
 

 

 
 

Technical Memorandum 

1.0 Background 

King County has prepared the Tolt River Channel Migration Study (June 2017; hereafter the “Tolt CMZ 

Study”), which designates “severe” and “moderate” hazard areas along the lower 6 miles of the Tolt 

River, under the authority of King County Code (KCC) 21A.24 (“Designation, Classification and 

Mapping of Channel Migration Zones”). The Tolt CMZ Study and its related map products were prepared 

using King County’s guidance specified in the June 18, 2015 Public Rule (as amended from February 

2014) and its appendices, which govern channel migration zone (CMZ) mapping. This Public Rule, in 

turn, is intended to be consistent with both the KCC and the guidelines provided Washington Department 

of Ecology (Ecology) for CMZ mapping on their website1 as authorized by Washington Administrative 

Code (WAC) 173-26-221(3)(b). 

During the public review process of the draft Tolt CMZ Study in March 2017, landowners near the 

Holberg Levee raised concerns regarding hazard mapping along the right bank. To address these 

concerns, King County engaged the services of Cardno, Inc. (Cardno) to conduct a Critical Areas Study to 

determine the accuracy of the mapping illustrated in the June 2017 Tolt CMZ Study in the Holberg Levee 

area. If Cardno judges that adjustments to the mapping are warranted, the county will evaluate those 

recommended changes and may alter the mapped boundaries under Section 21A-24-279A of the Public 

Rule, which authorizes adjustments to boundary and the component hazard areas where determined to be 

appropriate under current conditions.  

The Cardno staff who undertook this evaluation were Dr. Derek Booth, PE, LG, and Nicholas Legg, LG, 

and they are the authors of this memorandum. Both conducted a half-day field visit to the Holberg Levee 

and its vicinity on August 28, 2017, and were provided full access to the county’s original data sources 

(geographic information system [GIS] layers, airphotos, light detection and ranging [LiDAR] data) and 

analyses. All written correspondence between the landowners and the county were reviewed to understand 

the specific elements of the Tolt CMZ Study that are under dispute, augmented by a brief conversation 

with one of those landowners (Michael Fisette) on-site on August 28. An in-person meeting with 

landowners, King County staff, and Councilmember Kathy Lambert occurred on November 29, 2017, 

                                            
1  Washington Department of Ecology’s guidance is provided at http://www.ecy.wa.gov/programs/sea/sma/cma/index.html. 
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with a follow-up letter from the landowners distributed on December 3. Some additional clarification of 

issues and data sources were provided by King County, but otherwise the present report has been prepared 

without guidance by King County staff or elected officials.  

2.0 Purpose of this Report 

The purpose of this report is to independently review the information that was compiled in preparation of 

the Tolt CMZ Study, acquire new information as relevant and available, and conduct any additional 

analyses to evaluate the designation of unincorporated property landward of the Holberg Levee as lying in 

a “severe” hazard area. This evaluation has several related components, which will be discussed in turn in 

the sections that follow: 

1. Most broadly, were the requirements and guidelines of the Public Rule that governs the 

preparation of CMZ studies followed by the county staff who prepared the June 2017 Tolt CMZ 

Study? 

2. What criteria are specified in the applicable code(s) to determine whether an area can be 

considered within a Disconnected Migration Area (DMA)?  

3. Does the Holberg Levee meet any/all of the criteria specified by the Public Rule for being judged 

“effective” and so maintaining a landward DMA? 

3.0 Evaluation of the Tolt CMZ Study 

3.1 Conformity of the Tolt CMZ Study with Public Rule Guidance 

Appendix A of the revised King County Public Rule specifies the minimum methods for conducting a 

CMZ study. Specifically, Section IV.A.1 states:  

“For the purposes of this rule, preparation of the CMZ study and CMZ map should include, at a 

minimum, the following analyses or procedures” (where “Ecology 1994-2013” references information 

on Ecology’s CMZ website):  

a. Identify the purpose of the CMZ delineation (Ecology 1994-2013). 

b. Compile and review available data…such as geology, soils, topography/gradient, hydrology, 

land use, existing infrastructure, and vegetation (modified from Ecology 1994-2013). 

c. Characterize processes operating within the basin relevant to channel migration; including 

sediment regime and sediment sources, status of large wood in channels, flow regime, climate 

and land use changes (Ecology 1994-2013). 

d. Identify the location of the CMZ study area within the Quaternary landscape. 

e. Describe the basin history and basin-scale changes relevant to channel migration (Ecology 

1994-2013)…past and present disturbances and changes…Consider trends in conditions that 

could be used to predict future channel conditions and responses (Ecology 1994-2013). 
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f. Select data that will be used to evaluate channel migration using a Geographic Information 

System (GIS) and resources including but not limited to orthorectified aerial photos, vertical 

aerial photos and historical maps, Digital Elevation Models (DEMs) and Light Detection and 

Ranging (LiDAR) (Ecology 1994-2013). Maps and remote imagery used for CMZ mapping 

should be evaluated using National Standard for Spatial Data Accuracy methods…to ensure that 

resolution and horizontal accuracy are appropriate in comparison to the magnitude of observed 

channel movement. 

g. Document/digitize historical channel locations and conditions using…orthophotos in a GIS 

platform…Utilize appropriate LiDAR imagery. Map channel features in each set of aerial 

photos through the historical record of the CMZ study, including bar forms and extents, the edge 

of the active channel, large wood and hydromodifications such as bank armoring (Ecology 

1994-2013). Map the Holocene valley bottom (Ecology 1994-2013). 

h. Evaluate conditions in the field along the entire length of channel(s) to be mapped for channel 

migration hazard. Map bank erosion and materials, hydromodifications and geomorphic 

conditions (Ecology 1994-2013). 

i. Quantify measurement errors and define data uncertainty (Ecology 1994-2013). 

j. Determine channel reach boundaries for the channel migration analysis (Ecology 1994-2013). 

k. For each reach, evaluate through the period of record those metrics that are informative to 

channel migration…Describe present-day geomorphic conditions in each reach…Identify 

variations in geomorphic conditions within a reach to the extent it is possible and relevant to 

channel migration. 

l. Analyze and determine the extent of components of the CMZ…combine the results to delineate 

the CMZ based on this relation: CMZ=HMZ+AHZ+EHA-DMA (Ecology 1994-2013). 

 
We have reviewed the descriptions and analyses presented in the Tolt CMZ Study, and we find substantial 

conformity with each of these items (page references below are to the June 2017 Tolt CMZ Study). 

Beyond any question, the Tolt CMZ Study was prepared in full accordance with the guidance established 

by the Public Rule. 

a. Identify the purpose of the CMZ delineation—p. 2. 

b. Compile and review available data—pp. 4–6, 15–24. 

c. Characterize relevant processes—pp. 24–29, 30–33. 

d. Identify the location of the CMZ study area within the Quaternary landscape—pp. 18–24, Map 2 of 

Appendix A. 

e. Basin history and basin-scale changes—pp. 16–17, 27–29. 

f. Select GIS data—p. 5, Appendix A. 

g. Document/digitize historical channel locations—Map 3 of Appendix A. 

h. Evaluate field conditions—pp. 8, 13, 29, 33, Appendix B. 

i. Quantify measurement errors and define data uncertainty—p. 5. 
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j. Determine channel reach boundaries—pp. 33–38, Map 1 of Appendix A. 

k. Evaluate informative metrics and geomorphic conditions—pp. 20–24, 35–41, Appendix C. 

l. Extent of CMZ—pp. 7–14, 42–51, Maps 5 and 6 of Appendix A. 

 

3.2 Conformity of the Tolt CMZ Study with the CMZ Mapping Approach 

The CMZ delineation and designation of severe and moderate hazard areas along the Holberg Levee 

involved: (1) mapping historical channels and measurement of migration rates, (2) mapping the Historical 

Migration Zone (HMZ), (3) mapping the Erosion Setback, and (4) determining the extent of the 

Disconnected Migration Area (DMA). This section assesses the mapping methods used for steps 1 

through 3 and their conformity to standard CMZ mapping methods. DMA determination (step 4) is 

discussed at length later in the report (Section 4).  

