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EXECUTIVE SUMMARY 

The White River moves, or migrates, across its floodplain. This “channel migration” can occur 

gradually as the river erodes one bank and deposits sediment along the other, and it can also occur 

suddenly when a channel shifts abruptly to a new location. A river channel can also widen, eroding 

both banks. Channel migration represents a different type of flood hazard than inundation by 

overbank flow. The area subject to channel migration hazard within a given timeframe is referred to 

as the channel migration zone (CMZ).  

The purpose of this study is to delineate a Middle White River CMZ and identify channel migration 

hazard areas in the study area extending from River Mile (RM) 27.4 to 20.3. The results of the 

current study and CMZ map will be used to regulate land use within channel migration hazard areas 

in unincorporated King County. The results of the study also may inform planning and the 

development of future capital flood risk reduction projects in this portion of the White River.  

Methods 

This CMZ study and resultant map use historical channel migration patterns and rates to predict 

future channel migration hazard. White River channel migration was evaluated and mapped using 

information from existing studies, field observations, and analyses conducted in a Geographic 

Information System (GIS). Historical aerial photographs dating from 1936 through 2017, historical 

maps, and present-day aerial imagery, including topography shown by LiDAR, were evaluated 

using a GIS platform to map historical channels and calculate channel migration rates.   

Channel migration hazards in the Middle White River were mapped by identifying the component 

parts of a CMZ as specified by the King County Channel Migration Public Rule and consistent with 

Washington State Department of Ecology guidance. CMZ components are defined in the following 

equation and described below.  

CMZ = HMZ + AHZ + EHA – DMA 

where 

HMZ = Historical Migration Zone 

AHZ = Avulsion Hazard Zone 

EHA = Erosion Hazard Area = Erosion Setback (ES) + Geotechnical Setback (GS) 

DMA = Disconnected Migration Area 

The Middle White River HMZ includes the area occupied by channels from 1936 to 2017. The 

AHZ includes areas subject to a rapid shift of channel location. The ES width was calculated as the 

product of a time period ranging from 50 years to 100 years multiplied by an average annual lateral 

channel migration rate calculated individually for each study reach. Where the EHA/ES encounters 

certain erosion-resistant landforms, a GS was mapped at a 1H:1V slope landward into that 

landform. The DMA was mapped to exclude areas landward of publicly maintained artificial 

structures that limit channel migration or are likely to restrain channel migration, are built to an 

elevation that is greater than that of the 1 percent annual chance flood, and meet other criteria 

specified in the Washington Administrative Code (WAC).  
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Once the CMZ components were mapped and combined to delineate the outer edge of the CMZ, 

severe and moderate hazard areas were identified within the overall CMZ.   

This study considers the effect of channel migration on slope stability when mapping the CMZ, but 

it does not consider the process by which a landslide blocks and redirects the channel. As 

information is compiled and mapping methodologies defined with regard to landslide hazard areas, 

CMZ mapping may be evaluated to consider necessary revisions. 

Study area characteristics 

The CMZ study area includes the length of mainstem White River from RM 27.4 to RM 20.3, plus 

the adjacent valley bottom and valley walls. Both the natural geologic setting and constructed 

structures influence study area characteristics. 

Characteristics of channel migration in the study area 

Channel migration occurs mainly by three processes in the Middle White River: 

 Lateral migration: progressive movement of the channel across the floodplain resulting from

erosion along one riverbank and deposition along the other.

 Channel expansion (and contraction): channel widening resulting from erosion along both

banks.

 Avulsion: an abrupt shift of the channel to a new location.

The channel slope, channel confinement, channel pattern, and riverbank materials directly influence 

the type and extent of channel migration that is likely to occur. Lateral channel migration in the 

Middle White River typically is more active in a channel with moderate slope, unconfined 

conditions and unarmored alluvial banks than in a steeper and more-confined channel or areas with 

armored banks.  

Avulsions are another form of channel migration in the Middle White River study area. Several 

avulsions were observed in the photographic record since 1936. Based on other documentation, two 

large areas experienced avulsions prior to 1936 but at some time after the 1867 establishment of the 

southern King-Pierce County boundary line as the centerline of the river channel. 

Delineation of the CMZ and channel migration hazard areas within the CMZ 

An unconstrained CMZ was mapped as the combination of the HMZ + AHZ + EHA (including 

EHA/ES and EHA/GS). The unconstrained CMZ does not recognize artificial constraints and 

therefore predicts channel migration in the absence of levees, revetments, and infrastructure.  

The unconstrained CMZ was modified in two ways to produce the CMZ map. First, the DMA was 

mapped to recognize that certain artificial structures can restrain channel migration. One publicly 

maintained flood protection structure, the White River Hatchery levee, and the SR 410 bridge create 

local DMAs that modified the unconstrained CMZ. No privately maintained structures were 

mapped as barriers to channel migration.  

A second modification to the unconstrained CMZ was that severe and moderate hazard areas were 

mapped within the overall CMZ. Severe hazard areas are composed of the entire HMZ, severe 

AHZs, and typically half of the EHA. The present-day active channel always is mapped as a severe 

hazard area. With these components mapped as severe hazards, the severe hazard area occupies 
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most of the width of the CMZ throughout the study area. The moderate hazard area lies between the 

severe hazard area and the outer boundary of the unconstrained CMZ. The result of these two 

modifications to the unconstrained CMZ completes the Middle White River CMZ map. 

Key findings and conclusions 

Historically, the Middle White River has been a rapidly migrating, anastomosing to braided river 

with high sediment and wood loads, wide active channels, evidence of past avulsions, and complex 

channel patterns evident in pre-settlement maps and early aerial photos. Contemporary channels are 

narrower, dominantly single-thread meandering, and less complex than historical channels through 

most of the study area, indicating less active channel migration than in decades past. Changes in 

sediment transport patterns and flood flow reductions after construction of Mud Mountain Dam 

(MMD) between 1940 and 1948, and other hydromodifications such as the Buckley Diversion Dam

(BDD), have affected channel migration rates and patterns. However, the Middle White River study

area still exhibits moderate to high lateral channel migration rates and the channel migration zone

occupies most of the modern valley bottom. Although rare, flows that exceed 25,000 cubic feet per

second (cfs) have occurred on this reach and the U.S. Army Corps of Engineers (USACE) could

release up to this amount if needed to maintain dam integrity. Conditions exist that favor avulsion

through the entire study area and are a major component of channel migration hazard on the Middle

White River. Upstream of RM 27.2, the confined channel with bedrock in the channel bottom and

lower banks results in the lowest channel migration rates for the study area.

The only levees that are considered a barrier to channel migration protect the over 3,000-foot-long 

segment of the right bank upstream of the BDD. Although armored banks on private property 

within the reach act as local impediments to migration and likely have affected the measured 

migration rates over the photographic record, they are not considered barriers to migration. 

Reach-average annual lateral channel migration rates determined from this study range from less 

than 2 feet/year to 6.2 feet/year in the seven study area reaches. The highest measured rate of 

channel migration is about 13.5 feet/year. Results of this study are consistent with previous studies 

of channel migration of the area by Collins and Sheik (2004a), Olson (2011), and Collins and 

Montgomery (2011) which used different methods for estimating channel migration rates. Rates 

from previous studies range from 10 feet per year +/- 5 feet (Collins and Sheik 2004a), mean annual 

migration rates between 1.5 and 3.4 feet per year with maximum time-weighted annual rates 

between 7.5 and 9.1 feet per year (Olson 2011) and 24.6 feet per year +/- 20.7 feet (Collins and 

Montgomery 2011). Olson’s study observed that active channel area decreased by almost 50 percent 

between the 1936 and 1959 aerial photographs. The HMZ occupied 65 percent of the floodplain 

width between RM 7 and RM 27, based on the study by Collins and Montgomery (2011). 

The Middle White River CMZ map will be used to regulate land use in unincorporated King County 

in affected channel migration hazard areas and may be utilized to inform planning and development 

of future capital flood risk reduction projects and actions. The CMZ was delineated utilizing the 

King County Assessor’s data as the county boundary line. Land use in Pierce County is not 

regulated by this King County channel migration study and map or other critical areas information.   

This study is based on historical information and analyses to predict the extent of the future hazard 

areas. These methods are consistent with mapping protocols adopted by King County and accepted 

practices and guidance from the Washington State Department of Ecology (Ecology). Because some 

factors affecting channel migration are stochastic in nature, the channel may not occupy all parts of 
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the mapped CMZ within the next 100 years. Furthermore, the channel could occupy portions of the 

valley floor beyond the limits of the mapped CMZ within the next 100 years. To recognize the need 

to have hazard mapping reflect more near-term, expected conditions, it is intended that a CMZ map 

be updated every 20 years. Also, portions of a CMZ map may be revised at timeframes shorter than 

20 years if local changed conditions warrant. 
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1.0 INTRODUCTION 

The White River moves, or migrates, across its floodplain. This “channel migration” can occur 

gradually as the river erodes one bank and deposits sediment along the other, and it can also 

occur suddenly when a channel shifts abruptly to a new location. Abrupt channel changes may 

happen during a single flood event. In addition, the channel may expand by eroding both banks. 

Channel migration represents a different type of flood hazard than inundation by overbank flow. 

It can endanger properties located outside of the regulatory floodplain shown on flood hazard 

and flood insurance maps. Although both channel migration and flood inundation are hazards 

that result from flooding, there is no specific correlation between the mapped boundaries of these 

two distinct hazard areas. The area subject to channel migration hazard within a given timeframe 

is referred to as the channel migration zone (CMZ). There is a potential hazard to structures 

anywhere within a CMZ. 

The historical approach to addressing potential damage from bank erosion and channel migration 

has been to armor the riverbanks with large rock riprap. However, such bank armoring is 

expensive to construct and maintain. Bank armoring can aggravate flooding or erosion problems 

upstream or downstream or opposite of the armored location and degrade aquatic habitat. In 

order to prevent future development in areas subject to channel migration, the adopted 2006 

King County Flood Hazard Management Plan Update and its adopted 2013 Update and Progress 

Report (“Flood Plan”; King County 2013) states in Policy FP-2:  

King County should identify channel migration hazard areas through geomorphic 

analyses and review of historical channel migration patterns and rates. Land-use 

regulations shall restrict unsafe development in identified channel migration hazard areas. 

The Flood Plan and its policies are incorporated into the King County Comprehensive Plan 

(King County 2012; updated King County 2018a). These King County policies and their 

implementation are consistent with State Shoreline provisions, which require the mapping of 

CMZs (Washington Administrative Code (WAC) 173-26-221). A 2012 update of the King 

County Shoreline Master Program resulted in revisions to King County CMZ mapping methods 

(King County 2018b) to be consistent with Washington State Department of Ecology (Ecology) 

guidance on CMZ mapping (Washington State Department of Ecology Shorelands and 

Environmental Assistance Program 1994-2016; referred to herein as “Ecology 1994-2016”).   

This Middle White River CMZ study and map were prepared using current mapping methods as 

established by the adopted King County Public Rule in 2014. This study constitutes the 

geomorphic analyses recommended in King County Flood Plan Policy FP-2. The White River 

CMZ map produced by this study will be provided to King County Department of Local 

Services, Permitting Division for adoption via the 2018 Revised King County Channel Migration 

Public Rule (King County 2018b) to use in regulating land use within channel migration hazard 

areas.   
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1.1 Statement of purpose 

The purpose of this study is to identify channel migration hazard areas and delineate a Middle 

White River CMZ from River Mile (RM) 27.4 downstream to RM 20.3 along the King County 

(northerly) side of the river (Figure 1). The primary purpose of mapping channel migration 

hazard areas is to inform development of land-use regulations that shall restrict unsafe 

development in identified channel migration hazard areas (Policy FP-2, King County 2006). The 

maps are publicly available and may also be used by King County and other entities including 

governments, private companies, and the public, for purposes such as informing planning and 

development of projects for capital flood risk reduction, restoration of river and floodplain 

processes, and habitat restoration. These uses of the Middle White River CMZ map and study are 

consistent with county and state policies and regulations cited above in Section 1.0. 

1.2 Report layout 

Mapping methods and criteria are described in detail in Section 2, “Methods.” An overview of 

study area characteristics describes the geomorphic, geologic, physical, and structural factors 

affecting channel migration in Section 3, “Study area characteristics,” and Section 4, 

“Characteristics of channel migration in the study area.” Historical channel migration patterns 

and rates, avulsion hazards, erosion and geotechnical setbacks, and disconnected migration areas 

are evaluated as the basis of predicting future channel migration hazard in Section 5, “Channel 

migration hazards on the Middle White River.” Finally, channel migration hazard areas are 

identified in a channel migration zone map also as part of Section 5.   

1.3 Timeframes relevant to this study 

A CMZ is defined as the area through which channel migration is predicted to occur within a 

given timeframe (Ecology 1994-2016; Rapp and Abbe 2003). The timeframe used in this study 

to map channel migration hazards is generally 100 years, which is consistent with planning 

timeframes used by Federal Emergency Management Agency (FEMA) (2013) and National 

Marine Fishery Service (NMFS) (2008) and the adopted policies of the King County Flood Plan 

(King County 2013).  

The information and methods used in this study constitute the best available science; however, 

channel migration is a dynamic process and CMZ maps prepared now may become less 

informative or obsolete in less than 100 years. Therefore, the King County Channel Migration 

Public Rule (King County 2018b) states that a CMZ map should be updated every 20 years. 

Also, the Public Rule provides that portions of a CMZ map may be revised at a shorter 

timeframe than 20 years if channel migration is affected by locally changed conditions, such as 

could result from construction of a levee setback project or the repair in place of an existing 

levee.  

1.4 Effect of other geologic processes on channel 
migration 

Natural events also could necessitate CMZ map revisions because geologic processes that affect 

channel migration occur on timescales much greater than 100 years. The information, methods 
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and best available science used in this study may not fully capture all of these processes. For 

example, the process by which a landslide blocks and redirects the channel is not addressed in 

this study or CMZ maps. Technical methods to account for landslide processes that may block or 

redirect the channel have not been developed because of the difficulty in making predictions 

about landslides. Landslide recurrence intervals, size, and runout length are unpredictable, and 

landslides may be triggered by weather events, earthquakes, or human-induced disruptions. The 

potential impact of earthquakes and volcanic events on channel migration also are not addressed 

in this study or maps. Future updates to this CMZ study may incorporate landslide and/or other 

geologic hazard impacts on channel migration as more information is compiled and mapping 

methodologies are defined with regard to landslide hazard areas.  
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   Figure 1.  Middle White River CMZ study area location map.
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2.0 METHODS 

Channel migration on the Middle White River was evaluated and mapped using information 

from existing studies, field observations, and analyses conducted using ESRI ArcMap 10.3 

Geographic Information System (GIS) software. This section provides the sources of information 

used for analysis and describes the methods in detail. 

2.1 Review of existing studies 

Information from several existing studies of the geology, geomorphology, hydrology, sediment, 

hydraulics, and other factors relevant to Middle White River channel migration forms the 

foundation of this study. These studies include:  

 Geologic map of the Buckley 7.5-minute quadrangle (Crandell and Gard 1959)

 Geologic map of the Snoqualmie Pass 30 x 60 minute quadrangle (Tabor et al. 2000)

 Surficial geologic map of the Lake Tapps Quadrangle, Washington, 1:24,000 scale

(Crandell 1963)

 Floodplain Mapping Study for White River, Zone 4 (RM 22.0 to RM 28.6; (King County

2009) and which includes a hydraulic model

 Sediment studies by U.S. Army Corps of Engineers (USACE), U.S. Geological Survey

(USGS) and independent studies completed for USACE (Cooper 1983) and Puget Sound

Energy (Dunne 1986)

 City of Buckley SMP Update:  Channel Migration Assessment (Olson 2011)

2.2 New field data collection 

The river channel and other parts of the study area were accessed from along the river banks. 

Field observations were made of river bed and bank materials, evidence of erosion, location and 

condition of bank armoring, general channel pattern and substrate conditions, floodplain 

conditions, and the presence and nature of hydraulic or geomorphic controls. Field work was 

conducted between January and June 2018.  

2.3 Historical and current information used in 
report  

Historical and current channel locations were documented in GIS from historical information 

described in Section 2.3. Lateral channel migration rates and the potential for abrupt channel 

shifting by avulsion were evaluated in GIS, as described in Section 4.3. In Section 5.2, calculated 

channel migration rates and mapped avulsion potential were used in combination with 

information from field observations and other relevant resources, such as hydraulic models, 

geologic maps, and other geomorphic studies, to map channel migration hazards throughout the 

study area.   
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Information and plans regarding reconstruction of a fish passage facility and barrier structure 

located at Buckley were obtained directly from USACE–Seattle District project staff (USACE 

2017), the Muckleshoot Indian Tribe (MIT) Fisheries Division (P. Reynolds, MIT Fisheries 

Division, pers. comm., July 12, 2018), and Cascade Water Alliance (S. Mickelson, CWA, pers. 

comm., May 10, 2018), current owner and operator of the existing Lake Tapps Diversion 

structure. 

Historical channel locations were digitized in GIS typically at a scale of 1:1,500 from 

orthorectified aerial photos dated 1936 through 2017 (Table 1). The digitization process included 

mapping the active channel for each photo year as the composite of low flow channel, bare 

gravel bars, and vegetated patches on alluvial surfaces. This process follows the methods of 

Collins and Sheikh (2002) and O’Connor et al. (2003). Active channel features were digitized by 

King County for photo years 2002 through 2017 and by practitioners at the University of 

Washington under contract to King County (published in Collins and Sheik 2004a) for photo 

years 1936 through 2000. Quality control on all channel traces was completed by a King County 

senior geomorphologist, Judith Radloff, to provide consistency across all years. Following 

completion of digitization, representative photo years were selected for use in calculating erosion 

rates based on photo aerial coverage, spatial resolution, quality and major channel changes 

observed between photographs. 

