White High Moderate 

Williwakas Very Low Low 
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Chapter 7: Conclusions 

 Four drainages were run as both yes and no in the multiple regression and were 

determined all yes by the two most accurate regressions. 

 Copeland (2009) and Legg (2013) identified seven drainages that had debris flow 

initiation in 2006: Inter Fork, Kautz, Ohanapecosh, Pyramid, Tahoma, Van 

Trump, and West Fork of the White Basins. 

 This study identifies seven additional drainages that had debris flow initiation in 

2006: Carbon, Fryingpan, Middy Fork Cowlitz, North Puyallup, South Mowich, 

South Puyallup, and White Basins.  

 Of the 14 flows, 9 were initiated partially or entirely by proglacial gully erosion 

and expansion or headless: Fryingpan, South Mowich, South Puyallup, Inter Fork, 

Kautz, Ohanapecosh, Pyramid, Tahoma, Van Trump, and West Fork of the White.  

 Carbon, Muddy Fork of the Cowlitz, North Puyallup, and White River were 

initiated partially by landslide failure in regions near the glacier. 

 As determined in this study, and in previous studies, there is no single factor, like 

unstable moraine material acting as sediment supply and heavy rainfall, 

associated with debris flow initiation on Mt. Rainier. 

 Mt. Rainier received 22-50 cm of rainfall during this event, the heaviest of which 

occurred on the west and northwest side of the mountain. 

 All upper basins in this study have a MRN greater than 0.3, except for Swift 

Creek at 0.28, which indicates that they may all be capable of debris flow activity 
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in the future if all other factors are appropriate for initiation. The average for the 

mountain is 0.6 ± 0.2. 

 Of the 23 basin attributes that were able to have an ANOVA test done, 18 had 

measurably different means and five did not, measured at the 0.05 confidence 

level. 

 Initiation site elevations range from 1442 m to 2448 m. Six of the thirteen sites 

are above 2000 m.  

 Proglacial gully erosion initiated debris flows seem to occur at a wide range of 

elevations. Those debris flows initiated partially by landslides occurred between 

1400 and about 1800 m.  

 Only drainage basins that are directly connected to glaciers produced debris flows 

in 2006.  

 Glacial retreat distance ranges from 85.8 m to 212.8 m. Additionally, surface area 

decrease ranges from 1.2 to 20.4% between 1996 and 2008. 

 Two models, both with an accuracy of 91%, were generated for the mountain. The 

two models are very similar in terms of significant attributes contributing to 

debris flow initiation. 

 Model 1 found gradient of the upper basin, upper basin area, and percent bedrock 

to be the most significant. It incorrectly predicted that Inter Fork did not have a 

debris flow and Nisqually and North Mowich did. The model predicted ten 

potential high drainages: Carbon, North Mowich, South Mowich, South Puyallup, 
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Tahoma, Kautz, Nisqually, Fryingpan, White, and West Fork of the White Basins. 

Of the remaining drainages five are moderate, ten are low, and nine are very low. 

 Model 2 found MRN and percent bedrock to be the most significant variables. It 

incorrectly predicted that Basalt, Nisqually, and North Mowich had debris flows. 

The model predicted ten potential high drainages: North Mowich, South Mowich, 

South Puyallup, Tahoma, Pyramid, Kautz, Van Trump, Nisqually, Fryingpan, and 

White River Basins. Of the remaining drainages six are moderate, nine are low, 

and nine are very low. 

 When comparing the models with Mt. Hood data, Model 1 had a predictive 

accuracy of 82% while Model 2 had an accuracy of 73%. Model 1 is likely more 

accurate because gradient is a variable used in that equation and was found 

significant by Pirot (2010), while Model 2 does not include significant variables 

from Pirot (2010). 

 Both models had ten drainages predicted as high, eight of which were predicted 

by both models: White, Fryingpan, Nisqually, Kautz, Tahoma, South Puyallup, 

South Mowich, and North Mowich. Four are high in either Model 1 or Model 2: 

Carbon, West Fork of the White, Van Trump, and Pyramid. 