3.2.1 Methodology for Determining Migration Rates 

The Tolt CMZ Study applied a method to determine lateral migration rates that diverges in part from 

methods recommended in the original Ecology technical guidance document (Rapp and Abbe 2003). In 

the Ecology report, migration is measured “perpendicular to the centerline of the primary low-flow 

(widest wetted) channel” (Rapp and Abbe 2003: 20–21). In the Tolt CMZ Study, however, the centerline 

used is that of the geomorphically defined “active channel,” which includes areas outside of the low-flow 

channel but obviously occupied by flowing water one or more times per year. This results in some 

significant local differences in the calculated channel migration rate (an example is provided in Figure 1).  

As is the case shown in Figure 1, calculated channel migration rates can be higher for low-flow centerline 

movement than active channel centerlines—this is especially the case for bends where the low-flow 

channel typically lies along the outermost bank, and therefore experiences more extreme lateral 

movements. Therefore, the likely effect of using active channel migration rates (as opposed to low-flow 

centerlines) is a narrower Erosion Setback and narrower Severe Hazard Area than would otherwise be the 

case (this mapping step is discussed below).  

In our judgment, there is no universally “correct” way to measure channel migration rates: each approach 

measures a different aspect of channel migration. Although the Public Rule discusses possible rate 

measurement approaches (Section IV.D.1.a–b), it does not specify a particular method. Given that the 

original Tolt and Raging Rivers CMZ study (Shannon and Wilson 1991) used migration of the active 

channel as its basis, it is logical that the same approach was also used for the updated 2017 study. Thus, 

the rate measurements appear to be both reasonable and consistent with the Public Rule, and with prior 

evaluations of the Tolt River. Note also that using the alternative Rapp and Abbe (2003) methodology, 

based on low-flow channel centerlines, would not alter the final delineation of CMZ hazard areas over the 

subject properties. 

In multiple sections, the Public Rule specifies the use of “representative channel migration rates” for the 

designation of hazard zones (particularly the Erosion Setback and Severe Hazard Areas). For the Holberg 

Levee reach, King County applied a representative channel migration rate of 7.6 feet per year. This rate 
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represents a time-averaged rate calculated for the period following dam construction (1964–2015), a 

period with a generally suppressed hydrograph in response to flow regulation. The rate was specifically 

taken from Reach 2 (as defined in the Tolt CMZ Study), which has its lower boundary at the section of 

Holberg Levee being reassessed. King County elected to apply the time-averaged rate from Reach 2 as 

opposed to Reach 1, given that Reach 1 rates were greatly depressed by extensive artificial confinement 

(thus, Reach 1 would have provided an unrepresentatively low estimate of migration rates). In our 

judgement this was sound rationale, not only because of the highly constrained nature of Reach 1 but also 

because the Holberg bend has a geomorphic character (in terms of channel planform and floodplain 

confinement) that is more typical of Reach 2.
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Figure 1 Comparison of methods for determining the channel centerline and their consequences on calculated migration rates.  
This image: the 1994 airphoto in the vicinity of the Holberg Levee, showing the outline of the 2015 channel (blue lines) as 
mapped in the Tolt CMZ Study, together with the boundaries of the low-flow and active channels as they appeared in 1994.  
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Figure 1 (cont.) This image: overlay of the centerlines of the 1994 channels and 2015 channels, with the 2015 airphoto as background. One 
area is highlighted (orange arrow) to show how and where these methods can yield different calculated rates of channel 
migration (i.e., the red dashed line is displaced 100 feet relative to the yellow dashed line, but the red and yellow dotted 
lines are in the same location). Note also the extent of the Historical Migration Zone (dark blue lines), which fully encloses 
the area landward of the Holberg Levee on the left side of the image.

~100’ migration, based on low-
flow channel; no change based 
on active channel 
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3.2.2 Historical Migration Zone Mapping 

The HMZ is the area encompassing all mapped active channels in the historical record (1936–2015). The 

HMZ is the core unit within the CMZ, and it sets the baseline for the Erosion Setback mapping unit on its 

margins. Figure 2 shows the 1936 active channel, which establishes the northwest HMZ boundary in the 

area landward of the Holberg Levee. Note that this fact alone normally requires designation of the areas 

directly behind the levee as within a Severe Hazard Area (Section H.1.a of the Public Rule). 

 

Figure 2. 1936 aerial photograph of the Holberg Levee reach with critical CMZ units and 
determinations shown. The 1936 active channel establishes the northwestern HMZ 
boundary behind the current Holberg Levee. The HMZ is one foundation of the severe 
hazard area designation. The component of the Severe Hazard Area mapped beyond the 
HMZ is an area encompassed by the more landward extent of two distances (see page 11 of 
Tolt CMZ Study report): (A) 25 years times the annual channel migration rate from the HMZ 
boundary, or (B) 50 years times the annual channel migration rate from the most recent 
active channel boundary (2015 in this case, shown in light blue). As labeled in magenta, 
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Scenario A applies in the lower Holberg back-levee area, and Scenario B in the upper back 
levee area. The representative channel migration rate in this reach (Reach 2 in the Tolt CMZ 
Study) was determined to be 7.6 feet per year, which is the time-averaged migration rate for 
post-dam conditions (1964–2015). This rate translates to distances of 190 feet and 380 feet 
for the 25- and 50-year periods, respectively, that are applicable for Scenarios A and B.  

 

3.2.3 Mapping of the Erosion Setback, Severe, and Moderate Hazard Areas 

The Erosion Setback is the area landward of the HMZ with potential to be affected by future channel 

migration. Its landward extent is set by the greater of two setback distances from the HMZ boundary (as 

specified explicitly by Public Rule Section IV.D.1.C). These two setback distances should be calculated 

by: 

• “Multiplying the representative channel migration rate times 100 years. Apply one half (i.e., 50 

years of lateral channel migration) to each side of the HMZ and AHZ.  

• Multiplying the representative channel migration rate times 200 years. Apply one half (i.e., 100 

years of lateral channel migration) to each side of the most recent mapped active channel 

location”.  

We reviewed these distances relative to the “representative channel migration rate” of 7.6 feet per year for 

this reach of the Tolt River (although see the above discussion indicating validity in the determination of 

representative migration rate). The two distances above correspond to 380 feet and 760 feet. In the area 

landward of the Holberg Levee, the greater of these two distances places the Erosion Setback beyond the 

Urban Growth Boundary (UGB), leaving the UGB as the outer CMZ boundary.  

In the absence of a DMA designation, the designation and extent of a severe hazard area lying landward 

of the Holberg Levee is a function of two determinations: (1) either the area lies within the HMZ (which, 

under Section H.1.a of the Public Rule, requires designation of severe), or (2) the area lies within an 

additional Erosion Setback based on projected channel migration rates (discussed further below). 

Although critical to the severe hazard designation, the determination of whether the area is within a DMA 

is discussed in later sections of the report.  

In essence, hazard mapping zonation within the Erosion Setback involves mapping of the Severe Hazard 

Area and designating all other portions of the Erosion Setback as a Moderate Hazard Area. The Severe 

Hazard Area extends beyond the HMZ according to a setback distance required under Public Rule Section 

IV.H.3.a (and page 11 of the 2017 Tolt CMZ Study). Although the mere presence of the back-levee 

severe hazard area is dependent on the HMZ, the extent of the Severe Hazard Area is a direct function of 

the additional setback distance. As specified in the Public Rule, this setback distance is defined by the 

greater of two distances: 

• “The distance calculated by multiplying a representative channel migration rate (from section 

IV.D.1.b(ii)) times 50 years and applying half of that distance (i.e., 25 years of lateral channel 

migration) to each side of the HMZ, or 
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• The distance calculated by multiplying a representative channel migration rate (from section 

IV.D.1b(ii)) times 100 years and applying half of that distance (i.e., 50 years of lateral channel 

migration) to each side of the most recent active channel.” 