There are two main sources of inaccuracy using digital aerial photographs for measuring channel 

migration: the orthorectification process and the digitization process. Orthorectification is a 

process that corrects for geometric distortion in aerial photographs when they comprise an 

orthomosaic in GIS. Digitization is the process by which the trace of the active channel is created 

by the GIS practitioner and requires knowledge and judgement about the fluvial system and 

processes. The horizontal accuracy of the digitized historical channel locations combining both 

sources of inaccuracy likely are within 25 to 40 feet of actual location for channel traces 

digitized from older aerial photos and 1 to 10 feet of actual location using recent digital aerial 

imagery. These ranges of accuracy were estimated in a study on the Cedar River (Collins et al. 

2003), which used the same methods and digitized channel from many of the same aerial photo 

sets as this study. 

The 1944 aerial photograph series is notable for poor orthorectification of the historical 

photographs as shown by distortion at the edges of photographs, poor alignment across 

individual photograph seams, and misalignment of known features such as roads as compared to 

other photo years and the 2015 LiDAR. Despite these problems, these photographs are 

considered usable for the purposes of this study along with the 1936 photographs to calculate 

channel migration prior to flow regulation imposed on the river by Mud Mountain Dam (MMD) 

completion in 1948. 

Older historical maps including General Land Office surveys from the federal Bureau of Land 

Management and old topographic maps were viewed for general information about the channel 

character and location.  



 Middle White River Channel Migration Study 

King County River and Floodplain Management  7  December 2019 

Table 1.  Aerial imagery and maps used in or consulted for this report. 

Year Type 
Scale or 
Resolution 

Used to Calculate 
Migration Rates 

Source 

1872 Map 1:36,680 No General Land Office 

1891 Map 1:36,680 No General Land Office 

1897 Map 1:125,000 No USGS 

1913 
Plan and profile 

Map 

1:31,680 

1:125:000 No USGS 

1936 Aerial photo, BW 1:10,500 Yes King County 

1944 Orthophoto maps, BW 1:21,000 Yes US Department of War 

1955 Aerial photo, BW 1:20,000 Yes 
King County 
Conservation District 

1959 Aerial photo, BW 1:7,800 Yes King County 

1965 Aerial photo, BW 1:60,000 Yes UW 

1970 Aerial photo, BW 1:12,000 Yes UW 

1980 Aerial photo, IR 1:58,000 Yes UW 

1985 Aerial photo, BW 1:24,000 No; partial coverage UW 

1989 Aerial photo, BW 1:13,500 Yes King County 

1995 Aerial photo, BW 1:9,600 No; partial coverage UW 

1996 Digital Aerial, Color 1 m pixel No; partial coverage King County 

2000 Digital Aerial, Color 2 ft pixel Yes King County 

2002 Digital Aerial, Color 1 ft pixel No King County 

2005 Digital Aerial, Color 1 ft pixel No King County 

2007 Digital Aerial, Color 0.5 and 1 ft pixel No King County 

2009 Digital Aerial, Color 0.5 and 1 ft pixel No King County 

2010 Digital Aerial, Color 0.5 and 1 ft pixel No King County 

2010 Digital Aerial, IR 0.5 and 1 ft pixel Yes King County 

2011 Digital Aerial, Color 1 m pixel No King County 

2012 Digital Aerial, Color 
0.25, 0.5, and 1 ft 
pixel 

No King County 

2013 Digital Aerial, Color 
0.33 and 0.75 ft 
pixel 

No King County 

2013 LiDAR 3 ft pixel Yes King County 

2015 Digital Aerial, Color 
0.25 and 0.75 ft 
pixel 

No King County 

2015 LiDAR 3 ft pixel Yes King County 

2017 Digital Aerial, Color 
0.25 and 0.75 ft 
pixel 

Yes King County 
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2.4 Channel Migration Zone mapping criteria and 
methods  

Channel migration hazards in the Middle White River were mapped by identifying the 

component parts of a CMZ, as specified by King County (2018) and consistent with Ecology 

(1994-2016). CMZ components are described in the equation below and illustrated schematically 

in Figure 2. 

 

CMZ = HMZ + AHZ + EHA – DMA 

where 

HMZ = Historical Migration Zone 

AHZ = Avulsion Hazard Zone 

EHA = Erosion Hazard Area = Erosion Setback (ES) + Geotechnical Setback (GS) 

DMA = Disconnected Migration Area 

 

 
Figure 2.  Plan view schematic of Channel Migration Zone (CMZ) components. Modified from Rapp 
and Abbe (2003). 

This section defines each CMZ component and hazard area and describes mapping criteria and 

methods. As described in Section 2.4, the combination of the following components constitutes 

the CMZ: CMZ = HMZ + AHZ + EHA – DMA. The Channel Migration Toolbox (Legg et al. 

2014) was used to automate some of the calculations made in GIS. 

 

The widths of the AHZ and the EHA are based on calculations averaged over the river reach, as 

described below. A river reach is a length of channel that exhibits consistent physical conditions. 

River reaches in this study area are identified in Section 4.2.  
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Once the CMZ was delineated, severe and moderate hazard areas were identified within it so as 

to recognize that channel migration hazard is not equal throughout the CMZ. In general, any part 

of the CMZ that is not mapped as a severe hazard area is mapped as a moderate hazard area. The 

criteria by which parts of the CMZ components are mapped as a severe or moderate hazard area 

are included with the description of each CMZ component. 

2.4.1 Historical Migration Zone  

The Historical Migration Zone (HMZ) is the portion of a CMZ study area that the channel has 

occupied during the historical record (King County 2018b). The HMZ is mapped as a composite 

footprint of historical active channel locations from 1936 to 2017, as listed in Table 1. The HMZ 

typically is a fundamental component of the CMZ. The entire HMZ was mapped as severe 

hazard area. 

2.4.2 Avulsion Hazard Zone  

The Avulsion Hazard Zone (AHZ) is the area outside of the HMZ that is subject to avulsion 

hazard (King County 2018b). To map the AHZ, low-lying areas were identified from the 7,034 

cubic feet per second (cfs) (annual 50 percent chance flood) inundation map. Low-lying areas 

inundated by 7,034 cfs that occupy a shorter distance in the down-valley direction than the 

adjacent mainstem channel were evaluated in the field. Other pertinent information was 

considered in evaluating avulsion hazard, such as whether there was a history of avulsions in the 

immediate area or if there were discernible trends in the accumulation of wood or sediment in the 

main channel near the potential avulsion site. 

 

Potential avulsion pathways were included in the AHZ if they met all four of the following 

criteria (King County 2018b): 

1. Low-lying ground or channel that is equal to or lower than the water surface elevation of 

frequent flooding in the current main channel. 

2. The length of the potential avulsion pathway follows a shorter distance (and steeper 

gradient) than the main channel. 

3. The substrate in the banks and bed or floodplain of the potential avulsion pathway is 

erodible material. 

4. The potential avulsion pathway is a likely avulsion route based on consideration of 

Quaternary history, avulsion history in the basin, flow regulation, channel alteration, 

sediment trends, and large wood loading.  

 

An AHZ was mapped as a severe hazard area if it met any of the following criteria: 

1. Potential avulsion pathways have little or no vegetation, or show evidence of fresh scour, 

channel widening or over-steepening, consistent with erosion from recent flood events.  

2. Potential avulsion pathways have a direct low-elevation surface connection to the main 

channel such that it is flooded deeply and frequently (which may be indicated by surface 

flow through the pathway even during periods of low river flow). 
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3. Indicators of avulsion hazard regarding accumulation of sediment or large wood in the 

main channel, or changes to main channel meander geometry, exist in close proximity to 

a potential avulsion pathway. 

4. The potential avulsion pathway is located upon an active alluvial fan surface.  

 

Severe AHZs were mapped as wide as the 2017 average active channel of the reach in which the 

avulsion pathway is located. The AHZ typically was centered along the centerline of the avulsion 

pathway unless site-specific conditions such as variability of substrate indicated it was 

appropriate to map the AHZ otherwise. 

 

An AHZ that did not meet any of the four criteria listed above for the severe hazard AHZ was 

mapped as a moderate hazard AHZ. As with a severe AHZ, a moderate AHZ was mapped to a 

width equal to the average active channel width of the present river channel reach in which the 

avulsion pathway is located and along the centerline of the avulsion pathway unless conditions 

indicated otherwise. 

 

Where an artificial structure such as a levee blocks a potential avulsion pathway that otherwise 

meets the criteria to be mapped as an AHZ except for the blockage, that pathway was mapped as 

an AHZ if the top elevation of the blocking structure is lower than the water surface elevation of 

the 1 percent annual chance flood and the blocking structure is not likely to restrain channel 

migration. The AHZ behind the blockage was mapped as a severe hazard area if the severe 

hazard mapping criteria, listed above, were met, or it was mapped as a moderate hazard area if 

the criteria were not met. 

2.4.3 Erosion Hazard Area/Erosion Setback  

The Erosion Setback (ES) is that part of the Erosion Hazard Area (EHA) within the CMZ that is 

susceptible to lateral channel migration due to stream or river erosion (King County 2018b). The 

width of the ES (referred to as EHA/ES) was calculated as a lateral channel migration rate times 

a given time period. 

 

To calculate lateral channel migration rates, channel centerlines were digitized along the mid-

line of the active channel in each year of aerial photos, and lateral channel migration distances 

were measured between channel centerlines in sequential aerial photos (Table 1). These 

distances between channel centerlines were measured along transects spaced about 200 feet 

apart, down-valley, and oriented perpendicular to the centerline of the HMZ. 

 

Average annual lateral channel migration rates were calculated as the lateral migration distance 

measured between sequential aerial photos divided by the time elapsed between the photos. The 

rate used in this study is the time-weighted average of the absolute value of the migration 

distance measurements described above. Using the absolute value calculates channel migration 

as if it occurred in one direction between every pair of photos. In addition, channel narrowing is 

measured in the same manner as other types of migration, and if the magnitude is the same, 

channel narrowing gives an equivalent erosion rate as channel expansion, avulsion, or lateral 

migration even though no actual erosion was occurring. The process of channel narrowing, 

however, can set up future conditions for erosive channel migration and is a natural component 

of fluvial geomorphic processes. 
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All channel migration rates described above were calculated at the HMZ transects located at 

approximately 200-foot spacing. An average migration rate was calculated from all migration 

rates measured on the transects across the HMZ within a given river reach, and that reach-

averaged migration rate was used to determine the width of EHA/ES within each reach. Where 

the EHA intersected the valley wall, a modified migration rate was used to determine the lateral 

migration into the higher bank. This modified rate was calculated by measuring actual migration 

into the valley wall at three locations within the project study area and rounding up to the nearest 

foot per year. 

 

2.4.3.1 Erosion Hazard Area/Erosion Setback applied to the Historical 

Migration Zone or to the Active Channel  

The width of the Erosion Setback was calculated using the all channel migration rates. For each 

reach, the width of the EHA/ES for lateral migration in Holocene valley-bottom alluvium was 

calculated as the greater of the following two distances (Figure 3):  

1. 50 years of lateral migration times the channel migration rate, applied to each side of the 

HMZ, or 

2. 100 years of lateral migration times the channel migration rate, applied to each side of the 

most recent active channel (2017). 

 

 
Figure 3.  Plan view schematic of the Erosion Hazard Area/Erosion Setback. 
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The EHA/ES can be further broken down into moderate and severe hazard areas. For each reach, 

the width of the severe hazard area within the Erosion Setback was delineated as the greater of 

the following two distances:   

1. 25 years times the representative channel migration rate applied to each side of the HMZ, 

or 

2. 50 years times the representative channel migration rate applied to each side of the most 

recent active channel (2017). 

 

The area that lies between the severe channel migration hazard area and the outer edge of the 

Erosion Setback was mapped as moderate hazard area.   

 

Where historical channel locations indicated that there was a measureable, consistent down-

valley component to lateral channel migration, the EHA/ES was adjusted based on down-valley 

migration rates measured at the affected sites. 

 

Erosion-resistant landforms that the EHA/ES intersected include tall bluffs composed of the 

Osceola Mudflow underlain by glacial sediments and Vashon-age glacial till and drift sediments 

at several locations in the study area and areas where Miocene volcanic bedrock is present at the 

toe of the valley wall (Map 1, Appendix A). In these locations, the width of the portion of the 

EHA/ES within the more-resistant landform was calculated using an appropriately lower channel 

migration rate. The lower channel migration rate was based on lateral retreat rates observed in 

the same or similar tall bluffs that the active channel encountered and during that part of the 

historical record of the study during which the active channel eroded that landform. The resulting 

EHA/ES width is likely to be narrower than it would be in Holocene alluvium in the same river 

reach (Figure 4).  

 

 
Figure 4.  Cross-section schematic of Erosion Hazard Area/Geotechnical Setback. 
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2.4.3.2 Erosion Hazard Area/Erosion Setback applied to Avulsion 

Hazard Zone 

Once an avulsion occurs, lateral migration is assumed to proceed from the new channel location. 

The width of that lateral migration is calculated as an EHA/ES added to the AHZ. An EHA/ES 

applied to either a severe AHZ or moderate AHZ was mapped as a moderate hazard area. The 

widths of this EHA/ES applied to an AHZ may vary as follows: 

1. Erosion Hazard Area/Erosion Setback applied to a severe AHZ: This Erosion Setback 

distance was added to each side of a severe AHZ to a width equal to a range of 25 years 

to 50 years times the representative channel migration rate for that study reach. The 

number of years is based on the extent to which AHZ mapping criteria in Section 2.4.2 

were met. 

2. Erosion Hazard Area/Erosion Setback applied to a moderate AHZ: This Erosion Setback 

distance was added to each side of a moderate AHZ to a width equal to 25 years times the 

representative channel migration rate for that the study reach.  

2.4.4 Erosion Hazard Area/Geotechnical Setback  

Where the outer edge of the EHA/ES encountered an erodible land surface that is greater than 20 

feet in height above Ordinary High Water, a Geotechnical Setback, referred to as EHA/GS, was 

applied to the outer edge of the EHA/ES (King County 2018b). The EHA/GS was delineated at a 

1H:1V slope measured from the predicted toe of slope after applying the EHA/ES (Figure 4). No 

EHA/GS or EHA/ES was applied to sound bedrock showing no signs of erosion. 
 

The entire EHA/GS was mapped as moderate hazard. 

2.4.5 Disconnected Migration Area  

A Disconnected Migration Area (DMA) is the area located landward of an artificial structure that 

is likely to restrain channel migration and that meets criteria in Washington Administrative Code 

(WAC) 173-26-221(3)(b) and King County (2018). In other words, the DMA is an area that 

would be subject to channel migration were it not for the presence of the artificial structure. 

 

Areas landward of legally existing, publicly maintained artificial structures (e.g., revetments, 

levees) were mapped as a DMA if they met any of the following criteria: 

1. Within incorporated areas and urban growth areas (UGAs), the artificial structure limits 

channel migration. The study area does not include any incorporated areas or UGAs. 

2. In all areas, the artificial structure is likely to restrain channel migration and is built 

above the 1 percent annual chance flood1 elevation. No quantitative analysis of structural 

stability of facilities was conducted for this study. 

3. Within unincorporated areas, the artificial structure is likely to restrain channel migration 

and is built below the 1 percent annual chance flood but scientific or technical 

                                                        
1 Referred to as the 100-year flood in relevant WAC and King County Code sections cited above. 
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information demonstrates that it is constructed to remain intact through the 1 percent 

annual chance flood.  

4. The artificial structure is state highways or sole-access major county roads. 

5. The artificial structure is a legally existing active railroad.  

 

An artificial structure was considered likely to restrain channel migration if its construction, 

condition, and configuration are consistent with current relevant design and construction 

standards and if the present channel is unlikely to migrate landward of the structure (King 

County 2018b). Levees and revetments maintained by King County within unincorporated King 

County were evaluated for their likelihood to restrain channel migration. Consistency with 

construction standards was evaluated (per King County 2018b, Appendix A, Section 

IV.F.1.e.(ii)(a)) by visual inspection in the field and by review of information from King County 

files on construction date and methods, damage and repair history, and available project repair 

design plans. No quantitative analysis of structural stability was conducted. The likelihood of 

channel migration landward of the structure was evaluated (per King County 2018b, Appendix 

A, Section IV.F.1.e.(ii)(b)) by observation in the field of bank materials and conditions along the 

facility and the orientation of present channel impingement on the levee or revetment. Past 

channel positions and trends in channel impingement on the structure were documented using 

GIS analyses. Levees and revetments maintained by King County were evaluated as to the 

structure’s ability to limit channel migration. 

 

Whether an artificial structure was built above the elevation of the 1 percent annual chance was 

determined from the 2009 Flood Study (King County 2009). Relevant empirical evidence also 

was considered regarding structure elevations relative to the water surface elevation of the 1 

percent annual chance flood. 

 

If an artificial structure did not meet at least one criterion necessary to map a DMA, then the 

severe and moderate hazard area delineations were not revised. This approach was taken to 

recognize the channel migration hazard landward of that structure.   
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3.0 STUDY AREA CHARACTERISTICS  

This section describes characteristics of the study area as a whole to provide context for 

evaluation of channel migration in Section 5.0. 