 Six variables were used for the Mt. Hood, Mt. Adams, Mt. St. Helens, and Mt. 

Rainier combined regression; gradient, percent steep slopes, percent vegetation, 

MRN, connection with glacier, and percent ice/glacier. The regression found 

percent ice/glacier and percent vegetation to be the most significant variables, 

which are consistent with what Olson (2012) found. 
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 The resulting combined model had a 77% accuracy for the four volcanoes, 

increasing from the 69% accuracy from the combined regression done by Olson 

(2012).   
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Chapter 8: Future Work 

 The west side of the is mountain very remote, therefore more work should be 

done in those regions, like in North Mowich drainage, to identify prehistoric and historic 

debris flows to better improve the understanding of initiation on the mountain. This type 

of regression analysis can be useful for predicting other debris flows in similar settings. 

As technology advances, basin attribute collection will become more accurate and, 

therefore, more accurate models can be produced.  

 Debris flows play a major role in sediment transport on the mountain and as 

glacier retreat continues, more and more unstable material will be exposed as fuel to 

initiation of these events. Continued monitoring and evaluation is necessary to predicting 

events and building better infrastructure.  

 These methods can also be applied to models for the rest of Cascade volcanoes to 

make debris flow susceptibility maps for Glacier Peak, Mt. Baker, Mt. Jefferson, Three 

Sisters, and others. The Mt. Rainier model has an accuracy of 91% while the combined 

model for Mt. Hood, Mt. Adams, Mt. St. Helens, and Mt. Rainier is 72%. 
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Table A1. Station vs. PRISM data for each drainage for the two-day event. 

Drainage Station Station 

(in) 

PRISM 

(in) 

Basalt Creek COOP Paradise 17.9 11.7 

Boulder Creek NPS Sunrise 7.4 10.2 

Carbon River NPS Sunrise 7.4 11.9 

Cataract and Marmot Creek SNOTEL Mowich 0.6 11.7 

Crater Creek SNOTEL Mowich 0.6 10.4 

Fish Creek SNOTEL Paradise 2.6 10.6 

Fryingpan COOP Paradise 17.9 10.9 

Grant and Spray Creek SNOTEL Mowich 0.6 12.6 

Inter Fork River NPS Sunrise 7.4 10.2 

Kautz Creek COOP Paradise 17.9 13.0 

Lee Creek SNOTEL Mowich 0.6 11.5 

Lodi Creek NPS Sunrise 7.4 8.5 

Muddy Fork Cowlitz River COOP Paradise 17.9 12.3 

Nisqually River COOP Paradise 17.9 13.0 

North Mowich River SNOTEL Mowich 0.6 13.3 

North Puyallup River SNOTEL Mowich 0.6 13.1 

Ohanapecosh River COOP Paradise 17.9 10.9 

Paradise River COOP Paradise 17.9 12.8 

Pyramid Creek COOP Paradise 17.9 19.8 

Rushing Water Creek SNOTEL Mowich 0.6 9.1 

South Mowich River SNOTEL Mowich 0.6 13.5 

South Puyallup River COOP Paradise 17.9 13.2 

St Andrews Creek COOP Paradise 17.9 11.5 

Stevens Creek COOP Paradise 17.9 12.5 

Sunbeam Creek SNOTEL Paradise 2.6 12.2 

Swift Creek SNOTEL Mowich 0.6 9.2 

Tahoma Creek COOP Paradise 17.9 13.4 

Tatoosh River SNOTEL Paradise 2.6 12.2 

Unicorn Creek SNOTEL Paradise 2.6 11.9 

Van Trump Fall Creek COOP Paradise 17.9 13.1 

West Fork White River NPS Sunrise 7.4 10.5 

White River NPS Sunrise 7.4 11.1 

Williwakas Creek COOP Paradise 17.9 12.1 

Wright Creek NPS Sunrise 7.4 8.7 
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Table A2. Raw drainage basin data for the 34 drainages examined in this study (IZ = initiation zone). 