Note that these two setback distances for the Severe Hazard Area are half of those setbacks defining the 

overall Erosion Setback (see earlier discussion in this section), meaning that the inner half of the Erosion 

Setback will typically be designated “Severe”. As shown in Figure 2, the first scenario (labeled A in 

Figure 2) is applicable in the lower portion of the Holberg Levee, and the second scenario (labeled B in 

Figure 2) is applicable in the upper portion of the Holberg Levee. This shows that severe hazard setbacks 

applied in the Tolt CMZ Study do indeed correspond to this representative migration rate multiplied by 

the 25- and 50-year periods specified by the Public Rule. Based on the information above, the Severe 

Hazard Area has been mapped and designated in accordance with standard methods outlined in the Public 

Rule.  

Although the Tolt CMZ Study adhered to standard methods of Severe Hazard Area delineation, the Public 

Rule also has a provision that allows deviation from these standard methods (Section IV.G.2.B): 

If consideration of site-specific variability within the channel reach (conducted in section 

IV.D.2.a) and professional judgment indicate that the mapping methods in this appendix are 

not appropriate in a specific location and condition, then the delineation of a CMZ 

component and its severe and moderate hazard areas may be modified. If such a 

modification is made, it should be identified clearly as an exceptional condition, be based on 

best available scientific or technical information and remain consistent with provisions of 

section IV.G.1 of this appendix and the CMZ mapping methods of Ecology (1994-2013). 

A discussion of whether conditions along the Holberg Levee are “exceptional” enough to warrant special 

treatment is provided at the end of this memorandum, following our presentation of all relevant data and 

analyses.    

4.0 Criteria for Designating a Disconnected Migration Area 

Each of the codes and rules that govern the designation of DMAs offers unique language. Although 

largely consistent with each other, there is value in comparing the relevant passages within their 

respective contexts. 

4.1 Texts of the Governing Codes and Rules 

“SECTION II: Definitions” in Appendix A of the King County Public Rule for designating CMZs 

specifies the governing criteria for disconnected migration areas: 

“J. Disconnected Migration Area (DMA). “Disconnected Channel Migration Area” means the 

area located landward of man-made structures that restrict channel migration (Ecology 1994-

2013) and meet criteria prescribed in W.A.C. 173-26-221(3) and K.C.C. 21A.24.274.C.”  
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This definition uses “and” not “or” to specify those criteria; thus, both the WAC and KCC are relevant 

but the most restrictive criterion must be applied. 

WAC 173-26-221(3) states2: 

“For management purposes, the extent of likely migration along a stream reach can be identified 

using evidence of active stream channel movement over the past one hundred years…A time frame 

of one hundred years was chosen because aerial photos, maps and field evidence can be used to 

evaluate movement in this time frame. 

…Unless otherwise demonstrated through scientific and technical information, the following 

characteristics should be considered when establishing the extent of the CMZ for management 

purposes: 

• Within incorporated municipalities and urban growth areas, areas separated from the active 

river channel by legally existing artificial channel constraints that limit channel movement 

should not be considered within the channel migration zone. 

• All areas separated from the active channel by a legally existing artificial structure(s) that is 

likely to restrain channel migration, including transportation facilities, built above or 

constructed to remain intact through the one hundred-year flood, should not be considered to be 

in the channel migration zone. 

• In areas outside incorporated municipalities and urban growth areas, channel constraints and 

flood control structures built below the one hundred-year flood elevation do not necessarily 

restrict channel migration and should not be considered to limit the channel migration zone 

unless demonstrated otherwise using scientific and technical information.” 

This code (and that of King County; see below) are the foundation of subsequent definitions and 

requirements in the Public Rule, and so their guidance is critical. The first bullet (“within incorporated 

municipalities…”) does not apply to the properties presently at issue with this evaluation of the Holberg 

Levee, and third bullet (“structures built below the one hundred-year flood elevation”) does not apply to 

the Holberg Levee, whose crest elevation is above the present 100-year flood elevation (see next section).  

The first paragraph from WAC 173-26-221 quoted above indicates that the time frame for considering 

past channel movement is 100 years. There is no specified duration for considering the future competency 

of the structure, however, but the second bullet is explicit that the standard of evaluation should be 

conditions during a 100-year flood. Thus, “likely…to remain intact during a one hundred-year flood” is 

the correct interpretation of this passage. 

                                            
2  WAC 173-26-221 is available at: http://apps.leg.wa.gov/WAC/default.aspx?cite=173-26-221.  

 

http://apps.leg.wa.gov/WAC/default.aspx?cite=173-26-221
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Although the WAC imposes no other standard on evaluating a structure’s suitability to create a DMA 

behind it, the KCC adds some additional specificity that also apply.  

In particular, KCC 21A.24.274 states3:  

“C. The channel migration zone study… 

 4. May exclude areas from the channel migration zone that lie behind a lawfully established 

flood protection structure that is maintained by existing programs for public maintenance, 

transportation infrastructure, or other constructed feature if it is built above the elevation of 

the one hundred-year flood or if scientific or technical information otherwise demonstrate that 

the flood protection structure is not within the channel migration zone.” 

This paragraph is a somewhat convoluted compound sentence, leaving the articulated conditions with 

several alternative interpretations. The most conservative interpretation requires that the DMA-creating 

structure was lawfully established and is maintained by existing programs for public maintenance, as long 

as it is either is built above the elevation of the 100-year flood or additional information otherwise 

demonstrates that the flood protection structure is not within the CMZ. An alternative, somewhat more 

permissive interpretation of the language would similarly require that the structure be “lawfully 

established” and be “built above the elevation of the one hundred-year flood,” as long as any of the 

following conditions can be met: 

1. Maintained by existing programs for public maintenance,  

2. Maintained by existing programs for transportation infrastructure, or  

3. Scientific or technical information otherwise demonstrates that the flood protection structure is not 

within the CMZ. 

The Holberg Levee is included in King County’s biannual levee inspection and maintenance program, so 

it is unquestionably included within this condition under either interpretation. However, the language is 

clear that a CMZ study is not required to designate a DMA behind every facility that meet these criteria; 

however, the CMZ study may find the evidence sufficient to establish a DMA behind that facility.  

Appendix A of the Public Rule attempts to clarify these alternative interpretations, favoring the more 

liberal approach:  

• Section F.1.b notes that “The area landward of the following legally existing, publicly maintained 

artificial structures (e.g., revetments, levees) should be mapped as a DMA,” but then goes on to 

qualify that seemingly unambiguous directive by setting two additional criteria for a structure to 

support a landward DMA: “In all areas, an artificial structure that is likely to restrain channel 

migration and is built above the one hundred-year (100-year) flood elevation” (F.1.b.ii). 

                                            
3 KCC 21A.24.274 is available at: http://www.kingcounty.gov/council/legislation/kc_code/24_30_Title_21A.aspx. 

http://www.kingcounty.gov/council/legislation/kc_code/24_30_Title_21A.aspx
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• Conversely, Section F.1.d.iii reminds us that “The area landward of the following artificial structures 

should not be mapped as a DMA…[such as] Any artificial structure that is not likely to restrain 

channel migration.” 

Given the potential ambiguity in the language of Section F.1.b and F.1.d (particularly regarding the term 

“likely”), Section F.1.e further clarifies (quoted in its entirety, with emphasis added):  

e. Information from the following sources should be used to evaluate an artificial structure for 

its likelihood of restraining channel migration and for mapping a DMA: 

i) Publically maintained: Ecology (1994-2013) identifies “constructed structures with no 

public commitment for maintenance” as being an “ineffective barrier to channel migration 

(Not part of a DMA)”. 

ii) Artificial structure likely to restrain channel migration: An artificial structure should be 

considered likely to restrain channel migration if its construction, condition and 

configuration are consistent with information in both of the following subsections (a) and 

(b): 

(a) Relevant design and construction standards, including but not limited to those in 

King County (1993), U.S. Army Corps of Engineers (2000), or Washington Department 

of Fish and Wildlife et al. (2003).  

