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GLOSSARY
100-year floodplain - the land that is inundated by flood waters when a 100-year storm occurs, or a
streamflow that has a 1% chance of occurring on any given year. Area within the 100-year floodplain
has a 1% chance of flooding on any given year.
BLM - Bureau of Land Management
cfs - cubic feet per second
DEM – Digital Elevation Model
Emergent vegetation - herbaceous vegetation that is erect and rooted with an herbaceous stem.
Emergent wetland - Wetland with emergent vegetation. Typical notation in GLO notes/map: "Open
marsh" (Collins and Sheikh, 2002)
FA - Flood Authority
Flooding - the present participle form of the verb ‘to flood’ meaning, to over or submerge (a place or
area) with water
Floodplain – sedimentary plain of low relief bordering a river channel, typically with topographic
amplitude between ridges and the beds of floodplain water bodies of ˜ 0.1-0.5 times the bankfull
depth of the river, constructed by various sedimentation processes and inundated to some extent by
most annual floods in the current hydroclimate regime of the river’s drainage basin (Dunne and
Aalto, 2013). May be sub-typed into smaller habitat units: Floodplain Slough (mostly ponded),
Floodplain Channel (pool-riffle), Floodplain Pond (<5 ha) (Modified from (Beechie et al., 1994))
Floodplain water bodies – bodies of water on the floodplain surface including: side channels, ponds,
marshes, beaver ponds, oxbow lakes.
Flood risk - the severity or type of flooding in geographic areas, typically defined by the FEMA.
Forested - Woody vegetation greater than 6 meters in height
Forested Wetland - Wetland with forested conditions. Typical notation in GLO notes/map:
"Crabapple Swamp"; "Alder Swamp"; "Swamp covered with skunk cabbage and very dense thickets
of spruce and crabapple" (Collins and Sheikh, 2002)
ft - feet
Geologic floodplain - alluvial valley bottom subject to flood inundation prior to human disturbance.
Includes floodplain and terraces composed of river borne sediments that are subject to flooding
GIS - geographic information system
GLO - General Land Office
ha – hectare
HEC RAS - hydrologic engineering center river analysis system
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LiDAR – “Light Distancing and Ranging”. LiDAR is a high resolution remote sensing technology,
commonly used for topographical analysis of vegetation and the earth’s surface, among many other
diverse applications.
Intermittent stream - A stream that flows only at certain times of the year or an area where the
substrate is usually exposed, but surface water is present for variable periods without detectable
seasonal patterns (United States Fish and Wildlife Service, 2009).
Large Channel or Large River - Drawn on GLO maps as a line (Collins and Sheikh, 2002). Defined by
Beechie, et al. (Beechie et al., 2013) as a watercourse more than 20 m wide at bankfull width. May be
sub-typed into smaller habitat units: Pool, Riffle, Glide, Bank edge, Armored bank edge, Bar edge,
Backwater (Beamer and Henderson, 1998; Beechie et al., 2005)
Lentic - Related to or living in standing water.
Lotic - Related to or living in flowing water.
m - meters
Manning’s value - Manning’s n-value is a roughness coefficient determined empirically and is used
extensively to predict flow velocities and discharge. The amount of roughness in a river system is
directly related to the channel sediments, the presence of boulders and large wood material,
thalweg sinuosity and pool spacing, and floodplain vegetation, and hydrologic connectivity as
discussed in previous sections.
NSD - Natural Systems Design
Other geographical features - Miscellaneous terms in GLO notes include prairie; meadow; bottom;
deadening; dead timber; burned timber (Trotter, 2015).
Perennial - A stream that flows continuously or an area where water covers the land surface
throughout the year in all years.
Primary Channel – the main flow channel, typically defined from the toe of the left bank to the toe of
the right bank.
RFP - Restorative Flood Protection
Riparian Zone – stream bank from edge of un-vegetated active channel to the top-of-bank and
surface extending from top-of-bank 25-30 meters (82-98 ft) across the floodplain.
River Valley Landscape and Riparian Zone Definitions
Primary Channel – the main flow channel, typically defined from the toe of the left bank to the
toe of the right bank.
Secondary channel – any channel on or in the floodplain that carries water (intermittently or
perennially in time; continuously or interrupted in space) away from, and back into, or along the
main channel. Secondary channels include: side channels, wall-based channels, distributary
channels, anabranch channels, abandoned channels, overflow channels, chutes, and swales
(Olson et al., 2014).
Riparian Zone – stream bank from edge of un-vegetated active channel to the top-of-bank and
surface extending from top-of-bank 25-30 meters (82-98 ft) across the floodplain.
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Floodplain – sedimentary plain of low relief bordering a river channel, typically with topographic
amplitude between ridges and the beds of floodplain water bodies of ˜ 0.1-0.5 times the bankfull
depth of the river, constructed by various sedimentation processes and inundated to some extent
by most annual floods in the current hydroclimate regime of the river’s drainage basin (Dunne and
Aalto, 2013).
Floodplain water bodies – bodies of water on the floodplain surface including: side channels,
ponds, marshes, beaver ponds, oxbow lakes.
Valley slopes – hill slopes adjacent to the geologic floodplain.
Roughness - Hydraulic roughness is a measure of the factors that resist flow in a stream, and
quantifies the cumulative influence of sediment grain sizes, bedforms like bars and riffles, and
obstructions like log jams on the velocity of streamflow (Arcement and Schneider, 1989b; Barnes,
1967). Roughness is widely quantified via the Manning’s roughness coefficient, n, which is a variable
in Manning’s equation to determine flow velocity.
ROVER - Roughness Of VEgetation in Rivers
Scrub/Shrub - Woody vegetation less than 6 meters in height.
Scrub-shrub Wetland - Wetland with scrub-shrub vegetation. Typical notation in GLO notes/map:
"Marsh", "Hardhack swamp", "Marsh covered with clumps of willow and hardhack", "Willow and
hardhack swamp" (Collins and Sheikh, 2002)
Secondary channel – any channel on or in the floodplain that carries water (intermittently or
perennially in time; continuously or interrupted in space) away from, and back into, or along the
main channel. Secondary channels include: side channels, wall-based channels, distributary channels,
anabranch channels, abandoned channels, overflow channels, chutes, and swales (Olson et al., 2014).
Seep - Where a spring is a natural flow of fresh water issuing from the ground generally under its
own pressure, a seep is a place where the groundwater percolates or oozes to the surface and may
wet the surrounding soil over several feet (or yards) of ground. Seeps, like springs, may flow either
seasonally or perennially (Trotter, 2015).
Small Channel or Small Stream - Drawn on GLO maps as a polygon (Collins and Sheikh, 2002).
Defined by Beechie, et al. (Beechie et al., 2013)as a watercourse less than 20 m wide at bankfull
width. May be sub-typed into smaller habitat units: Pool, Riffle, Pond (<5 ha) (Beechie et al., 1994)
simplified from (Bisson et al., 1988)
Square Mile – sq. mi.
Streams - spring; creek; brook; branch; spring brook; spring branch; river; slough; pond; lake. I have
also seen the term seep. Where a spring is a natural flow of fresh water issuing from the ground
generally under its own pressure, a seep is a place where the groundwater percolates or oozes to
the surface and may wet the surrounding soil over several feet (or yards) of ground. Seeps, like
springs, may flow either seasonally or perennially (Collins and Sheikh, 2002).
Treatment area or RFP treatment area - the area modeled in HEC RAS at 100-year and 10-year flows.
These areas are modeled, with relatively high Manning’s values, reflective of restored conditions,
with engineered log jams and woody debris in the river and stream channels and forest with woody
debris on the floodplain.
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Waterways - Described in GLO notes as spring; creek; brook; branch; spring brook; spring branch;
river; slough; pond; lake; seep (Collins and Sheikh, 2002).
Wetland - Lands transitional between terrestrial and aquatic systems where the water Table is
usually at or near the surface or the land is covered by shallow water (United States Fish and Wildlife
Service, 2009). Defined in GLO notes as swamp; bog; marsh; cranberry bog; hardhack swamp;
hardhack bog; wet ground; wet bottom; low bottom; swale; willow swamp; alder swamp; cedar
swamp; hemlock swamp; wet prairie; tidal prairie (Trotter, 2015)
XS - Cross section

Unit Conversions
1 acre (ac) = 43,560 square feet (sf)
1 hectare (ha) = 2.47 acres (ac)
1 meter (m) = 3.28 feet (ft)
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SUMMARY FOR DECISION MAKERS AND
STAKEHOLDERS
The Big Question:
Can large scale watershed restoration reduce flooding and flood impacts to residents and
communities in the Chehalis Watershed? Is this a viable flood damage reduction strategy?