3.1 General basin characteristics   

The White River drains a 490-square mile basin (or watershed) that originates from the glaciated 

northeast slopes of Mount Rainier and surrounding forested subbasins (King County 2006). The 

watershed upstream of the study area comprises approximately 430 square miles. These steep, 

tectonically active, glaciated slopes annually receive between 60 and 100 inches of precipitation 

as rain and between 400 and 600 inches as snow and deliver high sediment volumes to the 

drainages (Czuba et al. 2012). The basin is geologically young: Mount Rainier is an active 

volcano and the current volcanic cone began forming about 500,000 years ago. Multiple eruptive 

events on Mount Rainier have sent lahars down the White River valley since the end of the 

Vashon glacial epoch that included the Osceola Mudflow 5,600 years. The Osceola Mudflow 

infilled post-glacial alluvial valleys, spread out across the Puget lowland to the north, and 

reached the Puget Sound via both the Green and Puyallup River valleys. Since the Osceola 

deposition, the White River has been establishing a new course but at least three additional lahars 

have flowed down the White River since the Osceola, and the river is still in the process of 

downcutting through these deposits in the project area. 

 

The majority of the watershed above the study area is in Mount Rainier National Park and 

managed forestland, with small pockets of rural residential land use. The City of Enumclaw is 

located on the terrace north of the river valley in the study area, and the City of Buckley abuts 

the south river valley. Just upstream of the study area, the White River flows through a narrow 

bedrock canyon in which the MMD was constructed for flood flow management between 1944 

and 1948. Two tributaries join the White River in the study reaches: Red Creek and Boise Creek. 

The White River supports ESA-listed spring and fall-run Chinook, steelhead, and bull trout, as 

well as coho, chum and pink salmon. The White River Spring Chinook population is the last 

Spring Chinook salmon run in South Puget Sound. 

3.2 Human activity and built features  

The county boundary line between King and Pierce counties was established in the middle of the 

main channel of the White River in 1867 (Abbott and Carver 1978; Pierce 1895) and is based on 

boundary surveys made during that era. Subsequent channel migration including avulsions has 

shifted the channel away from the historically established county boundary in many locations. 

The current King County boundary shown on report maps reflects current information from the 

King County Assessor’s office. 

 

Land use in the study area is rural residential, agricultural, parkland, and managed forestland. 

Impervious surfaces comprise a small fraction of the watershed. Rural residential property is 

present on the right floodplain in Reaches 3, 4 and 5, and smaller sized residential parcels are 

present on right valley terraces in Reaches 2 and 3. The City of Enumclaw is on the north valley 

terrace above the river’s physical floodplain and the city boundary does not extend to the 
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floodplain or active channel. The City of Enumclaw has a small park on the right floodplain at 

RM 26.6. The City of Buckley (Pierce County) has property with boundaries that extend to the 

river channel on the south side. Most property owned by City of Buckley in the physical 

floodplain is open space and zoned S for Sensitive Area (City of Buckley Comprehensive Plan 

2015).  

  

Timber harvesting has never taken place within Mount Rainier National Park (Kennard et al. 

2011) but forests outside of the park and within the White River watershed have been logged and 

most forestland in the basin is actively managed for timber production. Logging and land 

clearing in the study area took place in the late 1800s and included burning after logging (R2 

Resource Consultants, Inc. 2004a). Forestland on both sides of the river is owned by the 

Muckleshoot Indian Tribe upstream of RM 27 and private timber companies upstream of RM 

25.8 and is still actively managed for harvest. Timberland on the south side of the river was 

undergoing active logging during 2018 field visits conducted for this study. 

 
At RM 23.6 a diversion dam that also is a barrier to fish passage, herein referred to as the 

Buckley Diversion Dam (BDD), began operating in 1911. The dam was originally designed to 

divert up to 2,000 cfs into a flume that delivered water to form Lake Tapps, which served as a 

reservoir for the purposes of generating hydroelectric power by Puget Sound Energy (formerly 

Puget Sound Power and Light). The hydroelectric plant is located at Dieringer in the town of 

Sumner with returned water reentering the White River at about RM 3.5. The White River 

between RM 23.6 and RM 3.5 is sometimes referred to as the “bypass reach” because of the 

flume flow volume that bypasses the main river. The flume is referred to by several names in 

various documents but will be referred to herein as the White River flume, or simply “the 

flume.” Power production discontinued in January 2004 (R2 Resource Consultants, Inc. Public 

Utilities 2004a), and the sale of facilities to Cascade Water Alliance for future water supply was 

completed in 2009. A 2008 agreement between Cascade Water Alliance and Puyallup Tribe of 

Indians agreed to limit diversions to 1,000 cfs. The dam structure itself is 11 feet high and 

consists of a 4-foot-high, 352-foot-long concrete and rock-filled crib structure topped by 7-foot-

high wooden flashboards. The flashboards were designed to collapse at high river flows, 

periodically passing accumulated sediment and debris downstream (USACE 2004).  

 

The Mud Mountain Project (MMD Project) includes the flood control dam and its associated 

facilities that were constructed by USACE beginning in 1940 and completely finished in 1948 

after a construction pause during World War II. River diversion was mostly complete by 

September 1940 (USACE 2004). The Project is located at about RM 29 (RM 29.6 according to 

USACE) and consists of a 400-foot high earth and rockfill structure, two tunnels to pass 

sediment and water, a reservoir, and fish collection facilities which are located at the BDD. The 

9-foot tunnel was designed to pass sub-flood river flow and sediment bedload and has a slope of 

almost 2 percent with its intake and uncontrolled outlet situated at riverbed level. The 23-foot 

tunnel has a slope of 1 percent, two intakes at 18.5 and 33.5 feet above the riverbed, and 

controlled outlets. Trash racks protect the tunnel intakes and collect woody debris (drift), which 

is periodically removed from the system by USACE. The reservoir has over 100,000 acre-feet of 

storage for flood control and is normally empty; however, reservoir storage is commonly used 

during periods when flows are held back for MMD maintenance and for work on the BDD 

located about 6 miles downstream (Cooper 1983). MMD discharge was regulated to 350 cfs for 
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three days in February 2018 for maintenance work on the BDD. A fish collection facility for the 

MMD Project also is located at the BDD where salmon migrating upstream ascend a fish ladder 

into a holding pool and then are transferred to a truck that hauls them to a discharge location 

above the reservoir (USACE 2004). The effects of dam operations on flow and sediment 

transport in the study area are described in sections 3.5 Hydrology and 3.6 Sediment 

characteristics. 

 

The White River Hatchery is located on the right bank at RM 23.4. The hatchery property is 

owned and operated by the Muckleshoot Indian Tribe and some of the adult stock captured at the 

BDD trap-and-haul facility by USACE are provided to the hatchery for spawning. The Puyallup 

Tribe of Indians (PTI) operates the acclimation ponds at the hatchery and is included in the 

program to raise threatened White River Spring Chinook at the hatchery (NOAA 2014). 

 

In summer 2018, USACE began reconstruction of the BDD and co-located fish-trap facility. The 

new dam will be much narrower (139.5 feet wide) and the flashboards will be replaced with a 

collapsible rubber dam to facilitate flood flows and sediment and drift transport over the barrier 

structure. The dam rebuild also includes reconstruction and resurfacing of the Hatchery levee 

(right bank) that will tie into the barrier dam at the downstream end and the existing levee 

upstream (USACE 2017).  

 

All roads within the study area are located on terraces above the valley except logging roads, 

private residential driveways, and the approach to the SR 410 bridges. In addition to the BDD, 

the following structures have been built in the floodplain and/or channel during the historic 

record: 

1. SR 410 bridge, old location, removed in the 1950s 

2. Pacific railroad bridge, removed in the 1980s 

3. SR 410 bridge, new location, built in the 1950s 

4. Tacoma Water pipeline weir, built in the 1920s, removed 2003 

5. Drift barriers, construction date unknown, remnants remain in the channel. 

 

Locations and additional information about these structures are provided in Section 4.2. 

 

There is only one King County owned and maintained levee/revetment in the Middle White 

River study area. However, artificial armoring does exist in many locations. A summary of river 

bank armoring observed during field work for this study is summarized in Table 2. Structures in 

the study area known to meet the criterion of legally existing, as described in Section 2.4.5, 

include two levees that provide flood protection for the White River salmon hatchery and the 

area immediately upstream, the BDD facilities, and the SR 410 bridge abutments. Rip rap bank 

armoring that protects a length of road on private property that is used to access the USGS 

stream gage at RM 27.2 may have been constructed by USACE and thus would be legally 

existing. However, no information about this facility was available to verify the purpose or 

owner of this armoring.    
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Table 2. Middle White River bank armoring, based on 2018 field and LiDAR observations. 

RMs 
Length 
(feet) 

Height 
(feet) 

Location: 
Reach, 
Bank 

Composition 
Date 
Constructed 

Notes 

26.9 to 27.1 About 
1,000 

8 to 12 6, Right Rip rap 
upstream, 
concrete and 
very large 
rock 
downstream 

Unknown; 
before 2009 

Protects road to 
access USGS 
gage, possibly 
constructed by 
USACE. 

26.4 to 26.5 About 
950 

10 to 12 6, Right Large rock, 
concrete, 
debris 

1980s Prevents 
capture of Red 
Creek channel 
by White River. 

24.85 to 25.1 About 
1,450 

Up to 12  5, Right; 
portion of 
old bank 
armor on 
left 

Very large 
rock, 1- to 4- 
foot diameter 

About 1980 Appears to have 
been 
constructed in 
1980s to train 
river. About 450 
feet of bank 
armor missing 
as of 1996. 

24.0 to 24.1 1,173 About 8 
to 12, 
higher 
upstream 

4, Right Large rock, 
1- to 3-foot 
diameter 

1960s Kahne levee, 
King County 
facility. 

23.8 to 23.9 About 
1,080 

Up to 8  4, Right Large rock, 
concrete 

Unknown Hatchery 
protection. 
Under 
reconstruction. 

23.6 About 
550 

Greater 
than 10  

3 and 4, 
Left 

Concrete wall 
and rock 

About 1910 Buckley 
Diversion Dam 
and fish ladder 
facility. 

22.6 Less 
than 30  

About 20 3, Both Concrete Pre-1936 Remnant piers 
from old 
highway and 
railroad bridges. 

3.3 Geology 

The White River basin is geologically very young. The watershed extends from the peak of 

Mount Rainier to the Puget Lowland, with headwaters that drain slopes of volcanic bedrock and 

glacially scoured terrain. Bedrock outcrops from MMD downstream to RM 27.2 and on the left 

bank between about RM 26 and RM 25.5 influence fluvial processes at the reach scale and 

provide natural control on channel migration and slope in the upper part of the study area. 

Multiple episodes of continental glaciation through the Quaternary period extended down from 

British Columbia and covered the Puget Lowland, shaping much of the landscape of today 

(Collins and Montgomery 2011). Volcanic events originating on Mount Rainier have deposited 

multiple sediment units in the river valley and surrounding uplands since the end of Vashon 

glaciation. About 5,600 years ago, the Osceola Mudflow, a clay-rich lahar that was coeval with 

the Paradise lahar that flowed down the south side of Mount Rainier, filled the White River 
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valley and spread out over the glacially-formed outwash plain both north and south of the river 

channel in the project area. The lahar flowed around topographic highs and bedrock knobs such 

as Pinnacle Peak and Long Hill and filled river and stream valleys, reaching Puget Sound in 

Tacoma and the Duwamish embayment south of Kent (Vallance and Scott 1997). Prior to the 

Osceola event, the White River flowed through a different course downstream of about RM 23.5 

(Crandell 1963). The river flowed southwest, using the South Prairie Creek channel to flow 

toward its confluence with the Carbon River. At least three lahars from Mount Rainier laid down 

sedimentary deposits in the White River drainage after the Osceola (Zehfuss et al, 2003). 

 

The majority of geologic formations relevant to channel migration in the Middle White River are 

the younger, more erodible alluvium and alluvial terrace deposits formed during the past 5,600 

years after the eruptions on Mount Rainier that resulted in the Osceola Mudflow deposits. At 

least three smaller lahars have flowed down the White River valley since the Osceola but their 

deposits are much less extensive (Zehfuss et al. 2003). 

 

Geologic mapping in the study area has been completed by numerous researchers. Base mapping 

includes the 1:100,000 scale to the east (Snoqualmie Pass 30 x 60 quadrangle, Tabor et al. 2000) 

and more detailed, 1:24,000 scale quadrangle mapping to the west (Buckley Quadrangle, 

Crandell and Gard 1959). Additional mapping by Crandell (1963) focused on surficial geologic 

units and geomorphology. Where multiple names and symbols identify the same or similar units, 

the unit names and symbols from the more recent, Tabor et al. (2000) mapping was used. The 

following paragraphs describe geologic materials observed in river banks and valley walls of the 

study area, generally from oldest to youngest. The geology of the study area from Tabor et al. 

(2000) and Crandell and Gard (1959) is shown in Map 1, Appendix A. 

 

Miocene volcanic bedrock of the 23 million-year-old Fifes Peak formation is exposed at the 

mouth of the canyon downstream of MMD and along the toe of the south valley wall 

downstream to about RM 26.0. The bedrock consists predominantly of andesite and basalt flows, 

flow breccia, tuff, and minor volcaniclastic rocks (Tabor et al. 2000). Pinnacle Peak and Long 

Hill are composed of Fifes Peak Formation volcanic rock.  

 

Quaternary glacial sediments are sediments deposited by glaciers and sub- and pro-glacial 

rivers during and between glacial advances of the past between about 15,000 to 13,000 years ago 

during the Vashon age. Vashon sediments include glacial till, outwash, and glacial drift 

sediments. Glacial deposits (till and undifferentiated drift) overlain by younger Osceola Mudflow 

constitute the majority of Quaternary sediment deposits along both valley walls of the study area 

(Map 1, Appendix A). 

 

Glacial till and glacial drift typically are dense, poorly sorted mixtures of sand, silt, clay, and 

gravel and generally are erosion-resistant due to compression from direct contact with overriding 

glaciers. Till was observed in the field exposed at the base of the north valley wall from about 

RM 22.1 to about RM 21.7. Geologic mapping shows glacial till present in both valley walls at 

the limit of recent alluvium deposits in the study area for most of the lower 1.5 river miles in the 

study area. Based on field observations and the presence of the till at the base of the valley walls, 

it appears to be more resistant to erosion and has the effect of slowing channel migration. Within 

the glacial till, minor occurrences of moderately sorted and layered sand and gravel glacial 
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outwash deposits were observed in the field. The granular composition and non-cohesive 

strength of these materials makes them less resistant to erosion, but because of their infrequent 

occurrence the effect on channel migration is nominal.    

 

Quaternary Osceola Mudflow is a 5,600-year-old lahar that originated on Mount Rainier and 

flowed down the White River valley, filling the channel and spreading out over the lowland at 

the mouth of the bedrock gorge. It consists of an unsorted to poorly-sorted mixture of gravel, 

sand, silt, and clay. The matrix is clay-rich and cohesive, and the coarse materials consist of 

sand- to boulder-sized clasts of volcanic and glacially derived angular to sub-rounded material 

(Vallance and Scott 1997). The deposit generally exhibits a fining upward sequence with more 

gravel and boulders in the lower part of the deposit. The deposit is thickest within river channels 

and within the gorge downstream of MMD; the maximum thickness is about 455 feet. Exiting 

the gorge, the mudflow spilled out from between the narrow canyon walls and spread out over 

kame terraces and the glacial plain of the Puget Lowland. Osceola mudflow is present in the high 

banks and valley wall throughout the study area. Osceola mudflow deposits were observed 

overlying glaciofluvial deposits and till and overlain by alluvial terrace deposits (Figure 5).  

 

 
 

Figure 5. Left: High bank of glaciofluvial deposits overlain by Osceola Mudflow Formation along 
right bank White River near RM 22.1.  Right: Erosion resistant bank of Osceola overlain by alluvial 
terrace deposit, RM 23.7. White line delineates contact between units. 
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Recent deposits were formed in the Holocene period during the last 5,600 years and are still 

being formed by ongoing processes. Recent deposits include alluvium, colluvium, alluvial fans, 

and contemporary modified surfaces.   

 

The White River valley bottom is composed mostly of younger alluvium, which includes 

moderately sorted sand, gravel, and cobble deposited by the river. Younger alluvium in this 

study area includes two main size fractions: coarser sediments, which move as bedload and 

constitute most of the gravel bars, riverbed, and lower valley bottom, and finer deposits of sand 

and minor amounts of silt, which move in suspension and constitute the upper portion of 

overbank deposits. White River alluvium includes a substantial number of boulders that are 

probably lag deposits from landslides and other channel-slope processes. Alluvial terrace 

deposits are texturally equivalent to younger alluvium, though it is typically more weathered. It 

has not recently experienced fluvial erosion or deposition because the active channel has incised 

to a lower elevation. Hence, older alluvium lies at higher elevation as an abandoned terrace such 

as along the distal edge of both banks (Figure 5). Alluvial terraces are located primarily on the 

left bank of the study area upstream and downstream of the SR 410 bridge. 
 

An alluvial fan is a fan-shaped depositional feature of decreasing slope deposited by a river or 

stream where that channel exits a steeper, narrower valley and flows across a broader and less-

steep valley. Alluvial fans from significant tributaries can influence channel migration in the 

mainstem river if the sediment load from the tributary is sufficient. Alluvial fans from two 

tributaries, Red and Boise creeks, are not significant in this reach of Middle White River; their 

lack of significance indicates that the White River readily entrains any material transported by 

these streams. 

 

Landslide deposits consist of landslide and mass-wasting material and are sources of bedload 

and suspended load sediment to the river. Deep-seated features and landslide-prone slopes are 

present immediately upstream of the project study reach along the upper slopes of the bedrock 

gorge. Small shallow landslides were observed upstream of RM 26 on the left (south) valley wall 

and consist of angular cobbles and boulders in a variable matrix of silt, sand and gravel. Shallow 

surface slumps and raveling of slope deposits (colluvium) were observed throughout the project 

reach along steep river banks and valley walls. None of the mapped large landslides in the study 

area has moved as a single mass to block or redirect the Middle White River during the historical 

record. 
 