(b) Sources of information on the potential for the channel to migrate landward of the 

structure. These may include but are not limited to the analyses conducted for Avulsion 

Hazard Zone mapping in proximity to this structure, pursuant to section IV.C [Note: 

section IV.C. deals with avulsion mapping] or other relevant geomorphic, hydraulic or 

sediment analyses. 

iii) Built above the 100-year flood elevation: 

(a) The 100-year flood water surface elevation computed by hydraulic modeling from the 

applicable flood study, or 

(b) Empirical information if relevant and credible, such as high-water mark elevations. 

If a structure is not built above the 100-year flood elevation then it is built below the 

100-year flood elevation. 

iv) “Scientific or technical information” means the following investigations or analyses: 

(a) Geotechnical, slope stability, hydraulic or other relevant technical analyses that 

evaluate the stability of the artificial structure in conditions during a 100-year flood, 

or 

(b) Analyses conducted for design and construction of the structure that are 

functionally equivalent to those in section IV.F.1.e.(iv)(a). 

 

This section thus provides a list of four sources of information that should be used in making the 

determination of a structure’s effectiveness. It does not state that meeting any one of them automatically 

qualifies a structure as “effective”; nor does it state that a qualifying structure must meet all of them. It 

does imply making use of a “weight-of-evidence” approach, requiring technical judgment rather than a 

black-and-white evaluation to reach a recommendation regarding the structure’s likelihood of restraining 

migration during a 100-year flood. 
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4.2 Holberg Levee Protection during the 100-year Flood 

As discussed in detail in sections above, a common and often critical factor in DMA designation is 

whether the levee of interest protects landward areas from the 100-year flood (independent of erosion 

concerns). Two available sources of hydraulic information document 100-year flood elevations relative to 

the Holberg Levee crest (Figure 3): (1) Federal Emergency Management Agency (FEMA) hydraulic 

modeling and associated flood insurance mapping (based on terrain information collected in 1994, with 

model results reported in 2005), and (2) recent two-dimensional modeling by Watershed Science and 

Engineering (WSE) for King County (based on terrain information collected in 2011, and reported in 

2017). Although the prior effort is the basis for regulatory flood zones, the latter modeling better captures 

existing conditions given significant bed and channel change in recent decades.  

 

Figure 3.  100-year flood elevations in comparison to the crest elevation of the Holberg Levee. The left 
and right panels show the FEMA flood insurance map (panel 419, published 2005; based on 
1994 terrain) and recent WSE hydraulic modeling results (report dated 2017; based on 2011 
terrain), respectively. In both panels, water surface elevation contours are shown in blue 
and levee crest elevations (from 2015 LiDAR) are shown in yellow. Both panels show that 
the 100-year flood is contained within the Holberg Levee, despite channel migration and 
channel change in the period between modeling efforts. All elevations are shown in 
NAVD88. 
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The FEMA modeling depicts water surface elevations between 1 to 3 feet below the levee crest. Although 

the water surface is consistently below the levee crest for the full levee length, these low levels of 

modeled freeboard did not meet FEMA’s levee accreditation requirement of at least 3 feet for the entire 

length of the levee (National Flood Insurance Program Regulation 65.10(b)(1)(iii) and (iv), FEMA 2008). 

In cases where levees contain the 100-year flood but freeboard requirements are not met, FEMA maps 

flood hazard zones in the back-levee area by running a separate hydraulic model with the levee removed 

from the base topographic terrain (FEMA 2005: 187). Note that the governing codes and rules for DMA 

designation do not address this scenario of apparent 100-year flood protection but with inadequate 

freeboard for FEMA accreditation.  

The more recent modeling by WSE (2017) confirms that 100-year flooding is contained within the 

Holberg Levee, with freeboard ranging from as low as 1 foot along the lower end of the levee up to more 

than 5 feet at the upper end of the levee. These results again show that the Holberg Levee protects against 

the 100-year flood, although the level of freeboard is sufficiently small to suggest that back-levee flooding 

is possible at the 100-year flood given possible error in this (as with any) hydraulic model.  

4.3 Incorporated vs. Unincorporated Areas 

Although there is no dispute that the properties of most immediate concern lie outside of the city limits of 

Carnation, several comments have noted the significantly different treatment of properties lying on either 

side of this boundary behind the same flood-protection facility. The origin of this disparity is found in 

WAC 173-26-221(3), which states: 

• “Within incorporated municipalities and urban growth areas, areas separated from the active river 

channel by legally existing artificial channel constraints that limit channel movement should not be 

considered within the channel migration zone. 

• All areas separated from the active channel by a legally existing artificial structure(s) that is likely to 

restrain channel migration, including transportation facilities, built above or constructed to remain 

intact through the one hundred-year flood, should not be considered to be in the channel migration 

zone.” 

This WAC establishes two different criteria: within incorporated areas (and their urban growth areas), a 

structure need only “limit channel movement”; outside of those areas, they must be determined “to remain 

intact through the one hundred-year flood.” Although residents within a city might hope for their 

protective structure to meet the more restrictive standard, there is no requirement that it be shown to do 

so. For purposes of evaluating any such facility, therefore, the proper question to ask from a technical 

perspective should not be “why is it good enough for the city but not for us?” but rather “if it’s not good 

enough for the county then why is it so for the city?”  

4.4 Summary Guidance from the Governing Codes and Public Rule 

From this review of the various codes and the derivative Public Rule, the following guidance can be 

extracted: 
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1. Both the WAC and the KCC apply; in cases of conflict or ambiguity, the more restrictive one 

applies, since both codes need to be satisfied. 

2. The Holberg Levee is included in King County’s public levee inspection and maintenance 

program. This is not an unequivocal determination of levee effectiveness, but it affirms the 

appropriateness of evaluating both its present conditions and expectations of future performance.  

3. The standard for evaluating the effectiveness of a facility to withstand channel migration is 

conditions during a 100-year flood; the criteria for that evaluation is whether it is “likely” to 

remain intact and functional during such an event. The fact that a 100-year flood is, itself, not very 

likely is irrelevant to this evaluation. 

4. There is no stated obligation to conduct “geotechnical, slope stability, hydraulic or other relevant 

technical analyses” in determining whether a levee is functioning to protect a DMA on its 

landward side. If such analyses are conducted, however, then their findings and judgments should 

be used in the subsequent evaluation of the structure’s “likelihood of restraining channel migration 

and for mapping a DMA.” There is also no articulated obligation that this information should 

supersede any/all of the other sources of information specified in the codes. 

5.0 Evaluating the Effectiveness of the Holberg Levee as an Erosion 
Barrier  

Under King County’s Public Rule for determining the boundaries of CMZs, information that should be 

used includes relevant technical analyses that evaluate the stability of a structure during a 100-year flood. 

All such analyses will always be “incomplete,” insofar as additional work can almost always be 

undertaken. The Tolt CMZ Study presented one set of analyses conducted for the purpose (among many 

others) of evaluating the stability of the Holberg Levee; this memorandum is another, which expands the 

scope of the Tolt CMZ Study within a very limited area to review both existing and new information to 

reach an informed judgment. Even this report, however, will be “incomplete,” insofar as limitations of 

schedule, budget, and information availability could always be overcome at some time in the future with 

additional resources. With that acknowledgment, the following subsections of this report provide an 

independent evaluation of the conditions judged most relevant to the potential stability of the Holberg 

Levee under future 100-year flow conditions. 

5.1 Field Observations of the Holberg Levee 

The authors of this report conducted a half-day field visit to the Holberg Levee and its vicinity on August 

28, 2017. Our visual reconnaissance of the Holberg Levee constituted a walk along the levee crest from 

the access road off NE 42nd Place, southwest about 1,300 feet to the property of Mr. Fisette, followed by 

a return walk along the right bank of the Tolt River along the base of the levee. The levee was also 

observed from various points along the riverbank up to about 300 feet upstream of the access road, near 

the apex of the prominent bend in the river. 

Overall, the levee is intact and its riverward face is well-armored and slightly to heavily vegetated. Two 

zones of displaced rock, however, were noted. The downstream-most zone lies about 675 feet from the 

road end (immediately northeast of the Foreman property line). Here, about 10 angular riprap blocks up to 
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about 3 feet in diameter were present on the channel bed, and presumably had either fallen from the levee 

face or are pieces of a rock toe placed at the base of the revetment (as shown in levee engineering plans, 

dated 1994). These riprap blocks had been displaced an indeterminate distance downstream (Figure 4), 

with no obvious source of the rocks nor evident gaps in the levee-face armoring visible through the 

vegetation.  