The Big Answer:
Yes, large scale watershed restoration will reduce flooding and flood impacts. The approach will
benefit the community whether applied incrementally in selected sub-basins, or throughout the
watershed. This approach heavily depends on full collaboration and compensation of willing
landowners to move away from flood-prone areas or adapt to more frequent small floods in portions
of the watershed upstream from Centralia and Chehalis.
This strategy for flood damage reduction brings added benefits of permanently solving flooding
problems of local landowners within the treatment areas for those who choose to move out of
harm’s way. The restorative approach also addresses flood risk in tributaries that are not included in
other Programmatic Environmental Impact Study elements, providing assistance to landowners who
are already at risk of flooding and erosion which will get worse over time due to climate and
landscape changes impacting the region. Lastly, the restorative approach will dramatically enhance
ecosystem services, creating the best possible approach for sustaining a productive salmon fishery,
improve water quality, and create critical wildlife corridors within the watershed.
This report provides the scientific basis and results from a screening-level technical assessment of
the Restorative Flood Protection approach (RFP), so that local residents and the people of
Washington State can determine if the RFP actions may be part of a long-term solution to improve
the quality of life within the watershed.

Key Findings:
1.

Flooding has worsened in Centralia / Chehalis, in part because of historic clearing of
floodplain vegetation and wood material out of channels and reduction in upland forest
maturity, as well as channel downcutting (incision), all of which have caused larger volumes
of flood water to move faster downstream.

2. The assessment area for Restorative Flood Protection comprises the Chehalis River upstream
from the Newaukum River confluence. The drainage area includes the Newaukum River,
South Fork Chehalis River, Chehalis River, Bunker Creek, and Elk Creek sub-basins, all of which
were assessed for restorative flood protection suitability. Large portions of each sub-basin
have favorable conditions for restorative flood protection such as low gradients and wide
floodplains.
3. Restorative Flood Protection actions will have benefits similar to those envisioned for the
Aquatic Species Restoration Plan (ASRP) but at a much larger scale. RFP actions will store
much more water within the restored ecosystem than proposed ASRP actions. The RFP has a
much greater salmon population benefit.
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4. Preliminary estimates for 100-year flood water elevation reductions in Centralia/Chehalis
range from -0.4 to -1.1 feet, from upstream restorative flood protection actions. Flood
reduction during smaller floods such as the 10-year flood will be proportionately greater.
Simply applying Restorative Flood Protection actions in the South and North Forks of the
Newaukum River drainage (without treating the mainstem Newaukum) will provide
measurable flood relief to Interstate-5.
5. Land use changes within the Restorative Flood Protection treatment areas will occur for
about 21,000 acres of floodplain. These changes would be most significant within river
“greenways” or “river management zones” estimated to be approximately 16,000 acres.
The RFP actions would only be implemented with collaboration and participation of
landowners, with an emphasis on no adverse impacts to landowners or infrastructure. While
some local and state roads may need to be moved or raised, the goal of this approach is to
minimize any negative impacts of the RFP actions on private land or infrastructure and that
potential impacts will be addressed before being RFP actions are implemented.
6. The RFP is a long-term sustainable approach that is compatible with other Chehalis flood
protection strategies. It also provides valuable ecological and flood protection benefits even
if implemented incrementally or in combination with other actions. The RFP will provide the
Chehalis community with a comprehensive means of adapting to landscape changes, such as
increasing and worsening flooding and erosion. Implementing the RFP incrementally would
be effective but it would take much longer to see downstream flood protection benefits.
However, the benefits would be immediate for those property owners who receive
assistance to relocate out of flood and erosion-prone areas.
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Understanding Flooding and How the Restorative Flood
Protection Approach Works
Understanding the physical condition of the Upper
Chehalis channel network and how it has changed
since the mid to late 1800s is an essential part of
understanding flooding in the basin. River channels
and their floodplains convey and store water. As
geomorphic features, the channel and floodplain are
fundamental components of a healthy stream or river.
When flood waters overtop a river bank they enter
another larger channel of the river, which we typically
refer to as the floodplain. A river includes all the areas
subject to inundation, the channel and floodplain.
Disconnecting any of these areas either directly (e.g.,
levees) or indirectly (e.g., channel incision) removes
water storage and increases flood impacts
downstream.

Real World Example
In 2011, Vermont was hit by Hurricane
Irene which caused the worst flooding
in its history with widespread damages.
However in Central Vermont,
preservation of a large area of forested
floodplain along Otter Creek upstream
of the city of Middlebury has been
attributed as the principal reason that
the city didn’t experience damages
worse than the upstream city of
Rutland (Watson et al., 2016). Despite a
doubling of the drainage area going
from Rutland downstream to
Middlebury, there was more than a 50%
decrease in the flood peak. This
example illustrates the important value
that natural floodplain corridors provide
to attenuating downstream flood
peaks. These observations are further
substantiated by the latest scientific
research summarized later in this report
(see Parts 2 and 3).

The roughness of any surface the water flows over
directly influences the flow velocity by affecting
resistance. The rougher the surface, the slower the
movement of water. The slower the movement water,
the more water accumulates and the greater the
volume of water temporarily stored on the landscape.
Thus, channels and floodplains act as long linear
reservoirs, which, during flood events, are capable of
significant storage. The Restorative Flood Protection
approach uses vegetation and engineered wood
structures to increase roughness and promote
floodplain connectivity and flood water storage on the floodplain.

Restorative Flood Protection Concept for the Chehalis
Watershed
Restorative Flood Protection actions were assessed only for the drainage basin upstream of the city
of Chehalis. The assessment area was the entire watershed upstream of the Newaukum River
confluence, spanning 43,500 acres of alluvial valley bottom. This screening-level feasibility
assessment determined that 21,000 acres of potential restorative treatment area is technically
feasible for this approach (Figure 1-1). The analysis also demonstrated that a basin scale approach
may be appropriate for additional areas throughout the larger watershed, particularly streams
upstream of developed areas.
Working with willing landowners, Restorative Flood Protection would establish “greenways” within
valley bottoms where historical channels and floodplain forests are reestablished with the goal of
reducing downstream flood hazards. In the near-term, aggressive planting and engineered wood
and rock structures will provide the roughness to slow and store floodwater within the floodplain
and channel (see Figure 1-2 – Figure 1-4).
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Within RFP treatment areas there are many landowners currently subject to flooding that will
continue to be adversely impacted with no action. The RFP assessment has provided the most
detailed flood hazard assessment to date for many of the sub-basins of the Upper Chehalis River
watershed. The RFP would provide interested landowners within treatment areas already at risk of
flooding or erosion, the option to relocate out of hazardous areas or otherwise adapt to flood risk
with changes in land use, crops, farm pads and other site-scale infrastructure.