Examples of modified surfaces relevant to channel migration include levees and revetments, 

and road, trail, and bridge fill prisms. Fill prisms that are not adequately designed or compacted 

to resist erosive forces of the White River may erode more quickly than alluvium. Fill material 

placed on the bank at the location of the 2003 Tacoma Pipeline excavation on the left bank 

(Figure 6) were observed to be eroding more readily than surrounding native alluvium. Levees, 

revetments, and reinforced fill such as bridge abutments resist erosion and transfer or translate 

erosion to unprotected areas on the river bank.  
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Figure 6. Left bank erosion at location of Tacoma Water Pipeline crossing, White River Reach 3, 
RM 22.55. 

 

In summary, if unconstrained, the river typically will migrate laterally through young alluvium 

of the modern valley bottom, older alluvium of abandoned terraces, exposed landslide deposits, 

alluvial fans, and modified fill. The river more slowly erodes relatively erosion-resistant bluffs 

by undermining and cliff retreat processes. In the few places where bedrock is exposed along 

riverbanks, no bank erosion or channel migration is evident during timeframes relevant to this 

study. 

 

 

3.4 Geomorphology 

This subsection provides an overview of the physical setting and conditions that affect the 

geomorphology of the study area as a whole; significant geomorphic features are shown in 

Figure 7. Reach-scale morphology is described in Section 4.2. Observations from 2018 field 

work are shown in Appendix A, Map 2. 
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Figure 7. Geomorphic setting of the Middle White River. 
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From the MMD outlet, the Middle White River is confined within a narrow bedrock gorge for 

1.4 miles. At RM 27.2, the river exits the gorge and the valley bottom widens, increasing 

downstream to a maximum width of about 2,200 feet. Steep valley walls from 20 to over 70 feet 

high bound the valley and confine the river, which continues to downcut through Quaternary 

glacial and volcanic sediments. Alluvial terraces that formed in the early stages of the river as it 

remade its channel through the plain of Osceola Mudflow deposits comprise valley walls at the 

downstream end of the study area. The river flows generally northwestward through a post-

Osceola Mudflow valley and enters a section known as the Canyon Reach at about RM 20 at the 

downstream end of the study area. The relatively recent origins of the Middle White River valley 

and its source on the glaciated slopes of Mount Rainier strongly influence the present-day 

Middle White River geomorphic processes, including channel migration. The processes are 

established by the river slope, confinement, total sediment load, and geometry, but channel 

migration rates are affected by hydrologic and sediment transport controls imposed by MMD and 

the BDD structure. 

Downstream of the outlet of the bedrock gorge located at RM 27.2, the river valley ranges from 

moderately confined to unconfined. Active channel widths range from 150 to 800 feet, and 

historical and prehistoric active channel widths have an even wider range in areas where alluvial 

terraces formed. Current channel planform is a combination of single-thread meandering and 

anastomosing, but local areas of braided channel planform were observed in early aerial 

photographs, are common currently in reaches downstream of the study area where geomorphic 

characteristics are similar, and likely were more common in the project reaches prior to MMD 

construction. Pre-settlement historic information from early surveys and maps by the General 

Land Office, USGS, and others indicate that the Middle White River was a multi-thread 

anabranching channel with abundant side channels (1897 Tacoma quadrangle and 1913 Cedar 

Lake quadrangle, 1:125,000 scale). 

The Middle White River is capable of transporting most of the sediment load supplied from 

upstream (Montgomery and Buffington 1993). The primary geomorphic processes are the fluvial 

routing of water, sediment, and large wood, with corresponding geomorphic responses of 

overbank flooding, lateral channel migration, and avulsion (consistent with the process domains 

of Montgomery 1999). Small sediment contributions from tributaries, river-adjacent landslides, 

and colluvial sediment from slope processes are relatively minor as compared to the glacial 

sediment influx from upstream and have had relatively small influence on the fluvial geomorphic 

process within the period of record.   

The dominant channel type on the Middle White River is pool-riffle according to the 

classification system of Montgomery and Buffington (1993). A pool-riffle channel typically has 

mildly undulating bed topography with a rhythmic sequence of gravel bars, pools, and riffles 

(Montgomery and Buffington 1993). Boulder riffles and chutes were observed in several 

locations where local slopes drop steeply, often around large gravel bars. A plane-bed channel 

has a largely planar channel bed with occasional rapids but few to no pools or gravel bars. Very 

little of the Middle White River would be classified as plane bed (Map 2, Appendix A; Figure 8). 
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Figure 8. Plane bed at White River Reach 5, RM 24.7, right meander bend with Osceola overlain by 
glacial terrace deposit slope on left bank, point bar on right. Arrow shows flow direction. 

Channel slope within the study area is represented by the water surface slope along the active 

channel during the 2015 LiDAR survey, taken at approximately 1,250 cfs (Figure 9). Channel 

slope is consistent throughout the study area at 0.75 percent, with only small, locally steeper and 

shallower areas. 
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Figure 9.  Middle White River channel slope through the study area and channel elevation profile 
from RM 20.0 to RM 29.0. 

Channel confinement is the constraint placed on the channel by the proximity of valley walls or 

other erosion-resistant features. The Washington State Department of Ecology defines channel 

confinement based on the ratio of valley bottom width to active channel width. The channel is 

considered confined with a ratio less than 2, moderately confined between 2 and 4, and 

unconfined with a ratio greater than 4 (Ecology 1994-2016). By these criteria, all of the Middle 

White River channel downstream of the bedrock gorge in Reach 7 is unconfined with a few areas 

moderately confined where the channel widens to fill most of the valley bottom (Figure 10). 

Areas of lower confinement in Reach 4 reflect a narrower valley where the river bends to a more 

northerly flow direction and high alluvial terraces on both valley walls are closer to the active 

channel. Confinement also increases (ratio decreases) at the downstream end of Reach 2 and into 

Reach 1 because valley wall heights are greater and the active channel is wider with a large, 

persistent side channel present in Reach 1. 
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Figure 10.  Channel confinement within Middle White River study area. Unconfined channels are 
those with confinement ratios (valley width/active channel width) of 4 or more. 

The sinuosity of a channel is quantified by dividing the length of the active channel centerline by 

the length of the valley bottom centerline; channels are considered sinuous with a value less than 

1.5 and meandering with a value greater than 1.5 (Leopold et al. 1964). In a channel segment 

split by an island, the active channel centerline used for calculating sinuosity was drawn in the 

larger of the two channels. A value of 1.0 indicates a straight channel. The sinuosity value of the 

2017 active channel through the full study area is 1.2, making the Middle White River a 

moderately sinuous channel. Spatial and temporal variations in sinuosity and active channel 

widths are discussed in Section 4.4 and 4.5. 

3.5 Hydrology 

More rapid and greater extents of channel migration typically, though not always, occur during 

larger floods, whereas because they are more frequent, smaller floods tend to transport the most 

sediment by cumulative volume. The narrowing of channels is common during extended periods 

of lower flows such as those caused by the attenuation effects of MMD operations. The 

following section focuses on flood hydrology and depicts the challenge of measuring discharge 

and estimating recurrence intervals both pre- and post-dam. The effect of flooding on temporal 

variations in channel migration is discussed in Section 4.5. 
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Most major White River floods occur from November through February. With headwaters on 

Mount Rainier glaciers, snowmelt also increases White River flows in late summer, but typically 

not to a level of flood concern. The primary determinant for flooding characteristics in the White 

River since 1948 is the presence and flow control operations of MMD project operated by the 

USACE (King County 2006).  

Information on hydrology and flooding was obtained from multiple official gages operated by 

USGS. Annual peaks at USGS gage 12098500 White River near Buckley, WA (RM 27.9) began 

in 1929, nearly 20 years before MMD was built, and continued through 2003, when it was 

removed as part of the Tacoma Water pipeline replacement project. In 2004, a new USGS gage 

12099200 White River above Boise Creek, at Buckley, WA, (RM 23.9) began recording annual 

peak flows through present day. Annual peaks measured at both gages are shown in Figure 11. 

The two gage locations are about 4 miles apart with the White River above Boise Creek gage 

(12099200) location downstream of the White River near Buckley gage (12098500) location. 

The White River above Boise Creek gage (12099200) is also below the Lake Tapps diversion, 

which can divert up to 1,000 cfs if minimum instream flows are met (between 500 and 875 cfs, 

depending on the month) (White River Management Agreement 2008). Flow diversions have not 

had a significant effect with regard to flood flows on the White River.  

Figure 11 also shows the operational flows for the 100- and 10-year events (1 percent and 10 

percent annual chance, respectively), both of which reflect the 2004 Water Control Manual 

(WCM) for MMD. The most recent measured peak flows reflect the deviations from the WCM 

that have been in effect from 2009. Dashed vertical lines in Figure 11 show the year of 

completion of MMD in 1948 and the beginnings of the recent deviations to the WCM in 2009. 

In addition to the official USGS gage data, discharge estimates were published by the USGS for 

unnumbered gages established on the SR 410 and Pacific Railway bridges in Buckley between 

1899 and 1901 and re-established in 1910 (Henshaw and Parker 1913). Peak annual flows 

available from a period of record from 1899 to 1911 are included in Figure 11. The 1913 report 

also notes that an “extreme flood” occurred in 1903 and resulted in the channel shifting 

“materially” and leaving the gage dry at its location on the highway bridge and eliminating the 

ability to measure the size of this flood. The magnitude of a large flood in 1906 also goes 

unknown because the gage was not established, but it resulted in the avulsion of the White River 

channel in Auburn and the rerouting of the river discharge location from the Green River to the 

Puyallup River. The Buckley area gage was re-established on the Pacific Railway Bridge in 

October 1910.  

As a sole-purpose flood protection facility near River Mile 29, MMD reduces peak flood flows 

and releases the stored water at a lower flow over a longer duration than would occur if the dam 

were not in place. MMD is congressionally authorized and operated by the USACE to control 

floods along the lower Puyallup River. Its operation is targeted to a maximum flow of 45,000 cfs 

on the Puyallup River at the Puyallup gage (USGS gage 12101500; USACE 2004). Although 

targeted for the Puyallup River, these dam operations also result in a secondary decrease to flood 

flows along the White River relative to pre-dam conditions. In addition to its primary flood 

control purpose for the Puyallup River, the USACE operates MMD to achieve flood benefits on 

the White River as is feasible (King County 2006). It is important to note that the total controlled 
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Figure 11. White River annual peak flows at USGS gages 12098500 White River near Buckley, WA and 12099200 White River above 
Boise Creek, at Buckley, WA, and older, estimated peak flows prior to 1915. Horizontal dashed lines show selected flow quantiles 
determined by the 2009 flood study incorporating the 2004 WCM for MMD. Vertical dashed lines indicate the construction of MMD in 
1948 and the start of a series of deviations from the WCM in 2009.
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flow capacity through the dam is 25,000 cfs without use of the emergency spillway. USACE is 

authorized to release 17,600 cfs from the dam under the current MMD WCM. 

Flood hydrology on the White River has been altered as a result of operational changes when the 

USACE revised the WCM in 2004. The significant change in operations was to limit discharges 

to 12,000 cfs when feasible for all events up to and including the 1 percent annual chance flood 

(Northwest Hydraulic Consultants 2008). The 2009 flood study for the White River in the study 

area uses the 2004 WCM dam outlet hydrology in determining flood flow quantiles. Flood 

hydrology below MMD changed again when the USACE modified operations after flooding in 

January 2009. This flood event greatly affected the downstream communities of Pacific and 

Sumner as a result of combined causes of a large flood event along with diminished channel 

capacity from ongoing sedimentation in this portion of the river. Since 2009, various approved 

deviations from the 2004 WCM have been in effect to allow for dam operations to target lower 

outflows from MMD with the goal of reducing flood risks to the communities of Pacific and 

Auburn. Utilizing approved deviations from the 2004 WCM are expected throughout the 

reconstruction of the BDD and fish trap for the next 3 to 4 years, through 2021 or 2022. These 

deviations will target maximum outflow from the project to 6,000 cfs. MMD operations will be 

reassessed once this construction is complete. 

Flood flows determined by the White River flood study (King County 2009) are presented in 

Table 3. Note that these flows were determined based on flows between 1946 and 2007 and 

reflect the September 2004 WCM but do not reflect the post-2009 deviations from that WCM. 

Table 3. White River flow annual percent chance and recurrence intervals and discharge 
magnitudes from White River Flood Study, based on flows between 1946 and 2007 (King County 
2009). 

Annual 
Percent 
Chance 

Exceedance (%) 

Recurrence 
 Interval 
(years) 

From confluence with Red 
Creek to confluence with 

Boise Creek 
RM 26.78 - RM 22.61 

(cfs) 

From confluence with Boise 
Creek to downstream study 

limit 
RM 22.61 - RM 22.01 

(cfs) 

0.2 500 15,400 16,800 

1 100 13,000 14,000 

2 50 12,900 13,900 

10 10 12,300 13,000 

Since November 1911, the White River flume has diverted water from the White River for 

storage in, and maintenance of, Lake Tapps. Up to 2,000 cfs was diverted to the flume at the 

BDD until 2004 when the maximum allowed diversion was decreased to 1,000 cfs when 

minimum instream flows are met (White River Management Agreement 2008). 

After completion of MMD dam and before the series of WCM deviations that began in 2009, 

White River annual peak flows exceeded 12,000 cfs 10 times in 56 years, and on five occasions 

the flows were at or above 14,000 cfs downstream of MMD near Buckley (see Figure 11). Since 

2009, releases from MMD have not exceeded 7,500 cfs. With deviations from the WCM 
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expected to be in place for the next 3 to 4 years, the 12 to 13 year period starting in 2009 will 

have the lowest annual peak flows on the White River in the period of record. 

Within this study reach there are two tributaries: Red Creek and Boise Creek. Red Creek enters 

the White River at approximately River Mile 26 and is ungaged. Boise Creek enters the White 

River at approximately River Mile 22.6 and is below the White River flume. Boise Creek is 

gaged (USGS gage 12099600, since 1987). The peak flow from these tributaries is not coincident 

with respect to the White River peak flows and regulated MMD outflows. 

The pre- and post-dam hydrology for this reach differ for the larger events on the White River. 

The largest known flow in the historical record was 28,000 cfs in December 1933, and this flow 

occurred pre-dam. After the dam was completed, flows in this reach have not exceeded 16,000 

cfs; however, large events occurred as indicated by MMD inflow records and were managed per 

the WCM stipulations. The record peak inflow into MMD may have occurred in December 1977, 

when the daily mean flow was reported as 32,000 cfs. Confidence in this estimate is low (K. 

Brettmann, e-mail, July 30, 2018). Other large (>20,000 cfs) inflows to MMD occurred in 1996, 

2006, 2009, and 2015 with the 2006 peak inflow estimated to be near 30,000 cfs. These inflow 

values are typical of the pre-dam hydrology in the study reach. As noted earlier, the total 

controlled flow capacity through MMD is 25,000 cfs without use of the emergency spillway.  

Pre- and post-dam hydrology for the lower flows through this run-of-the-river dam were mostly 

unchanged for this reach until 2009. The 2-year flow (50 percent annual exceedance probability) 

at the USGS gage above the dam and below Clearwater Creek (12097850) is approximately 

11,000 cfs (King County 2016). Prior to 2009, this flow would have been passed through MMD 

unregulated in all but the most unusual circumstances (e.g., back-to-back storms). The current 2-

year flow for this reach of the White River based on a King County analysis of flows between 

2003 and 2015 is 7,034 cfs (King County 2016). After 2009, MMD outflows have been targeting 

6,000 cfs releases, which was exceeded only once, when 6,070 cfs was recorded on November 

18, 2015, at gage 12099200.  

Records of MMD inflow better reflect the natural hydrology of the Middle White River and the 

flows that shaped the river channel in the project reach. For reference, mean daily inflows into 

MMD as calculated by the USACE are shown in Figure 12. Flood hydrology is expected to 

change in the future as the BDD reconstruction and other projects are completed. USACE 

revisits channel capacity below the dam over time and as flood mitigation projects are 

implemented. Levee setback projects completed and planned by King County and the City of 

Sumner are designed to increase channel capacity in the vicinity of Auburn, Pacific, and Sumner. 

These projects will mitigate downstream flooding such that the USACE can release larger peak 

flows from MMD. It is expected that future peak flows will more closely resemble historic peaks 

from after the construction of MMD until the early 2000s. All present and future outflows from 

MMD are at the discretion of the USACE.  
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Figure 12. White River mean daily inflows to MMD from 1948-2017. Data obtained from Dataquery 
2.0 (www.nwd-wc.usace.army.mil/dd/common/dataquery/www/) on 7/31/2018.  

3.6 Sediment characteristics 

The most important element affecting channel migration in the Middle White River is the river’s 

high sediment load. Originating on the glaciated slopes of Mount Rainier, the White River has 

one of the highest sediment loads of the Western Washington rivers, averaging 460 metric tons 

per square kilometer per year above MMD (Czuba et al. 2012). Rivers that drain Mount Rainier 

carry higher sediment loads than rivers not draining volcanoes (Czuba et al. 2011). A river’s 

sediment transport capacity, the ability of the river to carry sediment in suspension and as 

bedload (rolling, sliding, or saltating), is determined primarily by channel slope and confinement. 