 
Figure 4.  View downstream of displaced riprap along the channel’s edge. Flow is away from the 

camera; levee is to the right. On the inset map, yellow marker shows location of the 
photograph with downstream flow to lower left. 

The second zone of displaced rock is closer to the access road, near the transition of the structure from 

“revetment” to “levee,” and the subject of prior discussion (Figure 5). 
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Figure 5.  View across the apex of the bend to an area of displaced riprap along the channel’s edge. 

Flow is to the left; levee is behind the water’s edge. Yellow marker on inset map shows 
location of the photograph (downstream flow is to lower left).  

 

This zone of displaced rocks and locally bare, exposed underlying soil is about 50 feet in lateral extent, 

with the area of most active rock movement no more than about 20 feet long. Within this zone, about 20 

individual angular riprap blocks are visible, some partly submerged and others completely below the low-

flow water line (Figure 6). Although we cannot determine unequivocally whether these rocks were 

dislodged from the levee face or exposed as part of a riprap toe (see next section), their spatial 

correspondence with gaps in the levee facing strongly suggests that at least some of these riprap blocks 

originated from the face. Regardless, prior flows have undermined and/or dislodged individual blocks, 

including some of the largest sizes present along the face of the levee, although none appear to have been 

transported downstream any significant distance. The flow of the Tolt River does not appear likely to be 

competent over time to erode all the material constituting the levee, but a visual inspection cannot 

evaluate this possibility with certainty. 
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Figure 6.  View upriver of the zone of eroded blocks. A majority of the rocks remain undisturbed, but 

local gaps in the face of the levee are common in this zone. Although no effort was made to 
match in-channel rocks with gaps in the levee, most if not all of the rocks appear to lie 
within a few feet downstream of where they may have been originally placed. Some have 
apparently rolled/slid as much as 10 feet laterally into the low point in the channel, however. 
Location along the river is as marked on Figure 5. 

 

The degree and extent of levee erosion is not unique to these two locations on the Holberg Levee. A zone 

of similar failures was also observed across the river along the Girl Scout Camp Levee (Figure 7), 

suggesting that the nature and magnitude of such failures are not unique and should be expected over the 

lifetime of these structures.  
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Figure 7.  Panoramic view of the Girl Scout Camp Levee from across the Tolt River. Flow is left to 

right; the major side channel from upstream reenters the main flow just to the left of the 
image. A number of riprap blocks have been displaced into the river and transported at least 
some modest distance downstream, leaving behind several zones of bare soil or exposed 
small gravel constituting the interior of the levee. 

 

5.2 Adequacy of Holberg Revetment Design  

The observed revetment failures along the Holberg Levee face warrant a review of the engineering design 

and adequacy of erosion protection. Critical considerations include the sizing of rock face material, 

countermeasures for groundwater piping (a common failure mechanism of revetments), and the depth of 

placed rock relative to expected scour. Engineering plans (King County 1994) provide the necessary 

information to evaluate the likely effectiveness of these components using literature and research that has 

been developed since the design and construction of the Holberg Levee repair of the mid-1990s. The 

engineering designs evaluated only provide information on the levee design, however, and not the actual 

levee construction. As-built engineering plans were also reviewed and provide information on the 

constructed levee in plan view, but they did not provide information on size gradations of levee rock face 

material nor the constructed depth of the rock toe. Thus, these aspects of levee design are presumed to 

reflect actual conditions as constructed, but this could not be verified.  

The evaluation of the design’s suitability to remain effective during high flows was aided by hydraulic 

modeling results (Figure 8). 



 

 

January 16, 2018 21 
Technical Memorandum: Reassessment of the King County Channel Migration Zone Mapping near the Holberg Levee, Tolt River 
 

 

Figure 8.  Modeled depths (left) and velocities (right) during the 100-year flood (modeling completed 
by WSE in 2017). Note that hydraulic modeling was completed using LiDAR-based terrain 
data collected in 2011. Since that time, the Holberg bend apex has migrated northward, as 
demonstrated by comparing the 2015 active channel outline (pink dashed lines) to the 
modeled depths. Based on comparing high velocities to the observed point of levee failure, 
it appears that the minor failure occurred in recent years (i.e., after 2011) after the bend had 
migrated northward relative to the diagrammed modeling results.  

 

5.2.1 Riprap Sizing 

Although many methods and empirical equations are available for sizing riprap, relatively recent research 

(LaGasse 2006) reaffirms a riprap sizing equation developed by the U.S. Army Corps of Engineers 

(USACE) (EM 1110-2-1601, 1991) for its reliability. In addition, the USACE equation is well-suited for 

tight bends like the Holberg bend. Based on these strengths, we chose to use the USACE equation to 

evaluate riprap sizing and stability along the Holberg Levee and revetment. The empirically derived 

equation generates a recommended diameter for the thirtieth percentile diameter (D30) in the riprap size 

gradation in the following form (USACE 1994: 3-5): 
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Where the input variables are as follows: 

D30 Diameter of riprap with 30% finer by weight 

Sf Safety Factor (assumed to be 1.0, given comparison with design specified riprap). 

Cs Stability coefficient for incipient failure (0.3 for angular riprap, as observed on-site) 

Cv Vertical velocity distribution coefficient (effectively a correction for bend curvature, 

expressed as the bend radius (r = 290 feet) divided by channel width (W = 140 feet), 

yielding a curvature (i.e., r/w) of 2.1). 

Ct Thickness coefficient (conservative assumption of 1) 

d Depth of flow (local, see discussion) 

γw Unit weight of water (62.4 pounds per cubic foot) 

γs Unit weight of riprap (165.4 pounds per cubic foot, standard rock density assumption) 

V Local depth-averaged velocity and side slope velocity (Vss) (see discussion) 

K1 Side slope correction factor (Value of 0.81 calculated using equation provided in 

USACE report and 2.5:1 riprap slope). 

g Gravitational acceleration (32 ft/sec2) 

 

Ranges of flow velocities and depths for the 100-year flood discharge were input to acknowledge 

uncertainty in estimating the appropriate depths and velocities, and to evaluate the range of potential 

riprap sizes recommended for the Holberg bend. Velocity estimation took two approaches: (1) depth-

average toe velocities (at a point 20% up from the toe using the WSE modeling results); and (2) an 

estimation of side slope velocity (Vss) using the recommended USACE approach, which adjusts bend 

entrance velocities (cross-section average) according to bend curvature. Toe velocities along the bend 

ranged from 5.5 to 7.5 feet per second, as shown in Figure 8, and Vss was estimated as 8.5 feet per 

second. Although this latter approach seemed to over-predict modeled velocities in the bend, it was 

retained in the analysis to evaluate riprap sizing for a conservative case. Flow depth was simply estimated 

as the thalweg depth at multiple locations along the bend (ranging from 11–13 feet), given that the 

thalweg is generally along the revetment toe.  

For the most conservative combination of depths and velocities, Table 1 shows that the riprap sizing 

equation suggests that rock gradations should have a D30 of 4.5 inches (1.5 inches at the least conservative 

combination). For comparison, the D30 specified in the Holberg Levee engineering plans (1994) is 30 

inches. Thus, riprap was sized with an effective factor of safety ranging from 6.5 to 20, which is well 

above typical engineering safety factors. This analysis suggests that the Holberg Levee riprap, at least as 

designed, was adequately sized to resist fluvial transport during the 100-year flood. 
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Table 1. Table of Recommended Riprap Size (in inches) 

 Depth  

Velocity 

5.5 ft/s 7.5 ft/s 8.5 ft/s 

11 ft 1.5  3.4 4.6 

11.7 ft 1.5 3.3 4.5 

13 ft 1.5 3.2 4.4 

Table is based on the USACE’s EM 1110-2-1601 riprap sizing equation, at a range of depths and 
velocities at the Holberg bend during the 100-year flood. Calculated values assume a safety factor of 1. 