Flood Damage Reduction Strategy Considerations
The Chehalis River basin is not the only region experiencing increases in catastrophic flooding in
recent decades. Other parts of the country are recognizing the value of strategies similar to the RFP,
including helping farmers in flood prone lands. In one example, 196 landowners in Iowa received
federal and state monies to permanently remove farming rights from 21,000 acres of fields that have
been repeatedly flooded. A flood in this area in 2008 resulted in statewide losses of $8-10 billion,
prior to this land use change (Robinson, 2011).
The Economics: It Makes Sense to Move
In another example, The Nature Conservancy in
People Out of Harm’s Way
collaboration with the U.S. Fish and Wildlife Service

and local communities along the Ouachita River in
In an article entitled “Moving out of
northeastern Louisiana, breached a levee and planted
harm’s way”, the Center of American
over three million native trees to restore 11,000 acres
Progress reports examples throughout
of floodplain that had been cleared for farming,
the United States where floodplain
called Mollicy Farms. This project was connected to a
buyouts have yielded 200-265% returns
bigger, 25 square mile floodplain. All told this area is
on investment within five years, not
the largest floodplain restoration project in the
accounting for the cost savings in human
Mississippi Basin (Conservancy, 2016). While similar in
suffering, emergency services, loss of life
scale to the Mollicy Farms Ouachita project, the
or the ecosystem services benefits
Upper Chehalis RFP, represents the first and largest
buyouts deliver over time (Polefka, 2013).
restorative approach to flood protection relative to
its watershed size (415,600 acres) in the United
States. The flood protection benefits of restoring this
25 square mile floodplain was described in a recent newspaper article quote, Chris Rice of The Nature
Conservancy said, “We wanted to restore that floodplain back to the river as our initial goal,”
Hortman said. “By doing that, the river can get and use its natural floodplain, and in turn, that stores
a lot of water that would have gone down the river if the levee had still been in place — which
helped Monroe and some towns that are right on the river.” (Mott, 2016)
The RFP presents an integrated floodplain management approach widely acknowledged as a
fundamental component of climate change adaptation. Removing people from hazardous areas and
providing more space for flooding and erosion is considered the best long-term solution to increased
flooding, especially with regards to long-term costs and sustaining ecological functions. It is also
consistent with the hundreds of millions of dollars Washington State has been investing in salmon
recovery and the Floodplains by Design program.

If Washington State pursues a more detailed analysis of the RFP, areas will be prioritized for the
greatest benefit and where landowners are receptive. Although the overall design concept would
need to be developed prior to implementation, specific RFP actions, including improving upland
areas, are familiar project types that can largely be done by local contractors and developers,
creating potential for a substantial local economic stimulus. These actions will also create more
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resilient communities, better able to adapt to the changing climate and extreme weather events
while retaining the qualities valued by residents.

Technical Reporting for Restorative Flood Protection
This report summarizes the best available science in hydrology, fluvial geomorphology, and hydraulic
modeling pertaining to how flood attenuation occurs in rivers with abundant in-stream wood and
forested floodplains. The report presents results of historical and geomorphic assessments of the
Upper Chehalis (upstream of city of Chehalis) that were used to determine physical changes to the
system since the 1850’s when the first land surveys were done by the Government Land Office (GLO).
Because this analysis focused on evaluating flood damage reduction for the areas that have
historically had the most flood damage, the assessment area was defined as the watershed
upstream from the City of Chehalis. The RFP approach could certainly provide benefits to other
areas of the Chehalis Basin if expanded. Using this information, the scientific literature and over
thirty years of river restoration experience, this investigation assessed the potential flood reduction
benefits of restoring floodplain corridors in the Upper Chehalis watershed. The work expanded
upon the existing Chehalis Flood Authority (FA) hydraulic model by developing new models for all of
the major low-gradient streams and rivers within the Upper Chehalis study area. “Restoration” refers
to actions that will rehabilitate the river channel and floodplain to better resemble pre-development
conditions in a manner that will largely be self-sustained into perpetuity.

Upper Chehalis River Watershed
September 26, 2016

5

PRELIMINARY SCIENTIFIC ASSESSMENT OF A RESTORATIVE FLOOD PROTECTION APPROACH FOR THE UPPER CHEHALIS RIVER WATERSHED

Figure 1-1.

Potential areas that are suitable for RFP actions, based on the above preliminary technical assessment. These areas are also
referred to as RFP treatment areas.
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Figure 1-2.

In-Channel Restorative Flood Protection Example Design Options. Notes: Graphic examples of restorative flood protection
options for increasing in-channel wood, re-engaging side channels and other restorative actions.
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Figure 1-3.

Engineered Floodplain Restorative Flood Protection Example Design Options. Notes: Graphic examples of restorative flood
protection options for engineering the floodplain to have roughness factors similar to a mature floodplain forest, as well as
re-engage or create side channel, swale, and other changes in floodplain surface.
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Figure 1-4.

Miscellaneous Restorative Flood Protection Example Design Options. Notes: Graphic examples of restorative flood
protection options for reducing channel confinement, increasing channel length, and storing water in and on the floodplain
surface.
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THE SCIENTIFIC FOUNDATION FOR FLOOD
PROTECTION BY NATURE
Overview
Given increasing flood damage to infrastructure in the Chehalis River basin, and the inherent
ecological risk of using a streamflow impoundment as a flood protection alternative, an investigation
was conducted to research the multiple benefits to infrastructure and ecological processes of
restorative flood protection. Flood risk mitigation through restoration is a strategy that is rooted in
restoring the natural function of rivers, floodplains, and forests to store and slow floodwaters and
therefore protect downstream communities from flooding while providing critical fish and wildlife
habitat.
The Chehalis river basin has seen significant changes in land use and landcover over the last two
centuries. For example, channels have been cleared of large wood and log jams, riparian forests have
been almost entirely cleared, and upland forests have been converted from continuous, complex old
growth stands to a patchwork of even-aged stands that are dissected by an extensive road network.
Each of these changes affects hydrologic and river processes, with measurable impacts on flooding.
There is a large body of scientific literature and real-life examples for flood protection and ecosystem
benefits of river, floodplain, and upland restoration. This information is here as the best available
science related to the theoretical and practical foundations of restorative flood protection.
Four key conclusions arose from this review:
1.

The magnitude and timing of downstream flooding are the result of precipitation, hillslope
runoff generation, and routing and storage within the river network.

2. Drastic land use changes contribute to increases in the amount and frequency of
downstream flooding.
3. Real-life examples and scientific studies demonstrate that actions to restore and support
natural hydrologic functions of rivers and hillslopes reduce peak flows and flooding.
4. In addition to providing flood protection, restoration actions significantly benefit aquatic and
terrestrial ecosystems.

Peak Flow Generation
The magnitude of peak flows in the Chehalis basin depends on the amount of water input from
rainfall and snowmelt, and from runoff generation processes in the uplands of the basin. Although
many scientific investigations have considered the hydrologic processes involved in peak flow
generation, there remain substantial uncertainties in the spatiotemporal variability of precipitation
and snowmelt and the influence of extensive timber harvest on peak flows in the Chehalis basin.
These uncertainties will affect the modeled impacts of all flood protection alternatives and could be
addressed by carefully designed hydrologic and hydraulic modeling.
Peak flow events in western Washington are driven by large precipitation events called atmospheric
rivers (Figure 2-1). These narrow bands of highly concentrated water vapor are generated from the
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south Pacific Ocean and make landfall with the west coast of North America with high amounts of
rainfall and warm, windy atmospheric conditions. Atmospheric rivers have an average width of
approximately 400 km, and the location and angle of landfall combined with local topographic
features controls the spatial pattern of rainfall on land (Neiman et al., 2011; Ralph and Dettinger,
2011). In the upper Chehalis River basin, the three contributing headwater sub-basins differ in valley
orientation and position relative to topographic ridges such as the Willapa Hills to the southwest and
the Cascade foothills to the east. Thus, the spatiotemporal pattern of precipitation will vary
depending on the orientation and size of an incoming atmospheric river (Neiman et al., 2011) and the
antecedent meteorologic conditions (Ralph et al., 2010). For example, while there was record
breaking precipitation in the Willapa Hills of the Upper Chehalis in 2007, rainfall in the other subbasins such as the Newaukum was considerably less. Likewise flooding in the Fall of 2015 was more
pronounced in the Newaukum basin compared to the Willapa Hills region.