Reduced transport capacity typically results in sediment deposition and depositional river 

reaches with unarmored alluvial banks which are likely to experience bank erosion and channel 

migration as flow is deflected by deposited material (e.g., Nanson and Hicken 1986). Transport 

and deposition of coarse sediment (i.e., coarse sand, gravel, cobble and larger particles) is of 

primary interest in this study for its influence on channel migration. Coarse, dominantly bedload 

sediment is temporarily stored in gravel bars as it is slowly and episodically transported 

downstream to the alluvial fan in the Duwamish-Puyallup valley. Most suspended load sediment, 

sand, silt, and the “glacial flour” that gives the White River its name, is transported downstream 

by most flows. 

3.6.1 Sediment sources 

Numerous researchers have investigated sediment transport in the Middle White River. Previous 

studies by Nelson (1979), Cooper (1983), Dunne (1986), and Czuba et al. (2010, 2012) were 

reviewed, and pertinent information is summarized in this and following subsections. The 

USACE also has conducted sedimentation surveys of the MMD reservoir and produces periodic 
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reports (e.g., USACE 2011). Additional studies completed on reaches downstream of the Middle 

White River CMZ study area by Herrera, (2007) and Prych (1988) also were reviewed. 

Information about sediment carried by the White River flume was obtained informally from 

Cascade Water Alliance (CWA). A new study to quantify sediment supply and depositional 

trends for the White River is currently underway by the USGS and preliminary study results 

were used to inform this study (K. Jaeger, principal investigator).  

White River sediment (alluvium) is generated by glacial scour, debris flows, and landslides that 

readily erode the unconsolidated surficial materials in the drainage basin. For the White River 

basin, surface materials laid down during Mount Rainier volcanic events in the Holocene (about 

the last 12,000 years) included 11 pumice-producing eruptive periods and at least 60 lahars, the 

largest of which was the Osceola Mudflow (Czuba et al. 2010). Sediment that originates on 

Mount Rainier and its surrounding slopes and foothills is transported downstream to the study 

area via four White River tributary branches. These tributaries, from upstream to downstream, 

include: mainstem White River, West Fork White River, Greenwater River, and Clearwater 

River. The White and West Fork White originate at glacier terminuses, whereas the Greenwater 

and Clearwater rivers drain steep mountain terrain that was glaciated during the Quaternary 

Vashon glacial epoch. The main sources of alluvial sediment entering the study area are the 

glaciers on the north side of Mount Rainier and erosion of banks and valley walls (K. Jaeger and 

S. Anderson, USGS, pers. comm., May 8, 2018). The active channel width of rivers draining

Mount Rainier is strongly correlated with the amount of sediment produced by and surrounding

the terminus of the glacier (Czuba et al. 2012). Very coarse sediment (greater than 18 inches in

diameter) in the Middle White River Channel is locally derived from bank and valley wall

erosion of glacial and Osceola Mudflow deposits (Mullineaux 1970; Dunne 1986).

3.6.2 Suspended load and bedload 

The White River suspended load includes clay, silt, and sand-sized material up to 0.5 mm 

diameter. Suspended sediment entering MMD was estimated to be between 146,000 and 

1,400,000 tons per year with a 10-year average of 500,000 tons per year based on 2 years of 

monitoring from June 1974 to June 1976 (Nelson 1979). Approximately three-fifths of the 

suspended sediment is sand. Sand travels in both suspended and bedload, and grain size increases 

with flow. Between 40 and 60 percent of the suspended load, or about 200,000 tons per year 

(Dunne 1986), currently is diverted from White River into the flume. CWA reports removing 

sand about every 7 years from a series of settling basins on the flume route to Lake Tapps and 

estimates between 25,000 and 30,000 cubic yards accumulates annually. This sediment diversion 

will decrease after reconstruction of the BDD and flume intake structure is complete after 2020 

(J. Mickelson, CWA, pers. comm., May 9, 2018). 

Measured bedload (3 inches or smaller) is 4 to 10 percent of suspended load, ranging from 6,000 

to 56,000  tons per year(5,000 to 45,000 yd3/yr) with a 10-year average of 20,000 tons per year 

(Dunne 1986). Simulated annual bedload for the 5- and 10-year periods between 1999 and 2009 

by Czuba et al (2010) ranges from 5,000 to 60,000 yd3/yr and are consistent with the ranges 

determined by Nelson (1979) and Dunne (1986). The fraction larger than 3 inches is not included 

in this estimate and additional large material is locally sourced from river bed, banks, and valley 

walls composed of alluvial, glacial, and Osceola Mudlfow deposits. Sediment observations made 
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by Dunne (1986) include that bed and bars are armored, imbricated, and particles smaller than 90 

mm are clean and shiny, indicating frequent movement. The subsurface layer contains less than 

12 percent material up to 1 mm grain size (sand) in the project reach (Dunne 1986). Field 

observations made for this study are consistent with those made by Dunne over 30 years ago. 

The channel and bars are armored, and very little sand-sized or finer material was observed in 

the field between January and June 2018. Imbricated clasts (Figure 13), bank scalloping, and 

areas of new deposition are ubiquitous throughout the study area, as shown in Map 2, Appendix 

A.  

Figure 13. Clast imbrication and armoring of cobble- and gravel-sized bed material. Arrow shows 
flow direction; left photo is bed material at RM 26.5 when flow was 350 cfs; right photo from gravel 
bar at RM 24.9. 

3.6.3 Sediment transport 

The MMD flood control dam is designed to pass sediment smaller than 18 inches in diameter, 

and studies indicate that the vast majority of coarse bedload is transported through the dam 

(Czuba et al. 2010). However, timing of downstream transport is modified from the natural 

sediment transport regime that was controlled by high flow events prior to dam construction. 

Cooper (1983) and Dunne (1986) evaluated the influence of flow regulation on sediment 

transport. During flow retention, the reservoir pool deposits sand and coarse sediment that 

accumulates in depths of up to 40 feet behind the dam intake (Dunne 1986). Cooper (1983) 
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found that flow retention events for maintenance are more frequent than flow retention events for 

flood flows. Sediment that accumulates during flow retention is sluiced through the dam and 

passed downstream between winter storms and in spring and summer during seasonal snowmelt 

(Czuba et al. 2010). The natural flood flows that would transport this material further 

downstream are curtailed by dam operations or happened at different times, resulting in longer 

periods of storage for this material in the reaches immediately downstream of the dam. As 

described above in Section 3.5, since before 2009, the White River below MMD has not 

experienced a 2-year flow of approximately 11,000 cfs, (as calculated for the gage upstream of 

MMD) which is approximately the “channel-forming flow” or the flow that moves the most

sediment in the river over time. Sediment still moves at lower flows but at a slower rate.

Sediment storage in the study area reaches strongly affects channel migration and is discussed in

later sections.

Annual cycles of fill and scour within the channel with decadal cycles of aggradation-incision 

occur in the canyon immediately downstream of MMD (K. Jaeger and S. Anderson, USGS, pers. 

comm., May 8, 2018). Intra-annual fluctuations of the river bed elevation range from 0.5 to 2.8 

feet within a hydrologic year (Dunne 1986). Monitoring of channel bed elevation change in 

response to removal of a 4-foot high concrete weir and grade control structure that was 

protecting a Tacoma Public Utilities water pipeline across the White River at about RM 23.2 

found channel bed elevation change of -2.4 feet at the construction site, an average bed elevation 

change of -1.3 feet upstream, and average change between -0.9 and +1.5 feet downstream within 

5 years (R2 Resource Consultants, Inc. 2008).   

3.7 Large wood  

The presence of large wood has the potential to affect both lateral migration and occurrence of 

avulsions by increasing local sedimentation, riverbed levels, and associated water surface 

elevations (Brummer et al. 2006). Wood pieces large enough to act as key members in the 

formation of log jams can recruit other wood, create “stable log jams, trigger avulsions and 

sustain a channel pattern with multiple branches” (Montgomery et al. 2003). Large wood 

accumulations also meter flow into floodplain sloughs and mediate the occurrence of avulsions 

in floodplain channels (Collins and Montgomery 2002). 

For a study of aquatic habitats that included an analysis of historical forest composition in the 

lower part of the study area, Collins and Sheikh (2004b) interpret that mature trees in streamside 

forests prior to logging in the White River Valley were limited in size, likely because they were 

subject to frequent channel migration. Conifer species were common in the upper White River 

valleys and floodplains. An 1897 USGS topographic map showing standing timber density 

shows that the forests in the watershed in the study area had been cut and/or burned and were 

being restocked. Using field notes from the 1860s General Land Office surveys, they analyzed 

the size of bearing trees to estimate the species and size of the largest trees and found that black 

cottonwood were the majority of the largest trees in the Lower White River valley followed by 

Western redcedar, Douglas-fir, and bigleaf maple.  

Tree removal from Puget Sound river channels by the USACE and others has been conducted 

since the beginning of the 20th century. The USACE used snag boats near river mouths. Drift 

barriers made of thick cable stretched across a river channel were built to intercept floating trees 
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on the White River. A drift barrier was built in the study area just downstream of BDD, and 

remnants of it are still present in the channel today (Collins and Sheikh, 2004a and 2004b). Drift 

removal at MMD and again at the BDD has been routine since the dams were put in place. Large 

wood is permanently removed from the system at the MMD intake and debris basins. Debris is 

either salvaged for booms, habitat logs, or firewood or cut up and burned on site (USACE 2004). 

Drift wood that collects on the BDD causes damage to the flashboards. The new barrier structure 

that currently is under construction and will be completed by the end of 2020 is designed to pass 

large wood through the structure (C. Adams, USACE, pers. comm., May 24, 2018). 

Field observations during this study identified abundant large wood in the channel and available 

for recruitment in the floodplain throughout the study area (Figure 14). The largest trees 

observed were cottonwood and Western red cedar up to about 4 feet in diameter. In addition, 

evidence of recent beaver activity was observed primarily on cottonwood trees, and this activity 

contributes to recruitment of large trees without rootwads to the channel, primarily along banks. 

A significant log jam observed on the left floodplain at RM 24.2 appears to be inducing sediment 

deposition and preventing development of an avulsion pathway across the point bar at this 

location (Figure 14). The majority of in-channel wood observed during 2018 field work was 

adjacent to banks, on gravel bar apexes, or on bar tops, and key-member-sized wood is rare in 

the study area. Channel-spanning logs also are rare and where observed, the channel was split 

around a medial bar and narrowed by at least half of the total wetted channel width. Old-growth 

stumps also were observed throughout the study area, and their presence on the floodplain 

indicates a significant period of channel stability of over 100 years. The potential effect of large 

wood accumulations on channel migration is discussed in Section 4.4 and Section 4.5.  

Figure 14. Large wood jam (star) and sand deposit at downstream end of left lateral bar in White 
River Reach 4, RM 24.2. Jam and sand deposit fill avulsion pathway entrance on left floodplain. 
Arrow shows flow direction. 



              Middle White River Channel Migration Study 

King County River and Floodplain Management  37  December  2019 

4.0 CHARACTERISTICS OF CHANNEL 

MIGRATION IN THE STUDY AREA 

This section provides a description of specific channel migration processes observed in the study 

area before and during 2018 field work. Spatial and temporal variations in channel migration are 

evaluated and used to inform the delineation of channel migration hazards in Section 5.0. 

4.1 Channel migration processes 

Channel migration occurs by three processes in the Middle White River study area: lateral 

migration, channel expansion and contraction, and avulsion. The high sediment load in the 

Middle White River is the primary driver of channel migration, followed by accumulations of 

large wood that can influence local patterns of sediment deposition.  

Lateral channel migration occurs as a combination of sediment deposition along one riverbank 

coupled with bank erosion along the opposite bank. The result is a progressive net movement, or 

migration, of the channel across the valley bottom, and it often has a component of downstream 

channel translation.  

Channel expansion is a widening of the active channel where the widening manifests as an 

increase of the channel width toward both riverbanks. Conditions that cause this type of channel 

migration include an increase in sediment influx that fills the channel bed and forces river flow 

to expand across the floodplain, the eroding effects of a large flood flow, or channel widening 

after an avulsion. Channel expansion also can follow a period of channel incision as the lowering 

of the riverbed undercuts and destabilizes the riverbanks, which collapse into the active channel 

and effectively set back the bank tops (Simon 1989). Large flood events can also cause the 

channel width to expand (Czuba et al., 2012). Channel expansion is common in the Middle 

White River because of the high sediment load. Previous practices by USACE releasing pulses 

of sediment promoted sediment deposition, especially in the upper portion of the study area, 

Reaches 5 and 6. Channel downcutting and subsequent bank erosion and channel widening was a 

highly active process during the formation of the current river channel as the river cut a new 

pathway down through the Osceola Mudflow deposits over the past six millennia.   

Channel contraction or narrowing is measured as channel migration because the locations of the 

channel banks and centerline change and as vegetation becomes established, floodplain 

roughness increases, and as flood flow and main channel conveyance pathways change.  

Active channel width (Figure 2) decreased significantly in the Middle White River after the start 

of MMD operations as documented by changes observed in 1944 and later aerial photographs. 

Although sediment is passed through the dam, management of flood flows as well as the episodic 

nature and unseasonal timing of sediment “sluicing” certainly affects active channel width and 

channel migration. Three flood flows exceeding 16,000 cfs, including the 28,000 cfs flood of 

record, occurred in 3 of the 4 years prior to when the 1936 aerial photograph was taken (Figure 

11); flows have not exceeded 16,000 cfs since MMD operations began in 1948. Narrowing and 

simplification of the channel and increases of floodplain roughness caused by vegetation 
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establishment and growth decrease available storage for sediment and flood flows. Therefore, 

when pulses of sediment are released without natural flood flows required to transport them 

downstream, sediment is stored in the reach and channel migration occurs. 

Avulsion is another prominent channel migration process along the Middle White River. In an 

avulsion, the channel shifts abruptly to a different location without laterally eroding through the 

land between the two channel locations. An avulsion may occur rapidly, such as during a single 

flood event, or more gradually, as the majority of flow shifts from one channel to another over 

several years. Avulsions may be triggered by the onset of unpredictable conditions such as rapid 

sediment deposition that results from a landslide or log jam. Though avulsion triggers may be 

unpredictable, certain conditions favor the occurrence of avulsions, as described in Section 2.4.2. 

Comparison of channel locations evident in historical maps and aerial photos reveals the 

location, type, and extent of past channel migration. Information about past channel migration is 

used to predict future channel migration and map channel migration hazard areas. Comparison of 

channel locations in sequential aerial photos in a GIS format informs the evaluation of lateral 

channel migration, channel expansion, and avulsion, as does the compilation of all digitized 

historical channel locations and are shown in Sheets 1a through 3e, Map 3, Appendix A. The 

composite map of historical channel locations becomes the HMZ shown in Sheets 1f through 3f, 

Map 3, Appendix A. 

Water surface elevations related to 50 percent annual chance flow (2-year flow of 7,034 cfs 

based on King County 2016) in the mainstem channel were compared to the topographic 

elevations of valley-bottom surfaces and secondary channels from the LiDAR to produce an 

elevation difference map, as shown in Map 4, Appendix A. Downstream of RM 21.2, lower 

resolution LiDAR obtained in 2010 was used to make the elevation difference map and the 2015 

LiDAR was used for the remainder of the study reach. 

Map 4, Appendix A, is equivalent to a “Height Above Water Surface” or HAWS map of Jones 

(2006). The HAWS map represents the relative floodplain elevation above a moving datum 

corresponding to the water surface of the 2-year water surface elevation as opposed to a fixed 

vertical datum. The 50 percent annual chance flood event is used in Map 4 because, prior to 

2009, it was a relatively frequent flood (although since 2009, the river discharge from MMD has 

rarely exceeded 6,000 cfs because of reservoir operations at MMD). At this flow, the river 

accesses low-lying areas and is relevant to mapping avulsion hazards. Also, Map 4 does not 

include consideration of the hydraulic connectivity of the valley-bottom areas (shown in color) to 

the main channel. Some low areas and channel-like features shown in the mapping may be 

hydraulically disconnected from the main channel. For example, the low lying areas north of RM 

24 are behind levees (Kahne Levee and Hatchery levee) and are shown in the mapping as not 

being inundated, but during 2018 field visits they were observed to contain ponded water, likely 

from groundwater and tributary sources. 

Within the river channel, this map illustrates the difference in elevation between the water 

surface at 7,034 cfs and the water surface at the time that LiDAR was flown, the latter of which 

was flown at about 1,260 cfs. Therefore, the elevation difference within the channel in Map 4 

does not accurately depict the full water depth to the channel bottom at 7,034 cfs and does not 
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represent specific localized channel conditions. Cooler colors (blue and purple) in Map 4 indicate 

valley-bottom areas that are as much as 6 to 10 feet lower in elevation, and warmer colors 

(yellow to green) indicate valley-bottom areas that are as much as 2 to 4 feet lower in elevation 

than the water surface at 7,034 cfs.  

4.2 Morphology of the study reaches 

River reaches in the study area were defined based primarily on channel confinement, channel 

pattern, and channel controls such as the presence of bedrock, bank materials, dams, and bridges. 

Channel sinuosity and the presence of infrastructure other than dams and bridges were 

considered secondarily. Channel slope is relatively consistent across all study reaches and was 

not considered a factor in reach definition. 

Seven reaches were identified and numbered from downstream to upstream in the study area. 

Reach boundaries are shown in Map 1, Appendix A and listed in Table 4. Channel slope, 

confinement, sinuosity, and infrastructure were described for the overall study area in Section 

3.4. Additional information is provided in this section regarding riverbank materials, channel 

pattern, and sinuosity by reach. 