Drainage 

Had a 

debris 

flow 

Total Basin 

Area (km2) 

Upper Basin 

area (km2) 

Percent 

Vegetation 

Coverage 

Elevation of 

IZ (m) 

Basalt Creek no 6.5 5.1 1.0 N/A 

Boulder Creek no 8.9 1.8 5.3 N/A 

Carbon River yes 27.9 27.3 19.2 1484 

Cataract and Marmot 

Creek 
no 10.3 8.1 46.2 N/A 

Crater Creek no 3.8 2.4 65.2 N/A 

Fish Creek no 7.4 4.6 96.3 N/A 

Fryingpan River maybe 21.3 5.3 1.1 1898.1 

Grant and Spray 

Creek 
no 7.4 6.3 35.3 N/A 

Inter Fork yes 14.1 8.8 42.0 2209.7 

Kautz Creek yes 17.2 6.1 8.4 1959.8 

Lee Creek no 2.3 1.9 81.4 N/A 

Lodi Creek no 7.9 5.4 47.8 N/A 

Muddy Fork Cowlitz 

River 
maybe 19.0 14.6 3.6 1697.5 

Nisqually River no 17.7 14.0 16.2 N/A 

North Mowich River no 19.3 12.6 5.7 N/A 

North Puyallup River yes 29.5 10.8 10.7 1812.6 

Ohanapecosh River yes 8.0 5.1 11.5 2058.2 

Paradise River no 10.4 6.3 36.7 N/A 

Pyramid Creek yes 17.5 3.8 14.8 2243.6 

Rushing Water Creek no 16.3 5.5 91.6 N/A 

South Mowich River yes 25.3 13.5 12.4 1442.2 

South Puyallup River maybe 19.8 12.1 25.5 1573.4 

St Andrews Creek no 7.6 5.2 87.3 N/A 

Stevens Creek no 6.0 2.3 33.1 N/A 

Sunbeam Creek no 2.8 1.5 65.5 N/A 

Swift Creek no 6.0 3.2 99.4 N/A 

Tahoma Creek yes 32.8 12.6 12.2 2046.1 

Tatoosh River no 4.2 3.2 74.8 N/A 

Unicorn Creek no 3.7 2.9 41.6 N/A 

Van Trump Creek yes 9.0 5.3 4.7 2088 

West Fork of the 

White River 
yes 35.8 32.7 33.5 2448 

White River yes 20.5 15.7 3.1 1560 

Williwakas Creek no 7.8 1.8 6.4 N/A 

Wright Creek no 2.9 2.2 33.9 N/A 
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Drainage 

Distance 

of IZ 

from 

glacier 

(m) 

Highest 

elevation 

is Total 

Basin (m) 

Lowest 

Elevation of 

Total Basin 

(m) 

Highest 

elevation is 

Upper Basin 

(m) 

Lowest 

Elevation of 

Upper Basin 

(m) 