Figure 2-1.

Image from Figure 2a of (Neiman et al., 2011) showing example atmospheric river
visible in composite radar image from the Special Sensor Microwave Imagers (SSM/I)
on board polar-orbiting satellites (note that the image is stitched together from
multiple sources and the gray bars represent areas of no data) . A plume of vertically
integrated water vapor (IVW) is making landfall in the Pacific Northwest on 7
November 2006 (numbers on the x and y axes show longitude and latitude,
respectively).

Hydraulic modeling completed to date for flood protection design purposes is based on a single set
of synthetic hydrographs for which the magnitudes have been scaled to represent peak flow events
with different recurrence intervals (i.e., probabilities). These synthetic hydrographs are based on
empirical approximations of selected peak flow events rather than hydrologic modeling that
Upper Chehalis River Watershed
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represents a larger range of possible peak flows. The relative contribution of each sub-basin is static
in this framework. In contrast, the historic record demonstrates that the relative contribution of
streamflow from each sub-basin to flow in the mainstem Chehalis at Ground Mound is variable. For
example, in the 2007 flood the Chehalis River above Doty, the South Fork Chehalis River, and the
Newaukum River each contributed 66%, 26%, and 16%, respectively, relative to the total streamflow
observed at Grand Mound. During the 2009 storm their relative contributions were 40%, 23%, and
26%, respectively (e.g., Table 1 of (Karpack, 2014)).
Although the Chehalis basin is relatively low elevation, antecedent snow has been observed during
some flood events and a portion of the upper basin is considered to be a rain-on-snow zone (Figure
2-2). When antecedent snow is present to set up a rain-on-snow event, the snowmelt from the rain,
winds, and warm temperatures associated with atmospheric rivers can also contribute to peak flow
generation (Wayand et al., 2015).

Figure 2-2.

Map of the Chehalis basin showing rain-dominated, rain-on-snow, and snowdominated portions of the upper basin. Note that a substantial portion of the
headwaters of the mainstem Chehalis, where timber harvest is common, is located in
the rain-on-snow zone.

Upland landcover and land use also affects upland watershed processes and the generation of runoff
(i.e., water that eventually contributes to streamflow) and therefore influence the magnitude and
timing of downstream flows. In the Chehalis basin, upland landcover has been drastically altered
Upper Chehalis River Watershed
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relative to historic conditions. Most upland forest is privately owned and managed for extensive
timber production, with a smaller portion of uplands held as public lands with less intensive timber
production alongside other uses (Envirovision Corporation et al., 2000). An extensive road system
dissects the landscape, with a high density of 6.28 miles/mile2 (Table B-4 in (Weyerhaeuser, 1994)).
Whereas historic timber harvests were largely unregulated and created clearcuts that extended to
the river banks, modern timber harvest operations are subject to regulatory requirements, detailed
as the Northwest Forest Practices, such as leaving riparian forest buffers.
Scientific research has demonstrated that road density has significant effect on peak flows and the
ecology of a watershed (Gucinski et al., 2001) (Carnefix and Frissell, 2015). One example of how road
density impacts aquatic species is demonstrated by Ripley et al. 2005 who found that the occurrence
of Bull Trout (Salvezlinus confluentus) drops as road density increases - from 60% in roadless areas to
less than 1% in areas with road densities of 2.6 miles/square mile - less than half the road densities
found in the Upper Chehalis (6.28 miles/square mile). Lee et al. (Lee et al., 1997) found that road
densities of >0.7 miles per square mile were associated with “high degradation”.
Timber harvest and its associated road network alters hillslope hydrological processes and generally
increases runoff and decreases soil storage capacity, which has been shown to increase the size
and/or frequency of at least some subset of peak flows (Alila et al., 2009; Grant et al., 2008; Jones
and Grant, 1996). With substantial rates of timber harvest in the Pacific Northwest, decades of
research have assessed the effect of forest change on flooding and on low flows (See (Perry et al.,
2016) for a review). The large body of investigations communicates the general scientific consensus
on the key upland hydrological processes that are affected by the removal of forests, and on
increases in peak flows with recurrence intervals of 1-6 years following timber harvest. The
recurrence interval of a particular high flow event reflects the probability of that high of a
streamflow being observed: in any given year there is a 20% chance of a 5-year flood occurring and a
1% chance of a 100-year flood occurring. The effects of forest removal on more extreme flows, such
as a 20-year or 100-year flood, remains the subject of scientific debate.
Peer-reviewed, published evidence exists which supports two conflicting hypotheses: (1) there are
no subsequent differences in extreme peak flows following timber harvest, and (2) extreme flooding
events increase in both the size and frequency following timber harvest. There are two key
implications of the research on timber harvest effects on flooding for the Chehalis basin. Continued
timber harvest will contribute to more frequent and/or larger channel-forming flows. Since these
flows are large enough to erode and transport bed sediments, increases frequency can result in
additional channel incision, which amplifies downstream flooding. Incised channels require higher
flows before spilling overbank, which leads to rapid downstream conveyance of more water and
larger flood water elevations downstream (see Section 3.8.2). Second, the scientific literature is
consistent in that any change in extreme peak flows is one-directional, ranging from no detectable
effect to some increase in magnitude. The research therefore suggests that, at a minimum, timber
harvest effects on extreme peak flows cannot be dismissed. With peak streamflows in the town of
Chehalis generated from three intensively-harvested upland sub-basins, even small decreases in peak
flows through forest restoration have the potential to reduce downstream flooding when combined
with floodplain restoration.

Heavy rain from atmospheric rivers is the main driver of peak flows in western Washington (Neiman
et al., 2011). An atmospheric river, sometimes called a ‘Pineapple Express’, is a long (>1000 km),
relatively narrow (< 400 km) band of concentrated water vapor transported from the south Pacific
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ocean (Figure 2-3) (Ralph and Dettinger, 2011). When atmospheric rivers make landfall with the
western coast of Washington and collide with the terrain, the moist air mass is forced upward,
resulting in heavy precipitation. However, because the atmospheric river is narrow to begin with, and
the terrain is highly spatially variable, the resulting pattern of precipitation duration and intensity is
highly variable in space and time. This variability is controlled by the incoming position of the
atmospheric river, which typically ranges from southwesterly to westerly, and the interaction of the
atmospheric river with the local terrain. (Neiman et al., 2011) analyzed the meteorological conditions
associated with flood events in four western Washington river basins and found that the orientation
of the valleys and their position relative to topographic ridges that create rain shadows are key
influences on whether an individual atmospheric river causes flooding. In particular, they observed
that westerly atmospheric rivers caused flooding in two east-west oriented basins (the Queets and
the Green), whereas southwesterly atmospheric rivers caused flooding in a north-south oriented
basin (the Satsop) and a northwest-southeast oriented basin (the Sauk) (Figure 2-3). Understanding
and predicting the spatial distribution of precipitation from an atmospheric river event remains a key
research challenge (White et al., 2013).

Upper Chehalis River Watershed
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Figure 2-3.

Figure from (Neiman et al., 2011) showing two dominant flow directions for
atmospheric rivers in western Washington (panels a and c) and how they affect basins
differently depending on valley orientation (panels b and d). In particular, the Queets
River and Green River basins experience large flood events when the atmospheric
rivers are westerly (panel b) whereas the Satsop and Sauk River basins experience
large flood events when the atmospheric rivers are southwesterly (panel d).