 

5.2.2 Groundwater Piping Countermeasures 

Groundwater piping is a commonly overlooked aspect of riprap design that can lead to progressive 

revetment failure, despite adequate sizing of rock (LaGasse 2006). Groundwater piping is a process of 

groundwater seepage along the revetment that occurs during the flood recession, when a steep 

groundwater gradient is established between the landward side of the levee and the lowering river level. 

Fine material composing the levee interior can be carried by the outflowing groundwater through the large 

pore spaces of the riprap. With enough removal of fine material, the revetment loses structural support 

and fails.  

The primary countermeasure to prevent this failure mechanism is the placement of a filter directly 

underneath the riprap rock. These filters allow groundwater passage but restrain any fines in transport 

along with the groundwater. Filters can be made of a geotextile fabric or can be granular in nature. The 

Holberg Levee engineering plans (1994) specify that “a one-foot thick filter blanket of well-graded, clean 

sand and gravel…be placed behind the rock.” This specification is too general to fully assess the 

adequacy of the filter blanket, given necessary design parameters of particle size distribution, 

permeability, porosity, and thickness (as outlined by LaGasse [2006: 62]). In general, the observed well-

graded nature of the material is in line with design recommendations. The thickness also meets general 

recommendations for thickness of 6 to 8 inches. A potential inadequacy of the levee as constructed is that 

potentially too much fine material is contained within the blanket itself, sediment that could be 

transported by seeping groundwater (thereby undermining the filter blanket). Although we are confident 

that a filter blanket is present, this does not eliminate the possibility that groundwater piping played a role 

in the observed localized riprap failures along the Holberg revetment. 

5.2.3 Revetment Toe Depth 

To protect against lateral erosion, levee and revetment rock toes also need to extend below the depth of 

scour. To evaluate levee construction relative to depth of scour, we evaluated levee design at the 

northernmost design section in the 1994engineering planset (station 6+50, shown in Figure 9). This cross-

section is the closest to the northernmost observed face failure (~station 7+00; see Figures 5 and 6), but it 

does not precisely reflect the levee configuration at this observed failure. At the point of failure, an access 

road slopes down from the levee top in a downstream direction and functions as the levee toe. The 

engineering design information does not specify the depth of rock placed at the section along the access 

road, which represents a further uncertainty in the subsequent analysis. With available information, 

however, we explore below the potential depth of scour relative to the design toe depth at station 6+50.   
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According to the plans (Figure 9), the designed bottom of the riprap toe at station 6+50 lies at about 94 

feet (NAVD88), or about 7 vertical feet below the current bed elevation (100.5 feet NAVD88). This 

comparison alone would suggest little risk that the Tolt River can undermine (i.e. reach the bottom of) the 

rock toe under its present channel configuration. However, the current bed configuration does not 

necessarily represent the maximum potential depth of scour, because scour holes can often fill in 

following floods.  

 

Figure 9. Engineering cross-section (station 6+50) of an upstream portion of the Holberg Levee (from 
the engineering planset; King County 1994). Elevations originally depicted on the planset 
were converted to NAVD88. Relevant information from WSE modeling data (2017, 
representing conditions in 2011) are shown for comparison. Since an observed levee-face 
failure is located about 50 feet upstream (at station 7+00), the approximate levee cross-
section at that point is also shown (overlain orange line). This access road is benched into 
the levee face and slopes downstream toward the toe depicted at station 6+50, with riprap 
placed on riverward faces (as shown). The conservative maximum depth of scour (green 
dashed line at elevation 94 ft; see text) is shown for comparison with the design bottom 
elevation of the rock toe at 6+50 (elevation 94 ft). The actual rock toe depth at 7+00 is 
unknown. 

Determining the maximum potential scour is a complex problem in hydraulics, made even more so by the 

planform of the river as it impinges on the Holberg Levee. Thorne and Abt (1993) noted large errors in 

their empirical equations near curvature values of 2 (the curvature of the Tolt River at this location is 2.1). 

At these bend geometries, they noted that “flow may strike the outer bank at a steep angle, driving 

reversed flow upstream of the apex. In this respect, attack of the outer bank is associated with impinging 
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flow, and this has [been] found to be an intractable problem in both single thread and braided rivers.” The 

upper zone of failure in the Holberg bend is located just downstream of the bend apex (zone of highest 

curvature), and in a section of bank that would be most likely to experience this “impinging flow.” 

Acknowledging this uncertainty, an empirical relationship developed by Soar and Thorne (2001) was 

nonetheless considered to provide some basis for evaluation: 

 

The equation above relates the channel curvature (bend radius [Rc] divided by channel width [Wi]) to the 

dimensionless maximum scour depth, defined as the maximum scour depth on the bend [Dmax] divided by 

the “average depth of flow” [Dm] at the bend cross-over directly upstream (elsewhere in Soar and Thorne 

[2001], Dm is less ambiguously defined as the “mean bankfull depth”). The curve produced by the above 

equation represents an upper envelope of the data used in its development; therefore, Soar and Thorne 

refer to it as the “practical safe design curve.” Accordingly, it produces relatively conservative estimates 

of scour depth with a built-in factor of safety for engineering applications. With a channel curvature in 

2015 of 2.1, the equation predicts a dimensionless maximum depth (i.e., the ratio of maximum scour 

depth to mean channel depth) of 3.6 for the Holberg bend. This is close to the maximum plausible value 

recommended for design purposes by Soar and Thorne (2001, p. 336) of 4. 

Applying the calculated dimensionless maximum scour depth (= 3.6) at bankfull conditions, we first 

measured a bankfull mean depth of 2.6 feet (= Dm) relative to channel banks and 2011 bathymetry data 

(WSE 2017), resulting in calculated Dmax = 9.3 feet. Relative to the water surface elevation extending 

from bank tops, this predicted scour depth places the minimum bed elevation at 101 feet at station 6+50, 

which is only a few feet lower the existing minimum bed elevation and about 7 feet above the base of the 

rock toe as designed (Figure 9).  

Applying the same Dmax factor to the modeled 100-year water surface (WSE 2017) results in a predicted 

maximum scour depth of 19 feet, which would reach as low as 94 feet elevation, approximately equal to 

the design toe depth at station 6+50 (Figure 9). However, Soar and Thorne (2001) do not discuss 

application of this equation to large floods (i.e. those overtopping channel banks), and so the applicability 

of this equation during extreme events is uncertain. A precursor bend scour study (Thorne and Abt 1993) 

cautioned against its use at large floods, specifically noting the complex and poorly characterized 

hydraulics that develop when flows access the floodplain. Therefore, any scour depth calculated for the 

100-year flood is of uncertain applicability and probably conservative.  

In total, the information above suggests that the Holberg Levee and revetment were designed to a 

sufficient depth to offer protection against maximum scour—the channel bed and estimates of bend scour 

are all within the elevation range of the designed rock toe.  However, uncertainties in the equation’s 

applicability under extreme flood flows, the unknown condition of the rock toe as actually constructed, 

and the potential differences in design and/or construction between the evaluated cross section and the 

end of the levee, 50 feet farther upstream, render this a provisional conclusion. Even greater certainty 
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could be achieved, but only with an in situ evaluation of the materials and configuration of the levee as it 

now exists. 

6.0 Potential Avulsion Pathways 

For discussion purposes, two categories of potential avulsion pathways exist in the vicinity of the Holberg 

Levee (Figure 10). The first category discussed below includes those pathways that exist across and 

upstream of the Holberg bend. These avulsions are unlikely to have immediate impact on areas landward 

of the levee, but they have the potential to alter the planform geometry of the Tolt River with consequent 

changes to the erosion potential along the Holberg Levee. The second category is a potential levee-

flanking avulsion, which would have immediate and catastrophic consequences for landowners landward 

and downstream of the Holberg Levee.  