Basalt Creek N/A 3394.5 1176.0 3394.5 1850.4 

Boulder Creek N/A 2335.3 1166.6 2335.3 1702.9 

Carbon River 0 4304.1 873.1 4304.1 1021.5 

Cataract and Marmot 

Creek 
N/A 2205.2 885.3 2205.5 1123.9 

Crater Creek N/A 1993.3 862.3 1993.3 1391.6 

Fish Creek N/A 1842.6 790.3 1673.2 900.1 

Fryingpan River 716 3215.5 1139.3 3215.5 1736.5 

Grant and Spray 

Creek 
N/A 2626.0 879.1 2626.0 1204.4 

Inter Fork 45 2960.5 1252.9 2960.5 1501.5 

Kautz Creek 301 4310.9 672.8 4310.9 1393.7 

Lee Creek N/A 1985.1 1181.4 1985.1 1362.1 

Lodi Creek N/A 2249.4 1060.8 2249.4 1546.3 

Muddy Fork Cowlitz 

River 
437 4280.0 1105.1 4267.2 1398.2 

Nisqually River N/A 4330.7 959.2 4330.7 1236.1 

North Mowich River N/A 4222.6 789.5 4222.6 1460.8 

North Puyallup River 235 3167.3 709.2 3167.3 1052.1 

Ohanapecosh River 363 2836.2 1140.3 2836.2 1549.7 

Paradise River N/A 2582.9 952.9 2582.9 1427.9 

Pyramid Creek 58 3139.9 857.6 3139.9 1439.3 

Rushing Water Creek N/A 1713.0 545.5 1713.0 939.1 

South Mowich River 41 4303.8 790.1 4303.8 1272.5 

South Puyallup River 355 4384.8 843.1 4384.8 1214.9 

St Andrews Creek N/A 2104.9 830.0 2104.9 1165.8 

Stevens Creek N/A 2060.3 1093.0 2060.3 1407.9 

Sunbeam Creek N/A 1908.0 1092.3 1908.0 1401.4 

Swift Creek N/A 1742.7 658.8 1742.7 1237.6 

Tahoma Creek 283 4380.9 631.0 4380.9 1294.6 

Tatoosh River N/A 2000.1 1153.1 2000.1 1361.2 

Unicorn Creek N/A 2109.0 1034.5 2109.0 1311.5 

Van Trump Creek 20 4227.7 1013.8 4227.7 1684.2 

West Fork of the 

White River 
171 4392.6 1041.1 4392.5 1203.7 

White River 31 4337.2 1269.2 4337.2 1468.1 

Williwakas Creek N/A 2165.0 1006.8 2165.0 1497.5 

Wright Creek N/A 2265.9 1211.4 2265.9 1487.9 
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Drainage 

Height of 

Total 

Basin (m) 

Height of 

Upper 

Basin (m) 

Length of 

Total 

Basin 

(km) 

Length of 

Upper 

Basin 

(km) 