Snowmelt from rain-on-snow events is not the primary cause of flooding events in western
Washington. However, recent hydrologic modeling in the Snoqualmie River basin, on the western
slopes of the Cascade Range in Washington, demonstrated that the contribution of snowmelt from a
rain-on-snow event in that basin ranges from 0 to 29% (up to a maximum of 11-47% when uncertainty
bounds are included) (Wayand et al., 2015). The contribution of snowmelt depends on antecedent
snow conditions, how much basin area is located at different elevation bands, and the extent and
location of forest cover. Whereas the Snoqualmie River basin is higher elevation and therefore has
more area that is likely to be covered by antecedent snow than the Chehalis basin, the study
Upper Chehalis River Watershed
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provides a relevant example that the snowmelt contribution from rain-on-snow events to runoff in
western Washington can be substantial.

Forests directly affect the amount and timing of water input, output, storage, and flow routing in the
uplands, with downstream impacts on the magnitude and timing of streamflow (Figure 2-4). Forest
canopies intercept and store both rain and snow, and a large portion of the water that is stored in
the forest canopy subsequently evaporates or sublimates as water vapor, resulting in a net reduction
of water input to the ground surface or snowpack (Friesen et al., 2015; Storck et al., 2002). The upper
Chehalis is located in the transient snow zone (approximately 300-900 m), which is subject to
ephemeral snow cover during cold precipitation events when the snow line can drop to sea level,
such as during the January 2009 flooding event (Rodgers and Walters, 2014).
Once rain or snowmelt infiltrates the surface, the water is stored in the soils. Trees access and
transpire the subsurface water during photosynthesis, resulting in a loss of liquid water from the
watershed. The process of transpiration effectively “frees up” storage capacity that slows the
movement of liquid water to stream channels. The melt rates of snowpack are also influenced by the
presence of forest, with overlying canopy typically reducing melt rates due to shading from sunlight
and sheltering from wind (Lawler and Link, 2011; Wayand et al., 2015). Of particular importance in the
transient snow zone of the maritime Pacific Northwest is that the presence of forest has been shown
to reduce snowmelt rates due to reductions in wind speeds during warm, windy atmospheric river
events (Marks et al., 1998; Wayand et al., 2015).
Forest change also has indirect effects on the storage and moment of water in the upper watershed.
In particular, road-building and log-skidding compacts soils and decreases soil infiltration rates,
effectively reducing soil water storage during large precipitation events (Chamberlin et al., 1991;
Startsev and McNabb, 2000). The development and maintenance of extensive road networks for
timber harvest has been shown to speed the delivery of water to streams by creating additional
surface pathways for subsurface water (Bowling and Lettenmaier, 2001; Wemple et al., 1996).
In summary, the removal of forests increases the input of water to a basin, decreases the soil
storage, and speeds up the conveyance of runoff to stream channels. These effects combine to
increase streamflow during storm events, but the effects of forest on peak flows may not scale
linearly with the size of the precipitation event that is driving the peak flow. At some magnitude of
water input, the effect of forest removal may be overwhelmed and proportional impacts may
diminish as extreme events become larger in size (Grant et al., 2008). However, the scaling of
hydrological effects is largely dependent on the type and spatial extent of storm, and on the spatial
pattern of topography, forest cover, and soils (Jones, 2000; Wayand et al., 2015).
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Figure 2-4.

Conceptual flowchart of the effects of timber harvest on peak flow hydrographs,
where timber harvest consists of three main activities - clearcutting, wood prevented
from entering channels, and road construction - that have multiple effects on
hydrologic and hydraulic processes and conditions. The cumulative effects of timber
harvest on peak flows are hypothesized to be increased streamflow volume and
earlier and higher peaks. Modified from Jones & Grant 1996 Figure 8 by adding land
sliding, expansion of channel network and conversion to bedrock channels.

Many decades of research have focused on detecting and quantifying the hydrological impacts of
timber harvest (see (Perry et al., 2016) for a review). The research literature demonstrates consensus
Upper Chehalis River Watershed
September 26, 2016

17

PRELIMINARY SCIENTIFIC ASSESSMENT OF A RESTORATIVE FLOOD PROTECTION APPROACH FOR THE UPPER CHEHALIS RIVER WATERSHED

that timber harvest increases the magnitude of peaks flows that have a return interval of 1-6 years.
Research on the effects of timber harvest on more extreme peak flows (i.e., return intervals of >6
years) is complicated by controversy over analytical methods and statistical detection of change.
Results range from findings of no difference to findings of increases in magnitude and frequency of
extreme peak flows. Note that many of the empirical studies are located in the H.J. Andrews
Experimental Forest, on the western slopes of the Cascades in Oregon. The elevation range of the
experimental watersheds (approximately 400-1000 m) is similar to the upper Chehalis basin.
The magnitude of peak flows with a recurrence interval of 1-6 years, also referred to as channelforming or bankfull flows, increase following timber harvest for approximately 15-20 years or more.
Reported differences between harvested and control watersheds range from 0-39% in raindominated watersheds and 0-47% in the transient snow zone (see references and metrics in Tables 2
and 3 in (Grant et al., 2008)). Differences in peak flows have been detected in both small and large
watersheds (Jones and Grant, 1996), but timber harvest effects are generally thought to be larger in
smaller watersheds due to attenuation of flows moving downstream in a watershed (Grant et al.,
2008). Higher frequency or magnitude of these channel-forming flow events are linked to channel
incision, where the stream channel erodes downward (Booth, 1990; Chamberlin et al., 1991; Perry et
al., 2016). Channel incision disconnects a river from its floodplain, and the increased channel capacity
results in more rapid, in-channel downstream conveyance of high flows (Section 2.3).
Post-harvest changes in the magnitude and frequency of more extreme peak flows, with recurrence
intervals greater than 6-100 years, are subject to extensive debate in the research community. Even
when analyzing the same dataset, different research groups have arrived at conclusions that range
from no effect to a detectable increase in extreme peak flows. Conflicting results stem, in part, from
the inherent difficulties in observing low-frequency events, including short observational records,
low sample sizes and low statistical power. With these sparse datasets, results divide on the basis of
choice of analytical and statistical approaches. In particular, analyses that consider of treatment
effects on peak flows generated by the same rain storm or snowmelt event (i.e., chronological
pairing) generally find no detectable difference in more extreme peak flows ((Grant et al., 2008) and
references therein). Aside from the problems of statistical testing for changes in extreme events, the
saturation of watershed processes to remove or store water, or attenuate flow during intense
precipitation events is frequently invoked as a physical explanation for the lack of detectable timber
harvest effect in extreme events.
In contrast, (Alila et al., 2009) argues that the numerous investigations that rely on chronological
pairing are flawed, because the analysis inappropriately decouples changes in flood magnitude from
changes in frequency. (Alila et al., 2009) further advocates for a frequency pairing approach that
considers changes in events that have the same empirical probability. By employing this approach to
reanalyze data, they find an increase in peak flows of up to a 42-year recurrence interval (e.g., 15%
increase at the 42-year flow) in the H.J. Andrews watersheds. Subsequent studies in both snowdominated watershed and the transient snow zone find significant increases in both the magnitude
and frequency of extreme peak flows, and propose explanatory mechanisms (Green and Alila, 2012;
Jones and Perkins, 2010; Kuraś et al., 2012).