 

Figure 10.  Shaded relief map of the Holberg Levee area and the associated upstream 
channel/floodplain areas, showing locations of potential avulsion pathways. Dotted white 
line approximates the low-flow channel location. The map shows two avulsion paths 
identified in the Tolt CMZ Study (with identifying numbers from that report’s Table 5), two 
additional side channels acting as a secondary cutoff chute channels, and the most likely 
pathway of a potential levee flanking avulsion extending from the Holberg bend.  
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6.1 Potential Avulsions across the Holberg Bend 

The major focuses of this section are two side channels crossing the Holberg bend (labeled “Avulsion 

pathway #8” and “Cutoff chute” in Figure 10) and their potential as avulsion pathways. A future avulsion 

of the Tolt River along Avulsion pathway #8 or the cutoff chute (i.e., creating a bend cutoff) would shift 

the main thread of the active channel away from the area of concern on the Holberg Levee and likely 

reduce whatever potential currently exists for levee failure. This potential was previously noted by the 

landowners in the area, and it merits additional consideration.  

6.1.1 Field Observations of Potential Avulsion Pathways 

Two cutoff chutes with perennial flow traverse the point bar across from the Holberg Levee, providing a 

bypass for flows past the meander bend that is presently impinging on the face of the levee (Figure 10). 

The larger of these side channels (“Avulsion pathway #8” in the Tolt CMZ Study) has been noted as a 

potential future avulsion site, which could result in the main flow of the Tolt River abandoning the face of 

the Holberg Levee altogether. At minimum, the avulsion into the more southerly primary channel 

(Avulsion pathway #8) could reduce the erosive stresses along the face of the levee during subsequent in-

channel flows. Although not called out in the Tolt CMZ Study, avulsion into the more northerly side 

channel (labeled “Cutoff chute” in Figure 10) would also change erosive stresses on the Holberg Levee.  

Our field observations of the two side channels across the point bar suggest that they have rather different 

morphologies and levels of current activity (Figure 11). The more northerly chute carried relatively little 

flow during our (low-flow) field visit and its banks attest to little erosion or active transport of sediment 

and woody material. The southerly chute (Avulsion pathway #8), in contrast, is an active channel that was 

carrying about 20% of the flow of the river during our field visit and displayed abundant evidence of 

active sediment transport during recent higher flows. Dead and dying forest lined much of this southerly 

channel, suggesting its relative youth as an active channel.  

A large logjam currently extends along the left bank of the main channel from upstream of the Avulsion 

pathway #8 inlet, to downstream of the cutoff chute inlet. The jam has sufficient porosity to allow passage 

of perennial flow (and likely sediment during high-flow events). The jam is also stabilized against the 

floodplain forest and clearly provides significant bank stability. Recent aerial photographs (Google Earth) 

show that floods between 2006 and 2009 carried in a large influx of wood to the reach. The 2009 aerial is 

also the first photo with the large left bank logjam apparent. South and westward migration of the 

associated bend has apparently ceased since the same time, supporting the stabilizing role of the logjam 

on the bank.   
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Figure 11. Field views of the northerly (left panel) and southerly (right panel) cutoff chutes. Only the 
southerly chute is identified in the Tolt CMZ Study as an avulsion pathway (Avulsion 
pathway #8), a distinction between the two that is well-reflected in their relative discharges 
and evidence of recent wood- and sediment-transporting activity. 

 

6.1.2 Holberg Bend Geometry 

Chute cutoff and abandonment of meander bends is a natural response to bend growth and elongation. As 

bends grow, chute channels across their necks become increasingly favorable in their slope and sediment 

transport capacity, making chute cutoff more likely. For a given reach of river, this process of bend cutoff 

should set an approximate upper limit on meander bend size. Along these lines, we evaluated the 

geometry of the Holberg bend in the context of other nearby bends.  

Table 2 shows that, in terms of bend amplitude and tightness (i.e., radius), the Holberg bend ranks the 

highest. This suggests that chute cutoff and bend abandonment in this reach of the Tolt River have tended 

to occur at similar or even lesser stages of bend development. Although these data do not predict the exact 

time frame or outcome of Holberg bend cutoff, they do suggest that the bend may not continue to persist 

as a long-lived feature of the low-flow channel. This finding is consistent with the presence of active and 

expanding chute channels across its neck.  

 
Table 2.  Geometry of Present-day and Historical Bends in the Vicinity of the Holberg Bend   

River 
Mile 

Year Radius, ft 
Bend Tightness 

Rank (1 = tightest) 
Amplitude, ft 

Bend Amplitude 
Rank (1 = greatest 

amplitude) 

Average 
Rank 

Comment 

1.8 2015 290 2 470 2 2 Holberg Bend 

2.6 1936 350 6 560 1 3.5 

 

1.9 1936 305 3 290 6 4.5 

 

2.3 1991 240 1 200 10 5.5 
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1.7 
2015 390 8 320 4 6 

Bend at Lower End 
of Holberg Levee 

2.6 1960 310 4 260 9 6.5 

 

2.5 1960 350 5 270 8 6.5 

 

2.6 1964 520 10 370 3 6.5 

 

2.6 2015 360 7 280 7 7 

 

1.8 1936 430 9 290 5 7 

 

Bend geometry is described in terms of bend amplitude and radius, and sorted by the average rank of the two dimensions. The table lists the top ten ranking 
bends observed in aerial photographs (1936–2015) within about 1 river mile of the Holberg bend. The Holberg bend ranks as having the highest average rank of 
the two metrics.  

 

6.1.3 Topographic Changes along the Holberg Bend Chute Channels 

Successive LiDAR flights (King County 2015; Puget Sound LiDAR Consortium 2003) of the project area 

provide multiple snapshots of topography, and thus capture possible erosion or expansion along the cutoff 

chutes. Figure 12 shows longitudinal profiles of the two channels, with approximate locations of main 

channel banks marked along each profile. Migration of the main channel has effectively shortened and 

steepened each channel over the measurement period. The LiDAR records apparent channel incision in 

the lower end of each side channel.  

This pattern of incision localized near the side channel outlets resembles a knickpoint, or locally steep 

section of channel. Knickpoints are a common mode of channel incision, whereby locally high erosive 

power causes the knickpoint to migrate upstream until reaching a new equilibrium channel slope. These 

two knickpoints have migrated upstream at rates of about 30 feet per year in the northerly cutoff chute, 

and 40 feet per year in Avulsion pathway #8. If knickpoint migration is the process of active incision 

along both of these channels, it suggests that chute cutoff will become increasingly likely as the 

knickpoints approach their respective side channel inlets. If the headcuts continue to progress upstream at 

similar rates, they will reach their respective inlets on the order of a decade or two, although projections 

of such rates are highly uncertain given the highly stochastic nature of knickpoint migration. In reality, 

knickpoint migration could feasibly lead to chute cutoff within the course of a single large flood, or series 

of floods. It also would not be unreasonable for the bend to persist for multiple decades.  

The presence of knickpoints in both channels suggests that future chute cutoff is possible within either 

channel (i.e., not only in Avulsion pathway #8). If chute cutoff were to occur through the northerly 

channel first, the Tolt River would not entirely abandon the Holberg Levee; if it were to occur through the 

southern channel, however, the Holberg Levee would subsequently be largely unaffected by all but the 

largest flows. In either case, the abandoned main channel would likely persist as a side channel, 

conveying high flows, for a number of years. Therefore, the abandonment of the levee and consequent 

reduction in erosional stresses would likely be a gradual process. 
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Figure 12.  Longitudinal profiles of the two potential avulsion pathways across the Holberg bend, 
extracted from two LiDAR datasets collected in 2003 and 2015, documenting vertical change 
along the two channel axes. Both channels have apparently eroded vertically through a 
process of knickpoint migration, starting from the outlet end of each side channel. This 
vertical erosion has likely been spurred, at least in part, by side channel shortening in 
response to lateral erosion by the main channel (as shown by change in main channel 
banks). For a sense of error, an approximate elevation change of 0.3 feet was noted on 
stable road surfaces, which is significantly less than much of the erosion recorded along 
the side channels.   