Gradient of 

Total Basin 

Gradient 

of Upper 

Basin 

Basalt Creek 2218.5 1544.1 8.7 6.4 25.5 24.1 

Boulder Creek 1168.7 632.4 5.1 2.1 23.0 30.3 

Carbon River 3431.0 3282.5 11.5 9.7 29.7 33.9 

Cataract and Marmot 

Creek 
1320.0 1081.6 5.2 4.1 25.5 26.6 

Crater Creek 1131.0 601.7 4.1 2.0 27.8 29.5 

Fish Creek 1052.3 773.0 4.3 2.1 24.4 36.1 

Fryingpan River 2076.2 1479.0 10.5 3.8 19.8 38.9 

Grant and Spray Creek 1746.9 1421.6 6.7 4.7 26.2 30.1 

Inter Fork 1707.6 1459.1 8.5 6.1 20.1 23.8 

Kautz Creek 3638.1 2917.2 16.6 6.0 21.9 48.9 

Lee Creek 803.7 623.1 2.6 1.8 30.5 34.5 

Lodi Creek 1188.6 703.1 6.2 3.8 19.2 18.6 

Muddy Fork Cowlitz 

River 
3174.9 2869.0 9.7 8.5 32.8 33.6 

Nisqually River 3371.5 3094.6 10.9 7.3 30.9 42.4 

North Mowich River 3433.1 2761.8 10.5 7.5 32.8 36.9 

North Puyallup River 2458.0 2115.2 11.9 5.7 20.6 36.8 

Ohanapecosh River 1696.0 1286.6 6.7 4.6 25.5 28.2 

Paradise River 1630.1 1155.1 10.7 6.3 15.2 18.4 

Pyramid Creek 2282.3 1700.6 11.5 4.1 19.9 41.7 

Rushing Water Creek 1167.5 774.0 10.9 3.9 10.7 20.1 

South Mowich River 3513.7 3031.3 12.5 6.7 28.0 45.0 

South Puyallup River 3541.7 3169.9 14.4 8.9 24.6 35.4 

St Andrews Creek 1274.9 939.1 6.0 4.2 21.1 22.3 

Stevens Creek 967.2 652.3 4.8 3.0 20.3 21.5 

Sunbeam Creek 815.7 506.6 3.6 2.0 22.4 25.1 

Swift Creek 1084.0 505.1 6.5 3.8 16.7 13.4 

Tahoma Creek 3750.0 3086.4 18.7 7.5 20.1 41.3 

Tatoosh River 847.0 638.8 3.2 1.8 26.3 35.0 

Unicorn Creek 1074.4 797.5 3.6 2.7 29.7 29.4 

Van Trump Creek 3213.9 2543.5 9.4 5.5 34.3 46.1 

West Fork of the White 

River 
3351.5 3188.8 14.2 11.2 23.7 28.5 

White River 3068.0 2869.2 10.7 8.3 28.6 34.5 

Williwakas Creek 1158.2 667.5 5.9 2.4 19.7 28.0 

Wright Creek 1054.6 778.0 3.7 2.3 28.7 33.6 
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Drainage 

MRN 

for 

Total 

Basin 

MRN 

for 

Upper 

Basin 

Percent 

Bedrock 

in 

Upper 

Percent 

Surficial 

deposits 

in 

Upper 

Percent 

Glacier 

in 

Upper 

Basalt Creek 0.87 0.68 50.7 0.0 43.6 

Boulder Creek 0.39 0.47 100.0 0.0 0.0 

Carbon River 0.65 0.63 21.9 36.2 41.4 

Cataract and Marmot Creek 0.41 0.38 47.8 52.2 0.0 

Crater Creek 0.58 0.39 63.7 18.0 0.0 

Fish Creek 0.39 0.36 90.4 6.9 0.0 

Fryingpan River 0.45 0.64 16.2 23.8 60.4 

Grant and Spray Creek 0.64 0.57 48.3 47.2 4.5 

Inter Fork 0.45 0.49 39.2 52.3 7.9 

Kautz Creek 0.88 1.18 34.1 32.8 33.1 

Lee Creek 0.53 0.45 78.1 23.4 0.0 

Lodi Creek 0.42 0.30 33.1 66.9 0.0 

Muddy Fork Cowlitz River 0.73 0.75 33.4 12.4 50.9 

Nisqually River 0.80 0.83 31.6 23.3 34.7 

North Mowich River 0.78 0.78 20.0 40.0 43.1 

North Puyallup River 0.45 0.64 43.0 24.0 33.7 

Ohanapecosh River 0.60 0.57 27.9 39.6 26.6 

Paradise River 0.50 0.46 58.7 23.1 11.6 

Pyramid Creek 0.54 0.87 37.5 40.7 13.3 

Rushing Water Creek 0.29 0.33 95.4 2.9 0.0 

South Mowich River 0.70 0.83 34.3 31.3 38.4 

South Puyallup River 0.80 0.91 27.8 24.9 44.8 

St Andrews Creek 0.46 0.41 84.1 15.4 0.0 

Stevens Creek 0.39 0.43 49.2 49.1 1.3 

Sunbeam Creek 0.49 0.41 70.8 24.7 0.0 

Swift Creek 0.44 0.28 72.0 28.0 0.0 

Tahoma Creek 0.65 0.87 30.7 33.3 36.0 

Tatoosh River 0.42 0.36 64.5 33.5 0.0 

Unicorn Creek 0.56 0.46 58.5 40.0 0.0 

Van Trump Creek 1.07 1.10 40.9 25.4 26.5 

West Fork of the White 

River 
0.56 0.56 34.3 38.3 27.2 

White River 0.68 0.72 6.1 21.6 71.3 

Williwakas Creek 0.41 0.50 63.4 36.1 0.7 

Wright Creek 0.62 0.52 52.2 34.1 13.3 
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Drainage 