Recent reports by the University of Washington related to forest practices (Perry et al., 2016) and to
climate impacts (Mauger et al., 2016) both recommend additional modeling to address major
uncertainties in the current understanding for the Chehalis basin. Physically-based hydrologic
modeling provides a platform to quantify bounds on the range of: (1) the spatial distribution of
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precipitation that varies with atmospheric river events on the magnitude and timing of streamflow,
(2) antecedent conditions, and (3) effects of land use changes. Modeling studies can control for
climate variability and confounding changes (i.e., road building that accompanies timber harvest)
that impede empirical studies by running the exact same simulation with a change in landcover (e.g.,
forest versus grass) (VanShaar et al., 2002).
Hydrologic modeling is particularly important in the context of understanding extreme events. Since
high magnitude floods are infrequent, our understanding of their likely magnitude or characteristics
is based on the limited observational record (Alila et al., 2009). Modeling can utilize the much longer
historical dataset of meteorology to simulate historical streamflow. Similarly, modeling can integrate
future meteorology based on climate change projections to better understand future impacts on
streamflow (Mauger et al., 2016). For both historical and future conditions, modeling allows for a
longer-term dataset that is more robust when assessing the spatial and temporal variability of peak
flow events.

Flood Storage and Attenuation
The historic condition of the Chehalis River and its surrounding floodplain was drastically different
from current conditions. Before settlers arrived, the river valleys supported old-growth forests and
the river consisted of multiple active channels with sinuous planforms and large amounts of wood
creating blockages and log jams in the channels (Collins et al., 2002). The Chehalis General Land
Office survey records from 1854 make note of extensive floodplain wetland complexes, and
floodplain water bodies, dominated by scrub-shrub and emergent wetlands that likely supported
large beaver populations ((World Meteorological Organization (WMO), 2009), see , Section 3.3 for
examples. Current conditions in the Chehalis reflect more than a century of settlement and
development, with riparian forests and wetlands and converted to farmland and industry, channels
straightened, and wood removed from the channel to facilitate timber transport and navigation
((Sedell et al., 1991), see Section 3.3)
Alluvial rivers systems like the Chehalis naturally utilize both channels and their surrounding
floodplains to transport and store water, sediment, and wood. Thus, the sediment, soils, and
vegetation across the entire river valley play important roles in river function. During the dry
summer season, streamflows are lower and are entirely contained within the channel. During the
wet winter season, a river channel that is “hydrologically connected” to the its floodplain will
completely fill with water and flow overbank during relatively minor flood events such as the 2-year
flood (Williams, 1978). When streamflow spills over the channel banks and disperses into the
floodplain, the water is slowed by riparian vegetation and by routing through side channels, and
stored by infiltration into shallow groundwater aquifers (Anderson, 2006b). Thus, naturally-occurring
overbank flow effectively slows and stores water during flood events, which results in lower peak
flows that occur over a long period of time (i.e., they have a broader hydrograph).
However, removal of the riparian forest and in-stream wood and channel straightening diminish the
hydraulic roughness of the channel, which reduces flow resistance and results in excess energy
available for erosion and subsequent channel incision (i.e., downcutting)(Lane, 1955), see Section
3.4.3). Channel incision can also result from increased frequency of flood peaks or from a reduction
in sediment input (Brummer et al., 2006; Petts and Gurnell, 2005).The increasing distance between
the elevation of the channel bed and the floodplain increases the conveyance capacity of the stream
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channel and impedes the natural process of overbank flow. Streams that have incised therefore
become hydrologically disconnected from their floodplains and surrounding wetlands. When
floodwater remains in an incised channel rather than flowing overbank, more water is rapidly
conveyed downstream during a flood. Restoring floodplain forests and re-introducing large wood to
both the channel and the floodplain improves hydrologic connection, which allows the river system
to naturally slow and store floodwaters.

Both observations and modeling have demonstrated the potential for flood peak attenuation from
upstream floodplain inundation in hydrologically connected rivers (e.g.,(Dixon et al., 2016; Watson et
al., 2016)). During flood events in unimpaired river systems, streamflow rises above the channel
banks and is dispersed into the wetlands and side channels that make up the floodplain. The
dispersed flow is slowed and temporarily stored, which reduces the magnitude and slows the
downstream flood peak (e.g., (Javaheri and Babbar-Sebens, 2014)).

Reductions in flood peaks due to overbank flow and storage are documented in the scientific
literature and in observations from USGS streamflow gage data. During Tropical Storm Irene in 2011,
observations of peak streamflow from Otter Creek, Vermont, demonstrated a greater than 50%
reduction after passing through 30 miles of connected floodplain and wetlands (Figure 2-5). The
upstream flow peaked at over 15,000 cfs (at Rutland, USGS Gage 04282000), which was the highest
flow on record. With double the amount of drainage area to contribute to streamflow at the
downstream gage, an increase in the magnitude of peak flow would be expected for a river where
the water is contained in the channel and conveyed downstream. Instead, the magnitude of flow
was reduced and downstream flow peaked at less than 7,000 cfs (at Middlebury, USGS Gage
04282500). The “lost” water flowed overbank and was stored and slowed within the 9,000 acre
Otter Creek swamp complex, which includes both conservation and agricultural lands. (Watson et al.,
2016) estimated the economic value of flood mitigation during the event at between $526,000 to
$1,800,000.
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Figure 2-5.

Streamflow observations in Otter Creek, VT, during Tropical Storm Irene from two
USGS gages: at Rutland (Gage 04282000) and at Middlebury (Gage 04282500), which
is 30 miles downstream. Note that the flood peak at the downstream gage is smaller
and later, despite receiving water from a larger contributing area.

Another real-life example of the role of the floodplain in attenuating flood peaks is the Skagit River,
in western Washington. During some large events, peak flow has been observed to decrease
between Concrete, Washington and Mount Vernon, Washington in the 38 miles between the two
stream gages (Figure 2-6). When the water exceeds bankfull conveyance capacity after Concrete, the
river flows overbank into agricultural fields and the total flow downstream at the city of Mount
Vernon is reduced.
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Figure 2-6.

Skagit River discharge (cfs) over time during two large events, 1995 on the top graph
and 2003 on the bottom graph, for two stream gauges, in Concrete, Washington (red)
and Mount Vernon, Washington (blue). The numbers in the legend are the stream
gauge number.
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Figure 2-7.

Photo of floodplain inundation between the two Skagit River stream gages during the
2003 event (U.S. Army Corps of Engineers, 2003).

Several additional studies specifically highlight the role of in-tact wetlands and floodplain connection
in the attenuation of flood peaks. (Hillman, 1998) reported that overbank flow through a 90-hectare
wetland in central Alberta reduced the total flood volume from a beaver dam failure to 7% of the
total upstream event volume (i.e., flood peak plus runoff from precipitation). In an observational
study in New Forest, UK, streamflow during peak flow events was monitored before and after
stream restoration, which included re-introduction of LWM and channel lengthening via reconnection to historic meanders. Observations during numerous peak flow events demonstrate a
post-restoration average reduction in peak flow magnitude of 21% and an average increase in flood
peak travel time of 33% [(Kitts, 2010) in (Dixon et al., 2016)]. In another study, the clearing of 84% of
valley bottom wetlands over the past 50 years in the Kromme watershed of South Africa significantly
increased peak flows during flood events while decreasing baseflows during dry periods (Rebelo et
al., 2015). Additionally, correlations between of precipitation and streamflow observations in the
Naoli River Basin in China suggest that the destruction of 81% of wetlands between 1950 and 2005
resulted in higher peak flows (Yao et al., 2014).