Natural riverbank materials vary from readily eroded unconsolidated alluvium to erosion-

resistant glacial formations, Osceola Mudflow deposits, and bedrock, the latter of which is 

assumed to be impervious to erosion over the timeframes of this study. The erodibility of 

constructed levees, revetments and infrastructure varies considerably. Evaluation of riverbank 

materials for this investigation was informed by field observations and surficial geology maps 

(Section 4.2 and Map 1, Appendix A). 

The channel pattern appears in plan view either as a single channel or multiple channels through 

most of the study area. A single-channel pattern conveys flow up to and including bankfull flow 

(as defined by hydraulic geometry not the top of all banks) entirely in one main channel and 

across the tops of gravel bars within the active channel. A multiple-channel pattern consists of 

more than one channel separated by islands that may be vegetated, stable, and infrequently 

inundated. A braided channel has a high channel width-to-depth ratio, typically with multiple 

small, frequently-shifting channels separated by low, unvegetated gravel bars that are frequently 

inundated. The different channel patterns are visible in Map 3, Appendix A. 

Active channel width is related to channel pattern because a multiple-channel or braided channel 

pattern typically is wider than a single channel. The 2017 active channel width ranges from about 

180 feet to over 800 feet through the study area (Figure 15). The 2017 maximum active channel 

widths are located where the river has the fewest constraints on sediment accumulation. The 

2017 channel is widest where the main channel is split into two branches (RM 21.1 to RM 20.3) 

and where the channel is somewhat braided (RM 21.2 to 21.0) (Figure 15). The 2017 channel is 

narrowest where it is a single-thread and constrained such as in Reach 7 where it is confined in a 

narrow bedrock gorge, in Reaches 2 and 3 where the channel location is constrained by the SR 

410 bridge, and around RM 25.6 where it is held in position by bedrock in the left valley wall.  
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Table 4.  Middle White River general reach characteristics. 

Reach 

River Mile 

Length 
(miles) 

2017 
Sinuosity Channel pattern, river banks, geology, constraints 

D/S 
end 

U/S 
end 

7 27.15 27.4 0.25 1.04 

Single channel, nearly straight, strongly influenced by 
bedrock, sediment transport reach, little migration. 

6 25.6 27.15 1.55 1.14 

Single thread to anastomosing channel with small 
forested islands, bedrock controls on right at upper end of 
reach, on left at lower end, response reach with high 
sediment storage, Red Creek confluence at RM 26.0. 

5 24.6 25.6 1.0 1.26 

Single thread to anastomosing channel with small 
forested islands, unconstrained channel with large 
forested floodplain and side channels on left, response 
reach with high sediment storage. 

4 23.6 24.6 1.0 1.23 

Anastomosing channel with larger forested islands and 
connected floodplains. Right bank channel bank armoring 
and levees protect White River hatchery facilities. Buckley 
Diversion barrier dam and MMD fish passage facility 
comprise downstream reach break; sediment storage 
upstream of dam. 

3 22.43 23.6 1.17 1.21 

Single thread channel between dam and SR 410 bridge, 
unconfined channel, post-dam has become a sediment 
transport reach with limited channel migration, Boise 
Creek confluence at RM 22.6. 

2 21.3 22.43 1.13 1.06 

Single thread channel between high valley walls on both 
sides, moderately confined channel because of valley 
wall constriction, response reach with high sediment 
storage and channel migration. 

1 20.3 21.3 1.0 1.19 

Anastomosing with large forested islands, moderately 
confined channel because of valley wall constriction and 
very wide active channel with persistent side channels, 
response reach with high sediment storage and high 
channel migration. 

D/S = downstream; U/S= upstream. 

The active channel is much narrower through most of the study area now than it was in 1936 

prior to construction of MMD. Decreases in active channel width indicate transition from past 

multiple or braided channels to a predominantly singe-channel pattern today (see also Section 

4.5). A narrower width and less complexity are channel responses that are consistent with the 

decreases in peak flows that have occurred since completion of MMD (Section 3.5). Natural 

channel constraints such as the bedrock gorge that ends at RM 27.2, the bedrock bounds on the 

alluvial valley at RM 26 (including Pinnacle Peak in the right valley), and the thick glacial and 

Osceola Mudflow sediments in the valley walls at RM 23.9 and downstream of RM 22.3 

controlled the valley and active channel width prior to flood flow management of MMD.  
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Figure 15.  Middle White River active channel widths in 1936, 1965, 1980, and 2017. Note that 1936 
photograph ends at RM 26.2. 

Sinuosity values in 2017 range from about 1.04 to 1.27 through the seven reaches. This range 

indicate a low to moderate sinuosity that is spatially consistent throughout the study area (Figure 

16). Temporal variabilities differ by reach, as described below. 
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Figure 16.  Middle White River channel sinuosity by reach and year. 

Study reach characteristic are described below from upstream to downstream and summarized in 

Table 4. Characteristics include observations from project field work conducted between January 

and May 2018. Representative photographs from 2018 field work are provided throughout this 

report. 

Reach 7 extends from the upstream end of the study area at RM 27.4 down to RM 27.15, where 

the bedrock gorge opens up and the channel begins to meander across a widening valley. The 

channel is confined within a valley bottom that is less than 200 feet wide but increases to about 

450 feet at the downstream reach break. Erosion-resistant Tertiary volcanic bedrock in the lower 

gorge walls and at the valley wall toe on the left side of the reach controls the channel location 

and limits channel migration in the reach (See Figure 17). Glacial sediments overlain by Osceola 

Mudflow deposits comprise the upper valley walls both in the gorge and downstream. 

Geomorphic slope processes including landsliding, raveling, and mass wasting supply sediment 

and wood to the river channel throughout this reach (See Figure 18). The single-channel pattern 

is relatively straight, with an average sinuosity of 1.19. Large volumes of sediment are deposited 

and stored at the downstream end of the reach where the valley begins to widen at RM 27.4. 

Sinuosity and channel locations have not changed significantly since 1936. Channel migration 

within the study period has occurred in Reach 7 as moderate channel expansion and lateral 

migration related to sediment deposition in lateral bars at the gorge outlet. A USGS stage-only 

stream gage (12098500) is located on the right bank at RM 27.3 (USGS RM 27.9) and a dirt road 

that leads to the gage is present on the right floodplain. See Figure 18.  
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Figure 17. View downstream of White River at RM 27.4 in Reach 7. Left photo shows typical 
channel conditions include a relatively straight single-thread channel with coarse substrate. Cable 
visible above treeline is part of USGS gauge at RM 27.3. Right photo shows right bank toe bedrock 
outcrop. Arrows show flow direction. 

Figure 18. Recent, shallow debris slide on left bank at RM 27.3, Reach 7, directly across from 
USGS gauge on right bank. Arrows show flow direction. 

USGS 

gauge 
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Reach 6 extends from RM 27.15 downstream through two sets of irregular, large-amplitude 

meander bends to RM 25.6. The active channel from RM 26.3 to RM 26.0 has been up against 

the left valley wall throughout the entire photographic record, and the thalweg is deep and fast-

flowing on the left side of the channel (Figure 19). The river valley location is controlled by two 

bedrock promontories exposed in the reach, Long Hill on the left and Pinnacle Peak on the right. 

Bedrock is present along the left bank at the base of 1,480-foot-high Long Hill which is 

composed of Tertiary volcanic bedrock draped with surficial deposits of Osceola Mudflow and 

glacial sediments (see Figure 20). Pinnacle Peak, another large outcrop of Tertiary volcanic 

bedrock, is present on the north (right) side of the valley. Red Creek is a small tributary that 

flows over 4,000 feet across the right floodplain parallel to the White River channel, from a 

waterfall drop near RM 26.8 to its discharge into the White River at RM 26.0 (see Figure 21). 

The Red Creek alluvial fan is minimally developed at the confluence, and the size of floodplain 

features observed in the LiDAR indicates that they likely were formed by the White River and 

not by Red Creek. 

Figure 19. Left bank erosion in Reach 6, between RM 26.3 and RM 26.1. View downstream showing 
sloughing, tree fall, and shallow landsliding along high banks in White River Reach 6. Boulder 
accumulation at toe of slope from overlying slope deposit. Arrow shows flow direction. 
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Figure 20. Left bank bluff, RM 26.3, Reach 6. Left photo shows erosion profile of steep slope with 
overhanging soil layer and talus toe. Right photo is closeup of geologic materials that comprise 
slope:  fluvial or glaciofluvial deposits overlain by very coarse slope deposit, possibly with 
Osceola mudflow component (solid white line shows contact between units). White dashed lines 
show foreset beds in fluvial deposit; the dip of the beds indicate the same flow direction as the 
current White River. Boulders from upper deposit form boulder riffle in channel. River flow is 350 
cfs. Arrows show flow direction. 

Figure 21. Red Creek confluence with White River at RM 26.0, right bank, Reach 5/6. 
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The White River flows through most of Reach 6 as an anastomosing to single channel with three 

small, forested islands in the lower half of the reach that have persisted through much of the 

photographic record. Sediment deposition and storage is significant in Reach 6, and as a result, 

channel migration increases downstream. The valley widens significantly through the reach from 

450 feet at the upstream end to about 1,800 feet at the downstream end. Two private, 

unpermitted areas of bank armor protection are present on the right bank in Reach 6 (see Figure 

22). From RM 27.1 to 26.9 is a rip rap slope that appears to have been placed to protect the 

Figure 22. Views along right bank revetment that protects road to access USGS gage. Photo from 
RM 27.05 in Reach 6, looking upstream toward Reach 7. Revetment composed of large rip rap 
upstream, transitions to mixture of rip rap, concrete pieces, and very large rock downstream. 
Arrow shows flow direction.  
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Figure 23. View of the downstream end of private right revetment at about RM 26.38 in Reach 6. 
Star marks location where revetment ends and erosion begins. White River flow was held at 350 
cfs during photo for maintenance on Buckley Diversion Dam. Arrow shows flow direction. 

road that accesses the USGS stream gage located at RM 27.3 (Figure 22). Channel migration that 

likely would have resulted in an eventual mainstem avulsion into the Red Creek channel at about 

RM 26.5 was arrested by construction of rock and concrete bank protection by riverside residents 

in about 1985 (M. Reardon, resident, pers. comm., April 20, 2018) (Figure 23). Based on aerial 

photo review and field observations, this bank armor still impedes channel migration today. 

Evidence of recent and ongoing erosion was observed upstream of this bank armor during 2018 

field visits along the low, unprotected right bank at about RM 26.9 (Figure 24) and also at the 

downstream end of the bank armor beginning at about RM 26.4 (Figure 23). An avulsion 

occurred prior to 1936 where the channel shifted from left to right starting at RM 25.7. 

Additional erosion was observed on the right bank at the downstream end of the reach (Map 2, 

Appendix A. See Figure 25). 
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Figure 24. Bank erosion in Reach 6, RM 26.9. Right bank erosion upstream of private bank 
protection. Log in foreground is anchored to a tree by large cable. Arrow shows flow direction. 

Figure 25. Bank erosion in Reach 6. Composite photo of 3-foot dbh spruce tree with ground 
cracks on landward side and exposed roots in bank. 
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Reach 5 extends from RM 25.6 to RM 24.6 and includes one large-amplitude meander bend set. 

Sediment storage is high in Reach 5, and the valley width reaches a maximum of about 2,200 

feet in the center of the reach. The valley width decreases to about 1,100 feet at the downstream 

reach break (Figure 12). The channel planform is a wide, single-thread meandering channel, but 

connected floodplains on both banks include numerous side channels and one potential avulsion 

pathway on the right floodplain. The potential avulsion pathway is a large side channel that may 

comprise a former mainstem river channel. The side channel is currently a series of several 

groundwater-fed fish ponds configured with dams and connecting culverts constructed by a 

previous landowner. The upstream end of the side channel is protected by a large, unpermitted 

levee that appears to have been constructed in the 1980s along what was the right channel edge 

at that time. By 1996, the river had avulsed, shifting to the right and breaching the unofficial 

levee. A remnant of the levee remains on what is now a left lateral gravel bar (see Figure 26). 

Significant, ongoing erosion was observed on the right bank upstream of the levee structure as 

well as at number of locations on the left bank (Map 2, Appendix A). 

Figure 26. LiDAR showing breach of unpermitted levee at RM 25.5, Reach 5. White arrows point to 
remnants of the original bank protection. Dashed line shows likely location of bank protection 
prior to 1996 when the channel was further to the left and the meander bend was against the left 
valley wall. 

The left bank of the channel is up against the valley wall at the downstream end of Reach 5 and 

has been against the left valley wall over much of the historic record. Erosion-resistant Osceola 

Mudflow deposits are present in the base of the 20- to 30-foot-high left valley wall, impeding 

leftward channel migration. The same geologic stratigraphy is probably in the right valley wall 

RM 25 

RM 25.5 
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as well, although was not observed. These deposits are relatively erosion resistant, and observed 

channel migration is slower where the river encounters these banks.  

Reach 4 extends from RM 24.6 downstream to the BDD structure at RM 23.4. The channel 

flows north from the upstream reach break and then turns sharply westward where the river abuts 

the valley wall at RM 24.2. The valley width ranges from 1,000 to 1,800 feet. The anastomosing 

planform consists of a narrower mainstem channel with split flow around several forested and 

emerging islands, and side channels are developed across the forested islands and through 

forested floodplains on the left. The White River hatchery is located on the right bank and the 

hatchery and residential property are protected by levees, including the Kahne levee, the 

Hatchery levee, and additional privately-constructed bank armoring (See Map 2, Appendix A 

and Figure 27 and Figure 28). Bank protection for the White River hatchery is being 

reconfigured as part of the MMD fish passage facility improvements that began construction in 

May 2018. A new levee that will tie in to the existing Kahne levee on the upstream end and will 

extend downstream to the rebuilt BDD structure will be built to USACE standards. 

Figure 27. Right bank conditions at RM 24.5, White River Reach 4. Left photo shows recent 
erosion near residence, view upstream. Right photo is view upstream of bank armoring on right 
bank downstream of residence about RM 24.45. Arrows show flow direction. 
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Figure 28. View of the downstream along point bar across from Kahne-Hatchery levee with 
transition downstream to concrete bank, RM 24.0, Reach 4. River channel is very narrow between 
point bar and levee. Arrow shows flow direction. 

Reach 4 channel migration has been active along the right bank through the historic record, and 

evidence of recent erosion and deposition was observed on the left floodplain during 2018 field 

work. On the right bank, split flow around a forested island headed at RM 24.3 was activated and 

discontinued several times during the photographic record. A large sediment deposit filled the 

channel inlet during the 2006-07 winter along the bank of the residence and farm property of 

Matt Packer and the channel has not been active since that time (M. Packer, resident, pers. 

comm., May 24, 2018). Erosion was observed both upstream and immediately downstream of 

this location (Map 2, Appendix A; Figure 27). On the left floodplain, two side channels are 

developing over the forested point bar, and evidence of overbank flow such as sand deposition, 

laid down vegetation, and flood debris was observed. A large log jam and thick sand deposit 

were observed at about RM 24.2 near the downstream end of the left lateral bar upstream of the 

bend apex (Figure 14). The log jam and sand appear to be blocking a potential avulsion pathway 

across the left point bar at RM 24.2. Head cutting and channel development was observed at the 

downstream end of two side channels across the left point bar, and erosion along the left bank 

was felling full-sized trees with root wads into the channel (see Figure 29). The trees are steering 

flow, some of it toward the bank causing more erosion, and scour pools and small sediment 

deposits have developed around the trees. 
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Figure 29. Left bank erosion, wood recruitment, and medial bar building along riffle in White River 
Reach 4, RM 23.85. Arrow shows flow direction. 

At RM 24.2, the river channel forms a tight meander bend and the outside of the bend has been 

locked against the right valley wall throughout the photographic record. Sediment accumulates 

on the point bar on the inside of this bend and further constrains the channel from migrating 

away from the right bank, which is protected by the continuous Kahne and Hatchery levees. Just 

downstream at RM 23.75, the left bank is 20 to 30 feet high and composed of erosion-resistant 

Osceola Mudflow deposits with alluvial terrace deposits overlying the Osceola. The presence of 

these materials in the bank slows channel migration in the southward direction and forces the 

river to the right back toward the hatchery through this part of the reach.  

The BDD barrier structure slows the movement of sediment out of the reach, and a wedge of 

sediment has aggraded behind the dam barrier (Figure 30). Several large gravel bars have 

accumulated upstream of the BDD structure, primarily on the right side of the channel. Two side 

channels have developed on the downstream bar, one between the bar and the right floodplain 

and a second, smaller channel across the bar. Reconstruction of the barrier dam began in 2018 

and will continue through 2020. It is expected that removal of the existing dam structure will 

mobilize much of the accumulated sediment and transport it downstream based on verbal 

statements from USACE staff (C. Adams, May 24, 2018). This could not be verified because full 

design documentation was not available. 



              Middle White River Channel Migration Study 

King County River and Floodplain Management  53  December  2019 

Figure 30. Sediment wedge behind Buckley Diversion Dam between RM 23.7 and RM 24.5. Water 
surface profile from 2015 LiDAR. 

Reach 3 consists of a single-thread channel with one meander bend set developed between the 

BDD at RM 23.6 and the SR 410 Bridge at RM 22.42. The dam and bridge both act to control 

channel location and have strongly influenced channel migration in the reach throughout the 

photographic record. The valley width in Reach 3 ranges from 1,600 to over 2,300 feet, and a 

large part of the left floodplain has not been occupied by the channel in the historic record. The 

channel is unconfined, and the active channel is between about 160 and 230 feet wide. Active 

channel width has decreased to the present width from a high of almost 700 feet in 1936. 

Sinuosity has been increasing slightly since 1936 to its current value of 1.21 (see Figure 15). 