Connecti

on to 

Glacier 

Distance  

Stream to 

Glacier (m) 

Percent 

Glacier 

Surface Area 

Change 

Retreat Distance of 

Glacier (m) 

Basalt Creek TRUE 2312.8 -6.6 -67.9 

Boulder Creek FALSE N/A -100.0 -3.3 

Carbon River TRUE 0 -8.6 -92.3 

Cataract and Marmot Creek FALSE N/A -100.0 -565.1 

Crater Creek FALSE N/A N/A N/A 

Fish Creek FALSE N/A N/A N/A 

Fryingpan River TRUE 585.1 -20.4 -79.1 

Grant and Spray Creek TRUE 1154.4 -34.1 -35.0 

Inter Fork TRUE 0 -16.0 -108.3 

Kautz Creek TRUE 0 -3.3 -62.8 

Lee Creek FALSE N/A N/A N/A 

Lodi Creek FALSE N/A N/A N/A 

Muddy Fork Cowlitz River TRUE 0 -4.4 -212.8 

Nisqually River TRUE 0 -19.8 -168.5 

North Mowich River TRUE 0 -11.1 -262.9 

North Puyallup River TRUE 0 -11.1 -135.1 

Ohanapecosh River TRUE 0 -11.1 -35.7 

Paradise River TRUE 0 -32.0 -67.0 

Pyramid Creek TRUE 0 -15.8 -53.1 

Rushing Water Creek FALSE N/A N/A N/A 

South Mowich River TRUE 0 -10.7 -98.1 

South Puyallup River TRUE 0 -4.2 -56.9 

St Andrews Creek FALSE N/A N/A N/A 

Stevens Creek TRUE 0 8.0 48.9 

Sunbeam Creek FALSE N/A N/A N/A 

Swift Creek FALSE N/A N/A N/A 

Tahoma Creek TRUE 0 -10.4 -112.6 

Tatoosh River FALSE N/A N/A N/A 

Unicorn Creek FALSE N/A N/A N/A 

Van Trump Creek TRUE 0 -13.8 -57.5 

West Fork of the White River TRUE 0 -10.7 -53.9 

White River TRUE 0 -1.2 -85.8 

Williwakas Creek TRUE 533.7 13543.0 97.2 

Wright Creek TRUE 0 297667.0 291.3 
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Drainage 

Average 

Annual 

Precipitation 

(cm) 

Event 

Precipitation 

Sum (cm) 

Total 

Precipitation 

at IZ (cm) 

Peak 

Precipitation 

(cm) 