6.1.4 Conclusions Regarding Holberg Bend Cutoff and its Consequences 

Our analysis and observations above suggest that cutoff of the Holberg bend is possible, and eventually 

quite probable. Specific observations suggestive of avulsion potential include the Holberg bend’s high 

amplitude and tightness relative to other nearby bends present since the 1930s—no other historical bend 

has reached the same combination of amplitude and tightness. The LiDAR change analysis also suggests 

that early stages of chute cutoff may already be in progress, which is certainly believable given field 

observations of a young and actively expanding side channel along Avulsion pathway #8. If avulsion 

were to occur, it would likely reduce the erosive stresses on the Holberg Levee (at least temporarily).  

Despite the above evidence, the timing of Holberg bend cutoff is uncertain. It could feasibly occur during 

the next large flood, or it may not occur for multiple decades. This uncertainty makes it difficult to predict 

the consequences of such a main channel shift. In the case that cutoff does not occur for many years or 

decades, the chances that other channel changes occur beforehand only increase. For instance, Avulsion 

pathway #9 (see Figure 10), with an upstream intersection with the existing active channel of the Tolt 

River at River Mile (RM) 2.35, could also reactivate, in which case the entire mainstem channel from RM 

2.35 downstream to about RM 1.85 could be largely abandoned (including Avulsion pathway #8 and the 

more northerly cutoff chute). Avulsion path #9 was occupied by the Tolt River as recently as the 1936 and 
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1964 airphotos, and there have been no subsequent levees constructed that would preclude a return to this 

configuration in the future. Similarly, the “Upstream chute” on the bend immediately upstream of the 

Holberg bend is an active perennial channel that carries flood flows at relatively high velocities (Figure 

10; note its occupation in Figure 8). If this upstream bend were to cutoff and shift the main Tolt River 

channel northward, the tightness of the Holberg bend would be reduced such that the bend could suddenly 

become more stable, thereby maintaining its position along the Holberg Levee for a longer period.  

We therefore conclude that the potential for the identified avulsion pathway to reduce the risk of erosion 

along the Holberg Levee during a 100-year flood event is credible but speculative, relying on a particular 

set of events (i.e., occupation of Avulsion pathway #8, but not Avulsion pathway #9 or the “Upstream 

chute”) that, by their nature, have long defied any deterministic methodology for their prediction. Even if 

that set of events were to occur, the reduction of erosional stresses would likely be gradual, given that the 

abandoned main channel would likely persist as a conduit for flood flows for a number of years following 

avulsion. We find no basis to include this selective-avulsion scenario in the analysis of the Holberg 

Levee’s ability to remain intact during a 100-year flood. 

6.1.5 Potential for Levee-flanking Avulsion  

A second and potentially more problematic avulsion pathway is present, which is the reoccupation of the 

river by avulsion into the area of the HMZ behind the Holberg Levee. At the upstream end of the Holberg 

Levee, a relict channel diverges westward from the Tolt River toward the town of Carnation and 

represents the most obvious pathway for a potential levee-flanking avulsion. As observed in the field, the 

upper end of this channel is covered in mature forest, and shows no signs of riverine erosion or action. 

The historical record confirms that this feature has not been occupied by the Tolt River since before 1936.  

Analysis of the potential for avulsion into this pathway must make use of theory first presented almost 

two decades ago (Slingerland and Smith 1998), which postulated that the balance between sediment-

transporting capacity of the avulsing channel (termed a “crevasse channel”) and the sediment being 

supplied from the main flow would determine whether a breach in channel margin would expand, heal, or 

remain stable. Their theoretical formulation showed avulsive behavior was most dependent on the ratio of 

the initial crevasse slope to the main channel slope, although the ratio of the crevasse height relative to the 

main channel depth was also a significant factor (Figure 13). In this evaluation, the critical slope ratio is 

the key metric used to evaluate avulsion potential corresponding to avulsion potential. Slingerland and 

Smith (1998) found that critical slope ratios over values of four (i.e., the crevasse is at least four times 

steeper than the main channel) were associated with avulsions. 
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Figure 13. Schematic of a crevasse channel and its associated main channel. The ratio of the initial 
crevasse slope to the main channel slope is Sc to the main channel water-surface slope (Sm, 
not shown); the ratio of the crevasse height relative to the main channel depth is I/H. 
Modified from Figure 1 of Slingerland and Smith (1998). 

Cautionary notes are required before embarking on any avulsion study using the generalized criteria 

discussed above. Kleinhans et al. (2013:52) noted “A favourable superelevation or slope cannot be a 

sufficient condition for avulsion, because high slope ratios exist along most of the length of many lowland 

rivers yet avulsions are uncommon (Törnqvist and Bridge 2002). One additional requirement is that 

overbank flows must be able to incise…Another requirement for lasting avulsion is that if flows spilling 

over the bank top are to form more than a crevasse splay they must become channeled on the 

floodplain…A further necessary condition for channelization is that the flood flow over the floodplain is 

sufficiently fast and long-lasting.” Thus, any attempt to predict the likelihood of future avulsion at a site 

must proceed with caution, with guidance but not excessive reliance on seemingly rigorous but ultimately 

limited analytical/theoretical approaches.  

In the case of the potential avulsion pathway extending from the northern end of the Holberg Levee, the 

critical slope ratio ranges from 1.5 to 3. The range in values results from the fact that the avulsion path 

slope decreases in a downstream direction, resulting in a slope ratio that varies depending on the slope 

measurement distance. These critical slope ratios do not indicate significant avulsion potential in the 

absence of the Holberg Levee (recall that ratios of four and above were most associated with avulsions in 

the Slingerland and Smith study). It is important to emphasize that the above analysis does not account for 

the fact that a major levee lies between the existing main channel and the avulsion pathway, which 

undoubtedly reduces avulsion potential even further. For avulsion to occur, flooding would not only have 

to overtop the levee, it would also need to fully erode a section of the levee and revetment such that the 

Tolt River could establish a new course.  

7.0 Conclusions 

• The 2017 Tolt CMZ Study was conducted consistently with applicable codes, rules, and guidelines. 

Assertions that it violated state and/or county rules are simply incorrect. 
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• The Tolt CMZ study encompassed six river miles containing nearly five miles of King County levees 

and revetments. Given the scale of this effort, King County’s determination of levee effectiveness 

based largely on visual assessments of levee conditions was entirely appropriate. On the basis of 

obvious failures of its riprap face, the Holberg Levee was properly identified using visual criteria as 

“not effective” at restraining channel migration. This designation was reasonable with available 

information, and its application met the criteria outlined in the WAC and public rule. 

• Based on the additional analyses performed for the present study, we judge more likely than not that 

the levee will provide adequate protection for landward properties during a 100-year flood. The 

additional analyses did not unequivocally identify the root cause for the observed localized failures of 

the levee face, however, and so they cannot fully inform the determination of future risk.  

• Given the observed levee failures, the absence of as-built surveys, the unavoidable limitations of 

models and empirical equations, and the ambiguity in any formal definition of “likely,” this judgment 

of levee effectiveness nevertheless contains significant uncertainty and does not fully eliminate the 

potential for hazard associated with future levee failure. We therefore believe that this evaluation 

justifies the remapping of the subject properties as lying in a Moderate Hazard Area, following the 

guidance of Section IV.G.2.B of the public rule (“If consideration of site-specific variability within the 

channel reach (conducted in section IV.D.2.a) and professional judgment indicate that the mapping 

methods in this appendix are not appropriate in a specific location and condition, then the delineation 

of a CMZ component and its severe and moderate hazard areas may be modified.”) 

• At such future time that one of the chute cutoffs across the Holberg Bend becomes occupied by the 

main channel of the Tolt River, we further recommend that additional maintenance work be 

performed to rebuild a continuous riprap facing along those parts of the levee where the rock has been 

undermined and displaced. At that time, King County would be fully justified in designating the 

Holberg Levee as “effective,” remapping the subject properties landward of the levee as lying in a 

DMA, and removing any remnant Hazard Area designation. This would serve the additional purpose 

of providing an equivalent level of protection to those areas behind the Holberg Levee within the City 

of Carnation, now designated as Disconnected Migration Areas only by virtue of the boundaries of 

incorporation.  
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