Numerous computer modeling studies also demonstrate potential range of potential flood peak
reductions and delays from river and floodplain restoration. For example, hydrologic modeling in a
tributary to the Feather River, California, showed that stream restoration applied to 9 miles of
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incised channel resulted in a 10-20% decrease in flood peaks (Ohara et al., 2014). Modeling in NW
Indiana demonstrated that restoration of floodplain wetlands can reduce peak flows 20-41%, flood
inundation areas up to 55%, and maximum velocity up the 15% (Javaheri and Babbar-Sebens, 2014).
Similar results of 2-20% reductions in peak discharge have been reported in the United Kingdom and
Europe (Ghavasieh et al., 2006; Hundecha and Ba´rdossy, 2004; Liu et al., 2004)
While the flood attenuation effects of stream and floodplain restoration are well-established locally,
several researchers have cautioned about the applicability to the watershed-scale (Parrott et al.,
2009). In particular, (Pattison and Lane, 2011) point out the site-specific nature of peak flow response
to restoration and (Pattison et al., 2014) demonstrate a range of possible peak flow effects
depending on the synchronization or desynchronization of tributary peak flows, in addition to a
diminished flood attenuation effect downstream.
(Dixon et al., 2016) address some of these up-scaling issues by modeling the watershed-scale effects
of in-channel and floodplain forest restoration and simulating the implementation of variable spatial
configurations and areas of restoration. They demonstrate that floodplain forest restoration
covering 20-40% (10-15%) of a 98 km2 (38 sq. mi.) watershed reduces the flood peak at the basin
outlet by up to 19% (6%). However, re-introduction of LWM into channels without coincident
floodplain forest restoration has minimal effects on flood peak magnitudes, with results ranging
from increases of 2% to decreases of 2%.
(Dixon et al., 2016) further highlight the need for watershed-scale restoration planning and
demonstrate that flood wave celerity (i.e., timing of arrival at a location of interest) is a key
consideration for implementation of restoration actions (Figure 2-8). The effect of a flood peak from
an individual sub-basin to peak flow at the basin outlet depends on the arrival timing of the sub-basin
flood wave. The peak from a proximal sub-basin (shown in red in Figure 2-8) arrives to the basin
outlet during the rising limb of the hydrograph and therefore has no effect on the magnitude of the
peak at the basin outlet. In contrast, the peak from a distal sub-basin (Figure 2-8) is coincident with
the peak at the basin outlet, so the flood wave from that sub-basin increases the magnitude of the
mainstem peak.
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Figure 2-8.

Figure 7 from (Dixon et al., 2016) showing conceptual model for how the contribution
of streamflow from proximal (shown in red) and distal (shown in blue) sub-basins to
the hydrograph at the basin outlet, where Q is streamflow (i.e., discharge) and is
time.

Thus, the effect of slowing the peak from an individual sub-basin (i.e., the effect of channel and
floodplain restoration) will vary depending on the position and size of the sub-basin. For example, in
a proximal basin, slowing the arrival of the flood peak shifts it to become coincident with the peak at
the basin outlet, which increases its magnitude (see bottom left panel in Figure 2-8). In the distal
Upper Chehalis River Watershed
September 26, 2016

25

PRELIMINARY SCIENTIFIC ASSESSMENT OF A RESTORATIVE FLOOD PROTECTION APPROACH FOR THE UPPER CHEHALIS RIVER WATERSHED

basin, slowing the arrival of the peak shifts the arrival time to the falling limb of the hydrograph at
the basin outlet, which decreases its magnitude. The conceptual model presented in Figure 2-8 is
further supported by hydraulic modeling of (Dixon et al., 2016), which showed for this scenario that
restoration in the distal sub-basin resulted in up to 5.9% reduction in overall peak flow whereas
restoration in the proximal sub-basin resulted in up to a 1.4% increase. The extensive modeling effort
of (Dixon et al., 2016) demonstrates both the efficacy of widespread restoration for flood
attenuation, and the critical need to consider spatial variation in flood wave celerity when planning
for restoration locations.
In summary, numerous empirical and modeling studies demonstrate the potential flood mitigation
benefits of in-channel and floodplain restoration. Both theoretical research (Dixon et al., 2016) and
real-life examples (Watson et al., 2016) show that restoration applied over large areas of the
floodplain can results in relatively large (19-50%) reductions in the magnitude of flood peaks.

Riparian forests have numerous effects on increasing hydraulic roughness and therefore attenuating
flood peaks. Hydraulic roughness is a measure of the factors that resist flow in a stream, and
quantifies the cumulative influence of sediment grain sizes, channel bed forms like bars and riffles,
and obstructions like log jams on the velocity of streamflow (Anderson, 2006b; Arcement and
Schneider, 1989b; Barnes, 1967; Brummer et al., 2006; Gippel, 1995) (see Section 3.6). Higher
roughness in a channel slows the water and reduces the force available to erode or transport
sediment or wood (Limerinos and Resources, 1970). Large wood from a mature riparian forest is a
key contributor to roughness, both in the channel and on the floodplain. The riparian forest
contributes in-stream wood that provides hydraulic roughness to the channel, which slows water
and sediment and leads to the development of channels where water naturally flows overbank
during floods. The trees on the floodplain provide hydraulic roughness that slows overbank flows
during a flood. The supply of large wood to the channel also ultimately contributes to the
development of multiple anabranching channels, which also provide hydraulic roughness (Collins et
al., 2012; Montgomery and Abbe; Montgomery et al.).
Wood in streams and floodplains therefore has numerous effects on the overall form and function of
an alluvial river system, ranging from effects on the grain size distribution of sediment to effects on
the hydrologic connectivity between channels and the floodplains (Montgomery et al.; Montgomery
et al.). Because of the critical influence of wood on river geomorphology, and resulting aquatic
habitat, recent restoration recommendations focus on restoring large wood presence and
developing self-sustaining dynamic river morphology in Pacific Northwest river systems (Collins and
Montgomery, 2002).

Historically, large wood jams in Puget Lowland rivers were integral to maintaining complex, multichannel (i.e., anastomosing or anabranching) channel patterns, dynamic channel-floodplain
connections, and diverse instream habitats with abundant pools (Collins et al., 2012; Collins et al.,
2002). Large woody material (LWM) was largely removed from rivers to aid navigation and timber
harvest in the late 18th and early 19th century across the western U.S. (Sedell et al., 1991). However,
in a naturally functioning alluvial river with a healthy riparian forest, LWM is naturally recruited to
rivers via tree mortality and subsequent toppling, bank erosion, beaver activity, and landslides
(Benda et al., 2003). LWM aggregates into stable log jams (Figure 2-9), which increase flow
resistance and divert flow (Abbe and Montgomery, 2003a). (Manga and Kirchner, 2000)
Upper Chehalis River Watershed
September 26, 2016

26

PRELIMINARY SCIENTIFIC ASSESSMENT OF A RESTORATIVE FLOOD PROTECTION APPROACH FOR THE UPPER CHEHALIS RIVER WATERSHED

demonstrated that even a small amount of LWM has a disproportionately large effect on flow
resistance, with wood covering 2% of the streambed accounting for approximately half of the total
flow resistance in a channel.

Figure 2-9.

Photograph showing an example of large log jam on the Nisqually River. (Originally
Figure 12 in (Montgomery et al., 2003).