Basalt Creek 25.3 29.6 N/A 20.9 

Boulder Creek 20.9 26.0 N/A 18.5 

Carbon River 21.4 30.2 32.7 20.5 

Cataract and Marmot Creek 21.4 29.8 N/A 21.9 

Crater Creek 18.0 26.5 N/A 19.8 

Fish Creek 18.4 27.0 N/A 20 

Fryingpan River 23.4 27.8 25.3 20.6 

Grant and Spray Creek 24.2 32.1 N/A 22.3 

Inter Fork 20.4 25.9 28.9 20.1 

Kautz Creek 23.9 33.1 32.5 23.6 

Lee Creek 19.8 28.3 N/A 20.5 

Lodi Creek 15.4 21.7 N/A 16.5 

Muddy Fork Cowlitz River 25.6 31.2 28.7 22 

Nisqually River 23.7 33.0 N/A 22.4 

North Mowich River 25.4 33.7 N/A 22.9 

North Puyallup River 25.6 33.3 36.0 23.4 

Ohanapecosh River 22.9 27.7 29.1 19.8 

Paradise River 24.6 32.5 N/A 22.2 

Pyramid Creek 24.2 50.4 36.1 23.6 

Rushing Water Creek 13.8 23.0 N/A 15.6 

South Mowich River 25.7 34.3 28.4 23.3 

South Puyallup River 24.2 33.5 36.0 23.6 

St Andrews Creek 19.9 29.1 N/A 22 

Stevens Creek 24.1 31.7 N/A 21.9 

Sunbeam Creek 22.8 30.9 N/A 21.4 

Swift Creek 14.3 23.3 N/A 18.1 

Tahoma Creek 25.0 34.1 36.0 23.8 

Tatoosh River 22.8 31.0 N/A 21.5 

Unicorn Creek 21.9 30.1 N/A 21.1 

Van Trump Creek 23.3 33.4 33.8 22.9 

West Fork of the White 

River 
18.6 26.6 30.1 22.2 

White River 22.7 28.3 25.3 22 

Williwakas Creek 23.6 30.8 28.7 21.7 

Wright Creek 16.0 22.0 N/A 16.3 
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Table A3. Average, standard deviation, maximum, and minimum for numerical attributes (IZ = 

initiation zone). 

 

 
Total Basin 

Area (km2) 

Upper Basin 

area (km2) 

Percent 

Vegetation 

Coverage 

Elevation 

of IZ (m) 

Distance of IZ 

from glacier 

(m) 

average 13.4 7.9 34.5 1894.4 218.3 

standard deviation 9.2 7.0 30.9 310.4 207.2 

maximum 35.8 32.7 99.4 2448.0 716.0 

minimum 2.3 1.5 1.0 1442.2 0.0 

 

 
Percent 

Steep Slopes 

in Upper 

Highest 

elevation is 

Total Basin 

(m) 

Lowest 

Elevation 

of Total 

Basin (m) 

Highest 

elevation is 

Upper 

Basin (m) 

Lowest 

Elevation of 

Upper Basin 

(m) 

average 51.7 3002.3 960.8 2996.9 1360.2 

standard deviation 19.5 1012.6 194.0 1018.4 218.6 

maximum 87.6 4392.6 1269.2 4392.5 1850.4 

minimum 13.7 1713.0 545.5 1673.2 900.1 

 

 
Height of 

Total Basin 

(m) 

Height of 

Upper Basin 

(m) 

Length of 

Total Basin 

(km) 

Length of 

Upper 

Basin (km) 

Gradient of 

Total Basin 

average 2041.5 1636.7 8.5 5.0 24.3 

standard deviation 1045.8 1019.1 4.1 2.5 5.4 

maximum 3750.0 3282.5 18.7 11.2 34.3 

minimum 803.7 505.1 2.6 1.8 10.7 

 

 
Gradient of 

Upper Basin 

MRN 

for Total 

Basin 

MRN for 

Upper 

Basin 

Percent 

Bedrock 

in Upper 

Percent 

Surficial 

deposits 

in Upper 

Percent 

Glacier 

average 31.5 0.6 0.6 48.9 29.56 19.5 

standard deviation 8.5 0.2 0.2 23.3 15.3 21.1 

maximum 48.9 1.1 1.2 100.0 66.9 71.3 

minimum 13.4 0.3 0.3 6.1 0.0 0.0 
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Distance 

Stream 

to 

Glacier 

(m) 

Percent 

Change in 

Surface Area 

of Glacier  

Retreat 

Distance of 

Glacier 

(m) 

Average 

Annual 

Precipitation 

(cm) 

Event 

Precipitation 

Sum (cm) 

average 208.5 12948.9 -82.3 21.9 30.1 

standard deviation 550.0 60707.8 147.2 3.4 5.1 

maximum 2312.8 297667.0 291.3 25.7 50.4 

minimum 0.0 -100.0 -565.1 13.8 21.7 

 

 
Total 

Precipitation 

at IZ (cm) 

Peak Precipitation 

(cm) 

average 31.2 21.1 

standard deviation 3.8 2.1 

maximum 36.1 23.8 

minimum 25.3 15.6 

 

 

 

 

 

 

 

 

 

 

 