About 800 feet downstream of the BDD structure (Figure 31), three large, pyramidal concrete 

structures are spaced about 90 feet apart in a line skewed across the channel. Remnants of large 

steel cables are attached to the concrete. The structures are large enough to be visible in aerial 

photographs and on the 2015 LiDAR, and two additional piers are visible to the north in the 1936 

aerial photograph. Two of the piers visible in 2018 are obscured by vegetation in the 1936 

photograph, and in most photographs woody debris and sediment are accumulated on the 

structures (see Figure 32). The structures and steel cables closely resemble remnants of drift 

barriers that were built downstream at about RM 12 on the White River in 1914 (Collins and 

Sheik 2004). The purpose of a drift barrier was to collect wood and logs from the river to 

improve conveyance and reduce damage to structures. Documentation about a drift barrier in this 

location was not found for this report. 

Buckley Diversion Dam 
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Figure 31. White River Reach 3. Flow over Buckley Division Dam, discharge of 1,440 cfs. 

Figure 32. View downstream at White RM 23.45, Reach 3. Large concrete pyramids in channel 
resemble drift pier anchors and had cable remnants attached. Arrow shows flow direction. 
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The White River flume diversion takes off from the left bank at the head of Reach 3, removing 

up to 1,000 cfs of flow (when White River minimum instream flows are met) and suspended 

sediment from the downstream reaches. Minimal bedload is diverted to the White River flume 

(Dunne 1986). Water is delivered to Lake Tapps, but most of the sediment is permanently 

removed from the system from a series of settling ponds along the route. Reconstruction of the 

BDD structure includes plans to reconfigure the water diversion such that much less sediment 

than currently is captured with the Lake Tapps diversion will be removed from the system in the 

future (J. Mickelson, CWA, pers. comm., May 10, 2018).  

Boise Creek, a tributary stream, discharges into the main channel at RM 22.6 on the right side 

(see Figure 33). Based on USGS gage 12099600 data from 1978 through 2017, Boise Creek has 

an average annual flow between 21 and 50 cfs, and the maximum flow measured was 1,360 cfs 

in January 2009. Prior to highway and railroad bridge construction in the early 1900s, the Boise 

Creek confluence with the White River was located several hundred feet downstream but was 

moved upstream during the 1930s construction of SR 410 (Paterson and Volkhardt 2013). Boise 

Creek was channelized and confined between levees that comprised the fill prisms of the original 

Figure 33. Boise creek confluence with White River at RM 22.6. Arrows show flow directions. 
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route of SR 410 and the railroad. The current SR 410 bridge location was constructed in the 

1950s about 950 feet downstream of the original location (Figure 34). A parallel railroad bridge 

crossed the river about 150 feet downstream of the original SR 410 bridge until between 1980 

and 1985. The three concrete highway bridge piers remain on the channel banks and floodplain. 

Downstream of Mud Mountain Road, the channel mouth of Boise Creek was restored by King 

County Water and Land Resources Division in 2010 to improve salmon habitat. The project 

relocated the channel and its confluence with the White River about 125 feet west of the 

channelized stream, re-meandered the lower 560 feet of the channel, and installed low log weirs 

for grade control. A small amount of flow continues to drain through the old channel and also 

receives backwater from the White River flooding. Piers from both of the previous bridge 

approaches are still adjacent to the channel and on both floodplains.  

Figure 34. Boulder riffle under SR 410 bridge, White River Reach 3, RM 22.42. Arrow shows flow 
direction. 

A series of rock groins was placed on the west side (right bank) of the White River channel at its 

1936 location between RM 22.8 and 22.6. The date of groin installation is not known but the 

purpose of the groins was presumably to train the river and keep it from capturing the Boise 

Creek channel and migrating into the original SR 410 bridge crossing, the railroad, and Mud 

Mountain Road. Between 1944 and 1955, the river avulsed to the left and the previous channel 

became a side channel until after sometime before 2000, when it was completely disconnected 

from the main channel. Remnants of at least four of the rock groins remain in the floodplain near 
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RM 22.65 (Figure 35. LiDAR image showing rock groin remnants on right floodplain, RM 

22.65. Arrow shows flow direction.).  

About 140 feet downstream of the Boise Creek confluence, a water pipeline owned by Tacoma 

Public Utilities crosses the White River. The pipeline was originally constructed in 1912 but was 

not buried below the river scour depth. A concrete weir grade-control structure installed to 

protect the pipeline in the 1920s caused the upstream bed to aggrade 4 to 5 feet (R2 Resource 

Consultants, Inc. 2004b). The facility became a fish passage barrier and despite installation of a 

fish ladder and other modifications, the pipeline had to be moved to restore fish passage. In 

2003, the pipeline was lowered 22 feet below the White River bed and the crossing was moved 

downstream. Long-term monitoring was initiated to document channel changes after the pipeline 

reconstruction and included a series of surveyed channel cross sections extending more than 

4,000 feet upstream and 2,600 feet downstream. Bank erosion along the right bank of the active 

channel at the location of the pipeline crossing was observed during 2018 field work (see Figure 

6). Also, log jams installed along the right bank by Tacoma Public Utilities for bank protection 

were inadequately anchored and mobilized during subsequent high flows. 

Figure 35. LiDAR image showing rock groin remnants on right floodplain, RM 22.65. Arrow shows 
flow direction. 

Reach 2 extends downstream from the SR 410 bridge to RM 21.3. The westward trending 

channel is a mostly straight, single thread with a perennial side channel on the left floodplain. 

The planform widens to a braided channel at the downstream end of the reach. The valley width 

increases from about 1,200 feet at the upstream end to almost 2,000 feet at the downstream reach 

break. High bluff slopes comprise the right valley wall while the left valley forms a set of 

alluvial terraces formed during downcutting of the modern valley bottom (Figure 36). The 

Groins 
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current channel is situated against the right valley wall from about RM 22.1 to the reach break. 

Very little infrastructure is present in Reach 2; a City of Buckley sewer outfall at about RM 22.1 

on the left bank is the only manmade structure on the channel downstream of the bridge. 

Sinuosity is low and confinement is high in Reach 2 because the active channel and floodplain 

are very wide in the reach (Figure 37). Active channel width increases steadily from about 170 

feet at the upstream end to almost 700 feet at the downstream end. The channel is unconfined but 

becomes more confined at the downstream end because the active channel width increases to fill 

almost half of the entire valley bottom. Evidence of ongoing erosion and beaver activity were 

observed throughout the reach (Map 2, Appendix A; Figure 38). 

Figure 36. View downstream White River Reach 2 from RM 22.14. Riffle in foreground, medial bar 
and left meander bend around high bluff on right bank in distance. Arrow shows flow direction. 
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Figure 37. Wide riffle-glide channel in White River Reach 2, RM 21.6. View of forested right 
floodplain and large wood accumulated along right bank. Arrow shows flow direction. 

Figure 38. Slump in high terrace slope above boulder riffle, RM 21.95, Reach 2. Vegetation is 
becoming established on the bar at the base of the slope. Arrow shows flow direction. 
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Reach 1 is the lowest reach in the study area, extending to RM 20.3. The reach has a braided to 

anastomosing planform with a large, multi-thread side channel on the right floodplain. This side 

channel takes off from the main channel at the outside of an expanding meander bend, and based 

on field observations, the side channel is steeper than the current main channel (see Figure 39). 

The main channel trend is relatively straight but sinuosity has been increasing in recent years as 

the large meander bend at the upstream end of the reach has been expanding and tightening. The 

active channel width is very large: almost 800 feet at the upstream end and decreasing to 

between 350 and 400 feet at the downstream end, not including the side channel (Figure 40). A 

large-scale avulsion occurred after the King-Pierce County boundary line was drawn in 1867 but 

before the 1936 aerial photograph. Currently, there is a large portion of land where ownership is 

unknown or not determined according to King County Assessor’s data. The only infrastructure in 

the reach is a concrete-lined tributary stream channel that enters from the left bank at RM 20.6. 

This channel was used as a sediment sluice and fish return to the river from the flume, but its use 

for these purposes has been discontinued (S. Mickelson, CWA, pers. comm., May 10, 2018). 

Figure 39. White River Reach 1. Left photo view of right side channel (star) at RM 21.2 with wood 
jam across entrance. Right photo is steep riffle at right meander bend at RM 21.1. Arrows show 
flow direction. 
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Figure 40. View upstream at lowest portion of White River Reach 1. RM 20.7 to 20.9 is visible. 
Arrow shows flow direction. 

4.3 Lateral channel migration rates 

Lateral channel migration rates were calculated as the distance between channel centerlines in 

successive aerial photographs divided by the time between those photos and were calculated 

using all measurements. Lateral migration rates calculated from measurements for nine periods 

from 1936 to 2017 are summarized in Table 5. The last column of the table reports a time-

weighted average value of migration rates for the entire period 1936 to 2017. 
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Table 5. Middle White River channel migration rates by reach. 1936 photograph extended only to 
RM 26.2. 

Reach 

1936 

to 

1944 

1944 

to 

1959 

1959 

to 

1965 

1965 

to 

1970 

1970 

to 

1980 

1980 

to 

1989 

1989 

to 

2000 

2000 

to 

2010 

2010 

to 

2017 

Average 
rate 

(ft/yr) 

1 5.66 8.30 4.29 2.78 3.76 3.78 4.55 6.47 8.01 5.58 

2 2.71 14.22 4.42 3.20 7.93 6.72 3.96 3.09 1.30 6.18 

3 2.92 5.09 5.00 5.17 4.52 4.76 1.23 3.40 1.85 3.75 

4 2.76 3.56 2.80 5.74 2.74 5.67 3.96 3.37 2.08 3.59 

5 6.78 9.30 8.68 3.61 7.48 3.33 5.28 0.73 6.89 5.95 

6 6.81 9.40 4.33 2.59 2.57 2.97 3.07 1.87 2.97 4.31 

7 NA 2.10 2.04 2.36 1.10 2.04 1.15 0.82 1.22 1.57 

Lateral migration rates have varied throughout the study area and over the nine time periods 

(Table 5; Figure 41 and Figure 42). The highest migration rate is over 14 feet/year and was 

calculated in Reach 2 during the 1944 to 1959 period. More typical rates range from about 2 to 8 

feet/year over the full study period. Migration rates are consistently lowest in Reach 7 where 

migration is impeded by the presence of bedrock on both sides of the channel in the upper part of 

the reach. Reaches 3 and 4 have the next lowest rates and also have the most channel constraints 

from both permitted and unofficial infrastructure. Rates are high in Reaches 1, 2 and 5 where 

channel movement is unconstrained and sediment storage is high. Figure 42 shows time-

weighted average channel migration rates by transect. 

Figure 41. Middle White River channel migration rates by reach for each photographic time period. 
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Figure 42.  Middle White River channel time-weighted average migration rates by transect. 

Eroding-only channel migration rates have been used in previous CMZ mapping studies on local 

rivers, including the Tolt River CMZ study (King County 2018c), the Middle Green River 

(Perkins 1993), and the Cedar River (King County 2015). However, these rivers are in post-

glacial valleys that emerge to cross an alluvial fan within a Pleistocene glacial valley (Collins 

and Montgomery 2011) and all are affected by the presence of dams and pervasive bank 

armoring. Migration rates specific to unarmored areas were not calculated for this study because 

through most of the study area publicly maintained bank armoring is entirely absent. Therefore, 

eroding-only channel migration rates on the Middle White River were not calculated. 

4.4 Spatial variation in channel migration 

Variations in sediment transport, channel confinement, bank materials, and locally specific 

conditions are factors that affect spatial variations in channel migration. In this reach of the 

Middle White River, channel slope is relatively constant and is not a significant factor in channel 

migration. Lateral migration rates are lower where the Middle White River channel flows along 

erosion-resistant materials, where meander bends can become locked in place for several 

decades. Examples include the channel along bedrock outcrops near RM 26 and the meander 

bend at RM 24.1 along the right bank (northern) valley wall. A comparison of the 1980 and 1989 
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channel locations near RM 26.5 on the Middle White River illustrates lateral migration (Figure 

43). There also may be a down-valley component to the lateral migration where the apex of a 

meander bend translates downstream as well as expanding into the floodplain (Figure 43). 

Through time, the down-valley component would result in an area downstream and between 

river meanders being affected by channel migration, not just an area laterally adjacent to the 

channel. Lateral migration is a main component of channel migration along much, but not all, of 

the Middle White River in the study area. Because the Pierce-King County boundary line was 

established down the center of the White River channel prior to 1867, the location of the county 

line offset from the current channel centerline indicates movement since 1867. 

Figure 43. Example of lateral migration on the White River near RM 26.5. Blue arrow indicates 
lateral migration largely perpendicular to channel flow direction; red arrow includes a down-valley 
component in addition to the lateral migration. 

The high sediment load in the White River combined with ready recruitment of large wood from 

the floodplain make the study area prone to avulsions. An avulsion occurred on the Middle 

White River near RM 25 between 1989 and 1996 (Figure 44). Avulsions have occurred a number 

of times during the period of record, and conditions that favor the occurrence of avulsions exist 

through most of the study area.  
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Figure 44. Example of avulsion on the White River near RM 25. Left photo and yellow shape show 
1989 channel. Right photo and red shape show 2000 channel. Avulsion breached an unpermitted 
levee, also shown in Figure 30. 

Changes in channel width, both expansion/widening and contraction/narrowing, also are caused 

by episodically shifting sediment pulses, and these have spatial as well as temporal variations. As 

large sediment influxes are moved downstream, channel migration adjusts spatially. However, 

data reviewed and analyzed for this study are not refined enough to show this effect explicitly. 

Channel narrowing is accompanied by geomorphic simplification as wide and shallow braided 

channels reduce to single-thread meandering planforms with a deep thalweg. This effect is 

shown somewhat by the increasing sinuosity over time as shown in Figure 17. An example of 

channel expansion on the White River that occurred near RM 21.5 between 1959 and 1965 is 

shown in Figure 45.  

 1989  2000 
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Figure 45.  Example of channel expansion on the White River near RM 21.5. Bottom photo and red

shape show 1959 channel. Top photo and blue shape show 1965 channel. Note white area on the 
north side of the 1965 photo, center, is high bank sloughing caused by bank toe erosion. 

Channel changes associated with channel narrowing are the highest migration rates measured in 

the study area. Significant channel narrowing between 1936 and 1955 contributes to large 

channel migration rates in all reaches because the method requires that migration rates be 

calculated using the absolute value of movement. An example of channel narrowing between 

1936 and 1955 is shown in Figure 46.  
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Figure 46. Channel narrowing, 1936 to 1955. Left photo and blue shape show 1936 channel. Right 
photo and red shape show 1955 channel. 

The volumes of large wood in the Middle White River suggest that large wood presently is a 

factor affecting channel migration systemically throughout the study area However, the large 

size of the channel relative to the length and diameter of mature trees present in the floodplain 

means that few key pieces of wood are available for recruitment and their geomorphic effect is 

limited. Removal of mobile, large wood from the channel at both dams and by installation of 

drift barriers and over the last century suggests that wood probably previously contributed to 

channel migration and flooding, but wood management has reduced the impact. Effects of large 

wood may be evident more locally. A very large wood accumulation at RM 24.2 along with thick 

sand deposition at the head of left floodplain side channel was observed during 2018 field work. 

The log jam and sediment deposition in this location appear to be impeding development of an 

avulsion pathway across the point bar. Associated local lateral migration rates in this area are 

moderate and reflect nearly constant channel centerline and bank shifting but modest channel 

migration. Although insufficient to constitute a causal relationship, the colocation of large wood, 

sediment deposition, and active lateral migration and avulsion is consistent with processes 

described in the literature (cited in Section 2.0).  

4.5 Temporal changes in channel migration 

A number of large floods occurred in the pre-dam period, before 1944 (Figure 11). The 

migration rates from the period 1944 to 1955 are the highest in Reaches 1, 2, 5 and 6, very close 

to the highest in Reaches 3 and 7, and average in Reach 4 (Table 5, Figure 42). Greater channel 

migration activity prior to 1944 than the present-day is suggested by active channel widths in 

1936 and 1955 that are 2 to 7 times greater than the 2017 active channel width (Figure 15). The 

1936 and 1944 channel widths also reflect conditions that follow major floods in the 1930s, 

including the 1933 flood of record, all of which likely caused widespread channel expansion. 

Reaches 1, 2, 5 and 6, which showed the highest rates of lateral migration, also show the most 

temporal variability in migration rates. Migration rates in Reach 1 declined initially after the 

1944-1959 period and then began to increase after 1970. Migration rates in Reach 2 also declined 

after 1950, increased between the 1970-1980 period, but have been decreasing steadily since 

 1936  1955 
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then. Reach 5 showed no consistent pattern, whereas Reach 6 saw a steady decrease in migration 

rates to a consistent rate of around 3 feet per year. 

No correlation or pattern was observed between flooding and increased channel migration rates. 

For example, the period between 1944 and 1959 had above average measured migration rates in 

6 of the 7 study reaches, but only two flows in that period exceeded the 10-year flood event of 

12,300 cfs. None of the peak flow events between 1960 and 1976 exceeded the 10-year flow 

event, but measured channel migration rates in the period 1965 to 1970 were above average in 

Reaches 3, 4 and 7. One explanation for poor correlation between flood flows and channel 

migration is that dam operations released flows sufficient to locally mobilize sediment and to 

move sediment into the study area but not completely through it. The high migration rates 

measured for this study in the 1944-1959 period are explained by active channel width 

contraction. Sediment storage along with vegetation establishment over time accumulated to 

levels that could not be transported out of the study area reaches by the flows released by the 

dam. 

Future sediment load, primarily sand, below Reach 4 is predicted to increase by about 30 percent 

after reconfiguration of the Lake Tapps diversion intake is complete in about 2021 (J. Mickelson, 

CWA,  pers. comm., May 10, 2018). This increase in sediment likely will mean more deposition 

within the lower half of the study area and may result in corresponding increases in channel 

migration. Future changes to MMD controls following completion of flood management projects 

downstream in the cities of Auburn, Pacific, and Sumner may result in increased flows being 

released. Increased flows could potentially exceed the current 7,500 cfs maximum flow release 

from MMD since 2009. A temporary downstream pulse of bedload sediment likely will follow 

the reconstruction of the BDD. 
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5.0 CHANNEL MIGRATION HAZARDS ON 

THE MIDDLE WHITE RIVER 

The findings from Section 4 are used in this chapter to predict future limits of channel migration 

within the study area. The resulting identified channel migration hazard areas are shown in the 

Middle White River CMZ map in Section 5.2. 

5.1 Delineation of channel migration hazard areas 

Channel migration hazards associated with each CMZ component are described in the following 

subsections. 

5.1.1 Historical Migration Zone 

Historical active channels from 1936 to 2017 and the HMZ boundary are shown in a series of 

maps presented Appendix A (Map 3). The HMZ is mapped as a severe hazard area. 

The width of the HMZ covers only a portion of the total CMZ width in reaches with one or more 

avulsion pathways. Avulsion pathways do not add a significant width to the Middle White River 

CMZ because most avulsion pathways have been occupied by the mainstem channel within the 

historical record. This highlights the significance of channel migration by avulsion along most of 

the Middle White River. Avulsions have occurred in the recent past over much of the river. The 

high sediment load and ample floodplain forest stands make conditions throughout the study area 

that favor future avulsion, especially in areas with meander bends with well-developed side 

channels. Avulsion hazard is a prominent component of the Middle White River unconstrained 

CMZ. 

5.1.2 Avulsion Hazard Zone 

Potential avulsion pathways along low-lying, frequently flooded areas that met AHZ mapping 

criteria (Section 2.4.2) are numbered and shown in the elevation difference map (Map 4) and 

described in Table 6 and in the remainder of this subsection. Resulting AHZs are shown in Table 

6 and Map 5, Appendix A. 

Avulsion hazards include two types: chute cutoff and floodplain channel. A chute cutoff occurs 

when a river switches location from a meander bend into a straighter, shorter route along the 

inside of the meander. A chute cutoff typically occupies a back-bar channel, which is a channel 

feature at an elevation similar to that of the active channel located landward of the meander’s 

point bar. A floodplain channel is a channel feature incised into valley-bottom alluvium of the 

floodplain (Collins and Sheikh 2002), and the floodplain surface typically has a higher elevation 

than the active channel. A floodplain channel may be a stream tributary to the river, a channel 

formed by river flows on the floodplain, or a previous location of the river itself. The Middle 

White River has both chute cutoff and floodplain channel potential avulsion hazards as described 

in Table 6.   
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Table 6. Areas mapped within the Middle White River AHZ. 

Path 
way 
No. 

D/S RM U/S RM Bank 
Location 
Description 

Outside of 
2015 HMZ 

Mapping criteria†: Meet ALL to map as AHZ Map 
as 
AHZ 

Criteria† Meet ONE to map Severe Map as 
Severe Low-

lying 
Shorter Erodible 

substrate 
Likely 
route 

Unvege/ 
scour 

Low Con-
nection Indicators 

1 20.5 NA RB 
FP channel 
across medial 
bar 

Mostly Yes Yes Yes Yes Yes No Yes NA Yes 

2 22.9 23.2 LB 

FP 
channel/chute 
cutoff across 
point bar 

Mostly Yes Yes Yes Yes Yes No Yes Yes Yes 

3 23.2 24.1 RB 

Chute cutoff 
along 1936 
river channel 
pathway* 

Mostly Yes Yes Yes Yes Yes No No No No 

4 22.7 24.3 LB FP channel Mostly Yes Yes Yes Yes Yes Yes Yes Yes Yes 

5 24.55 25.0 RB 
FP channel 
along 
Red Creek 

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

D/S = downstream; U/S = upstream.  RM = River Mile 
LB= left bank and RB = right bank when viewed downstream. 
FP channel = Floodplain channel  
AC = Active Channel 

† See Section 3.3.2 for full description of mapping criteria. 
* Potential avulsion pathway is no more than 10 percent longer than current main channel; also this avulsion pathway was occupied by main channel at
least from 1936 to 1944.
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5.1.3 Erosion Hazard Area/Erosion Setback 

The 1936-2017 time-weighted average channel migration rates (second column of Table 7) are 

representative of lateral migration rates for each of Reaches 1 through 7. Some studies use 

migration rates only from areas or transects where erosion is observed (eroding-only migration 

rates) but all measurements were used in calculating migration rates for this study. 

EHA/ES widths calculated for moderate hazard areas and severe hazard areas in valley-bottom 

alluvium are summarized in Table 7. The measurements for calculating the severe hazard ES 

width and the moderate hazard area ES width are provided in Table 7.  In addition to applying 

these setback widths to the HMZ and the 2017 Active Channel, an ES was also applied to the 

delineated AHZs to a width based on 25 to 50 years of lateral migration (as described in Section 

2.4.3.2).  

Table 7. Middle White River Erosion Hazard Area/Erosion Setback widths. 

Reach 

Channel 
Migration 

Rate* (ft/year) 

EROSION SETBACK WIDTHS (FEET) 

SEVERE HAZARD AREA MODERATE HAZARD AREA 

Feet from 
HMZ 

Feet from 2017 
Active Channel 

Feet from 
HMZ 

Feet from 2017 
Active Channel 

25 years 50 years 50 years 100 years 

1 5.58 139.5 279.0 279.0 558.0 

2 6.18 154.6 309.1 309.1 618.2 

3 3.75 93.9 187.7 187.7 375.4 

4 3.59 89.9 179.7 179.7 359.5 

5 5.95 148.9 297.7 297.7 595.4 

6 4.31 107.7 215.4 215.4 430.7 

7 1.57 39.1 78.3 78.3 156.6 

*A modified migration rate of 0.6 feet/year was used if a portion of the ES encountered the valley wall.

At locations where the channel would migrate into high banks that are less erodible than valley-

bottom alluvium and where the valley wall was encountered when the erosion setback was 

applied and the land surface elevation at that location was at least 20 feet higher than the valley 

bottom, a modified lateral migration rate was used to calculate erosion setbacks. The modified 

rates were derived using measurements from three areas in the project reach where the active 

channel was up against a valley wall that is 20 feet or taller for a significant period in the 

photographic record and the wall at the scour line is composed of less erodible Osceola Mudflow 

or glacial deposits. Bank top recession was measured as a proxy to obtain a representative lateral 

migration rate of 0.6 feet per year. Bank tops were used because they are much clearer and 

visible at the typical photograph resolution and lateral bars of material that accumulates at the 

base of the slope causes large variation in the channel position. This resulting modified rate is 

lower than those in nearby valley-bottom alluvium because bank materials at these sites are more 

erosion-resistant. This rate was estimated to be 0.6 feet/year and was applied to all areas with 

similar geomorphology and stratigraphy in order to predict channel migration at the valley 

margin. This method is consistent with Section IV.D.1.d of Appendix A of King County (2018). 
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5.1.4 Erosion Hazard Area/Geotechnical Setback 

An EHA/GS was added to the outer edge of the EHA/ES at several locations where the EHA/ES 

encountered a landform that was greater in height than 20 feet above Ordinary High Water, as 

described in Section 2.4.4. At all locations where an EHA/GS was applied, the width of EHA/ES 

was calculated using the modified lateral migration rate described above. The EHA/GS is 

included in the CMZ delineated in Section 5.2.  

5.1.5 Disconnected Migration Area 

Disconnected Migration Areas (DMAs) are those areas that otherwise would be mapped within a 

CMZ but are excluded because they are located behind a structure (per Section 2.5.5) that will be 

or is assumed will be defended should channel migration threaten to encroach. Based on DMA 

criterion 3, the abutments for the SR 410 bridge and corresponding right-of-way are considered 

DMAs. It is assumed that the left bank levee that extends upstream from the BDD on the White 

River Hatchery property (property owned in trust for the Muckleshoot Indian Tribe) will be a 

DMA once construction is completed. This new facility is being designed by USACE and it is 

assumed that the structure is designed to current standards. 

King County obtained an easement in 1967 to construct and maintain flood control structures on 

the Kahne property. Inspection-related photographs and reports from the 1970s and 1980s are 

maintained in King County files but construction drawings do not exist. Substantial damage was 

noted in 1980s-era inspection records. After the damage occurred, additional rock was apparently 

added to the facility but was not well documented. When this levee/revetment was built, the river 

channel was split around a large north-south trending forested island that extended from RM 

24.4 to about RM 24.15. Hydraulic forces were directed at the valley wall at the apex of a large, 

left meander bend, the bank was failing, and the valley wall was eroding back toward Mud 

Mountain Road. It is possible that the facility was built in part to protect Mud Mountain Road. 

The White River hatchery property at the time was owned by Puget Sound Energy and was 

undeveloped. Hatchery construction didn’t begin until the late 1980s, based on aerial 

photographs. The downstream end of the Kahne levee was extended to the BDD to protect the 

hatchery as the channel migrated to the right toward the hatchery in the 1990s (construction 

records of the remainder of the facility were not found). The facilities comprise one continuously 

armored bank with variable height, width, and composition. The portion of the Kahne levee that 

will remain upstream of the rebuilt Hatchery levee is not considered a barrier to channel 

migration because it was not constructed to current standards, it is not currently being 

maintained, and it has been damaged by flood flows lesser than the 1 percent annual chance 

occurrence event.  

Other structures that did not meet the criteria for DMAs in Section 2.4.5 include privately 

constructed bank protection observed in aerial photographs and in the field. These structures are 

listed in Table 2 and described in Section 4.2. Privately constructed bank armor observed during 

2018 field work is not considered to be a barrier to channel migration because a public entity is 

not responsible for their maintenance or replacement and thus the criteria for delineating a DMA 

as outlined in Section 2.3.5 are not met.  
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5.2 Channel migration hazard maps 

Areas within the Historical Migration Zone, Avulsion Hazard Zone, and Erosion Hazard Area 

(including the Erosion Setback and Geotechnical Setback) were combined to form an 

unconstrained channel migration zone, as shown in Map 5, Appendix A. The unconstrained 

CMZ does not recognize artificial constraints and therefore predicts channel migration in the 

absence of levees, revetments, and infrastructure such as certain roadways and bridge features.  

The unconstrained CMZ was modified in two ways to create the channel migration zone map. 

First, the effects of artificially constructed constraints on channel migration were recognized by 

mapping a Disconnected Migration Area (DMA) based on the information obtained and 

described in Map 2 and compared to the criteria in Section 2.4.5. Structures that meet criteria for 

DMAs as described in Section 2.3.5 are barriers to channel migration, and the outer edge of the 

CMZ was drawn along the boundaries of these structures. Areas landward of these structures 

were considered DMAs and removed from the CMZ.    

Only two structures are mapped as DMAs: the Hatchery levee (under reconstruction by USACE) 

and the SR 410 bridge, abutments, and fill prism. However, remnants of the old SR 410 bridge as 

well as the Pacific Railway bridge are not mapped as DMAs because they are no longer being 

maintained. If an artificial structure did not meet all criteria necessary to map a DMA, the width 

of both severe and moderate hazard areas were left unrevised in order to recognize the channel 

migration hazard landward of that structure.  

The second modification to the unconstrained CMZ map was to delineate a severe hazard area 

and moderate hazard area within the CMZ. This delineation recognizes that channel migration 

hazard is not equal throughout the CMZ. Channel migration hazard is greater for sites that are 

near the present-day channel and potential avulsion pathways and lesser for areas farther from 

the active channel.  

Severe hazard areas are composed of the HMZ, severe AHZs, and portions of the EHA. The 

2017 (present-day) active channel is located within the HMZ, and therefore the active channel 

always is located within the severe hazard area. The severe hazard area occupies most of the 

width of the CMZ throughout the study area. Severe hazard area widths range from about 230 

feet along the bedrock valley walls in Reach 7 to about 1,920 feet in Reaches 1, 2, 5 and 6. The 

moderate hazard area lies between the severe hazard area and the outer boundary of the 

unconstrained CMZ. 

The Middle White River channel migration zone is presented in Map 6, Appendix A. 

The Middle White River CMZ covers much or most of the valley floor throughout the study 

area. The Middle White River CMZ includes most of the valley floor on the King County side of 

the river except for the area behind the White River Hatchery levee, between RM 24.3 and 24.6 

in Reach 4, and between RM 25.5 and RM 26.6 in Reach 6. The CMZ was delineated without 

regard to the King-Pierce County boundary line because of uncertainties in Assessor’s data at 

this time.  
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5.3 Summary 

Natural geologic, hydrologic and topographic conditions set the stage for present-day channel 

migration along the Middle White River. Over the past 5,600 years, the Middle White River has 

incised through volcanic and glacial deposits to form its current alluvial valley. Historically, the 

Middle White River has been a rapidly migrating river as suggested by high sediment and wood 

loads, wide active channels, evidence of past avulsions, and complex channel patterns evident in 

pre-settlement maps and early aerial photos.  

Contemporary channels are narrower and less complex than historical channels through most of 

the study area, indicating less active channel migration than in decades past. Changes in 

sediment transport patterns and flood flow reductions after construction of MMD between 1940 

and 1948 have affected channel migration rates and patterns. However, the Middle White River 

study area still exhibits moderate to high lateral channel migration rates and the channel 

migration zone occupies most of the modern valley bottom. Although rare, flows that exceed 

25,000 cfs have occurred on this reach and USACE could release up to this amount if needed to 

maintain dam integrity. Conditions exist that favor avulsion through the entire study area and are 

a major component of channel migration hazard on the Middle White River. Upstream of RM 

27.2, the confined channel with bedrock at the water line results in the lowest channel migration 

rates for the study area.  

The only levees that are considered a barrier to channel migration protect the over 3,000-foot-

long segment of the right bank upstream of the BDD. Although armored banks on private 

property within the reach act as local impediments to migration and likely have affected the 

measured migration rates over the photographic record, they are not considered barriers to 

migration. 

Results of this study including channel migration rates are consistent with previous studies of 

channel migration of the area by Collins and Sheik (2004a), Olson (2011), and Collins and 

Montgomery (2011). This study area is included in segments 5 and 6 of Collins and Sheik 

(2004a), which determined generally higher time-weighted migration rates than this study (10 

feet per year +/- 5 feet ) for the study area using different methods. Olson (2011) completed a 

channel migration assessment for the City of Buckley that covers Reaches 2, 3, and 4 of this 

study. The HMZ delineated by Olson closely matches the HMZ delineated for this study. Olson’s 

study observed that active channel area decreased by almost 50 percent between the 1936 and 

1959 aerial photographs and calculated mean annual migration rates between 1.5 and 3.4 feet per 

year with maximum time-weighted annual rates between 7.5 and 9.1 feet per year. All of these 

rates and the rates calculated by this study fall within the range of average annual migration rates 

determined by Collins and Montgomery (2011) of 24.6 feet per year +/- 20.7 feet for the White 

River from RM 7 to RM 27. The HMZ occupied 65 percent of the floodplain width between RM 

7 and RM 27, based on the study by Collins and Montgomery (2011). 

The Middle White River CMZ map will be used to regulate land use in unincorporated King 

County in affected channel migration hazard areas and may be utilized to inform planning and 

development of future capital flood risk reduction projects and actions. The CMZ was 
delineated without regard to the current King-Pierce County boundary line because of 
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uncertainties in the Assessor’s data at this time. Land use in Pierce County will not be 
regulated by this King County channel migration study and map.   

This study’s use of historical information to predict existing and future hazards is consistent with 

accepted practices and guidance (King County 2018b; Ecology 1994-2016). Because some 

factors affecting channel migration are stochastic in nature, the channel may not occupy all parts 

of the mapped CMZ within the next 100 years. This mapping is the best representation to date of 

channel migration hazards in the study area but channel migration also could extend beyond the 

mapped CMZ limits within the next 100 years. 

5.4 Limitations 

This study’s use of historical information to predict existing and future hazard is consistent with 

adopted mapping protocols and accepted practices and guidance (King County 2018b; Ecology 

1994-2016). Because some factors affecting channel migration are stochastic in nature, the 

channel may not occupy all parts of the mapped CMZ within the next 100 years. This mapping is 

the best representation to date of channel migration hazards in the study area, but channel 

migration could also extend beyond the mapped CMZ limits within the next 100 years. The CMZ 

map should be updated every 20 years. Portions of the CMZ map may be revised at a timeframe 

shorter than 20 years if local changed conditions warrant. 

This study did not evaluate the potential effect of channel migration on flood inundation hazard, 

the potential effect of channel migration on slope stability, the potential effect of landslides on 

channel migration, and did not quantitatively analyze the structural stability of existing levees or 

revetments. Where the stability of structures or slopes is in question, site-specific studies should 

be performed, including subsurface explorations where bank materials are poorly exposed. 
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7.0 APPENDIX A 

Map 1.     Geologic map of the study area 

Map 2.     Geomorphic Conditions map (3 panels) 

Map 3.     Historical channels in series and Historical Migration Zone (HMZ) (6 panels) 

Map 4.     Elevation difference with Potential Avulsion Pathways (3 panels) 

Map 5.     Unconstrained Channel Migration Zone (5 panels) 

Map 6.     Middle White River Channel Migration Zone (5 panels) 
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The information included on this map has been compiled by King County staff from a variety
of sources and is subject to change without notice.
King County makes no representations or warranties, express or implied, as to accuracy,
completeness, timeliness, or rights to the use of such information.
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