The presence of LWM therefore has a major effect on flow hydraulics, sediment transport and
storage, and channel morphology at a range of spatial and temporal scales (Abbe and Montgomery,
2003a; Montgomery et al., 2003). At the local and reach scale, LWM typically reduces overall erosion
rates and increases local sedimentation, but introduces flow heterogeneities that result in local areas
of scour where pools are formed. Higher frequency of LWM in a channel results in higher frequency
of pools and in deeper pools, with resulting benefits to salmonid habitat (Collins et al., 2002;
Montgomery et al., 2003). At a valley scale, the presence and frequency of LWM and stable log jams
influences channel pattern, connectivity to the floodplain, and habitat diversity. By increasing friction
with flowing water, in-stream LWM leads to slower streamflow, higher bed and water elevations,
and localized areas of backwater where water and sediment are stored (Abbe, 2000). In this natural
state, the elevation of the river bed is more likely to be in balance with the elevation of its floodplain.
(Brummer et al., 2006) demonstrated for a range of Washington rivers that the re-introduction of
LWM results in local bed aggradation and increased elevation of the water surface. The subsequent
vertical variability of up to 2 m in water height increases the valley area over which the channel is
likely to migrate.
LWM and log jams additionally influence channel and valley morphology over long time-scales. Stable
log jams trap sediment and aggrade and become buried through time, resulting in local hard points
which resist bank erosion (Montgomery and Abbe, 2006). The resulting mosaic of forested patches
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provide stable locations, or refugia, for the growth of large trees within a dynamic floodplain, and
these large trees will ultimately be recruited into the river channel in a self-perpetuating feedback
cycle (Collins et al., 2012). Thus, in-stream LWM serves as a feedback mechanism by which trees grow
for hundreds of years and ultimately contribute additional large wood to the channel.
Strategies for using LWM to restore rivers include floodplain replanting to rebuild a supply of large
wood to be naturally recruited into streams, as well as the reintroduction of large wood directly into
the channel (Abbe and Brooks, 2011). Pieces of wood that are sufficiently large relative to the
channel form stable log jams (Montgomery and Abbe, 2006). Engineered wood placements can also
be designed to deflect flow and remain stable in peak flow events (Abbe and Brooks, 2011; Abbe et
al., 1997; Wohl et al., 2016).
Engineered Logjam (ELJ) technology is a well-accepted practice in both river restoration and
infrastructure protection. ELJs are used to successfully control channel incision and reconnect
floodplains. Much of this information can be found in the recently published National Large Wood
Manual (2016). The U.S. Pacific Northwest is in the forefront of innovative river and floodplain
restoration using large wood design to restore natural processes. Current foci for basic and applied
wood research include hydraulic and hydrologic, and geomorphic effects of wood to the implications
for stream crossing design and reservoir operations, roles in estuarine, intertidal, and near-shore
zones.

North American beaver (Castor Canadensis), in their function as ecosystem engineers (Jones et al.,
1994), have significant geomorphic and hydrologic influences on valley channel grade, channel and
floodplain morphology, channel/floodplain hydraulic connectivity, surface water and groundwater
hydroregimes, and riparian and aquatic habitat abundance and diversity (Gurnell, 1998; Pollock et al.,
2003; Ruedemann and Schoonmaker, 1938; Westbrook et al., 2011). Beaver build dams primarily
along lower-gradient (<6%) streams and rivers within unconfined valleys, however, they will also
build dams within more confined steeper reaches when population densities are high (MüllerSchwarze and Sun, 2003). Beavers also build dams in off-channel habitats of larger river floodplains,
and secondary channels, creating floodplain complexes of open water ponds, marshes and scrubshrub wetlands (Baker and Hill, 2003; Gurnell, 1998; Pollock et al., 2003).

Valley Channel Gradient and Floodplain Hydraulic Connectivity
Beaver dams and their impoundments are noted to play a role both in valley-scale channel gradient
and in floodplain and side channel connectivity. Beaver dams capture, and store in impounded
elevated channel surfaces, transported bedload sediment creating an elevated stair-step
morphology in low gradient stream courses (DeVries et al., 2012; Ruedemann and Schoonmaker,
1938; Westbrook et al., 2011). These dam-elevated channel surfaces control back water surface
elevations effectively increasing the frequency of upstream floodplain inundation, and floodplain
secondary channel engagement, under annual to biannual peak discharges (DeVries et al., 2012).

Peak Flow Reduction and Flood Storage
Beaver dam associated water bodies, or impoundments, are noted to store overbank floodwaters
and recharge adjacent floodplain groundwater aquifers (Naiman et al., 1988; Westbrook et al., 2006).
Beaver dam complexes, which include ponds, emergent marshes, scrub-shrub wetlands, forested
wetlands, and beaver-maintained channels, provide floodplain physical roughness elements slowing
flood waters flowing through, and around the downstream side of, beaver dams (Pollock et al.,
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2003). Riparian vegetation adjacent to and downstream of beaver dams add additional roughness to
the floodplain and dam surface impeding flows back to the channel (Dunaway et al., 1994; Pollock et
al., 2003).
Beaver dams increase the water storage capacity of small streams by impounding water behind
dams and in shallow groundwater aquifers adjacent to dams (Gurnell, 1998; Rosell et al., 2005;
Westbrook et al., 2006). Beaver dam complexes reduce flood wave celerity by impeding flow
through roughness elements, and slowly releasing flood waters following peak discharge events.
Individual beaver dams were shown to reduce peak flows by more than 5% on a southeastern Alaska
stream; whereas a series of five dams reduced peak flows of a 2-year event by 14% and a 50-year
event by 4% (Beedle, 1992; Pollock et al., 2015). Beaver dam impoundment antecedent conditions
have been shown to either contribute to flood water retention capacity of dams when
impoundments are not full to the dam crest at the time of a flood event, or not reduce flood
attenuation if at dam crest capacity (Devito and Dillon, 1993; Rosell et al., 2005).

Vegetation along channel banks and on floodplains has direct effect on the velocity of overbank flow
conveyance and is the primary source of LWM entering rivers. Riparian and floodplain vegetation,
plant communities extending from the channel margin along stream banks and across the valley
floodplain surface, comprises the most floristically diverse and structurally complex assemblage of
plant communities within coastal Pacific Northwest watersheds (Naiman et al., 1998). Riparian
vegetation provides a suite of physical, biogeochemical and biotic functions within riverine-riparian
ecosystems (Table 2-1, (Brinson, 1990; Gregory et al., 1991; Naiman et al., 1998). Together, riparian
vegetation composition and structure support riverine - riparian ecosystem functions and services
including flood attenuation and storage, habitat to support diverse populations of plants and
animals, protection of stream water quality (e.g., (Gregory et al., 1991; Naiman et al., 2000; Naiman et
al., 1998), see Section 2.4)
Table 2-1.

Physical, biogeochemical and habitat functions of riparian vegetation (after Brinson et
al., 1995).

PHYSICAL, BIOGEOCHEMICAL AND HABITAT FUNCTIONS OF RIPARIAN VEGETATION
Physical
Hydrologic energy dissipation (hydraulic roughness, Manning’s n)
Stream shade (ameliorate stream temperature)
Biogeochemical
Nutrient cycling (nitrogen and phosphorus removal)
Removal of imported elements and compounds (removal of contaminants from surrounding uplands)
Retention of particulates (interception and retain excess particulates from surrounding uplands)
Organic carbon export (allochthonous carbon input to aquatic ecosystem)
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PHYSICAL, BIOGEOCHEMICAL AND HABITAT FUNCTIONS OF RIPARIAN VEGETATION
Habitat
Maintenance of detrital biomass (soil detrital layer)
Maintain habitat spatial structure (landscape horizontal structure)
Maintain connectivity (habitat contiguity)
Maintain distribution and abundance of invertebrates
Maintain distribution and abundance of vertebrates

Historically, floodplains in the western Washington were covered by mature forest (see Section
3.5.1). The removal of floodplain forests and the draining and filling of floodplain wetlands
substantially affects the routing and speed of floodwaters in two key ways. First, the clearing of
riparian forests removes the primary source of LWM to the channel and subsequently reduces inchannel hydraulic roughness (see Section 3.4.2.1, (Collins et al., 2012; Montgomery and Abbe, 2006).
Second, when streamflow spills overbank during a flood event, the velocity and routing of flow over
the floodplain is controlled, in part, by the hydraulic resistance provided by the floodplain vegetation
(Anderson, 2006b).
The amount of flow resistance contributed by floodplain vegetation depends on several factors,
including the density and stiffness of the plant structures, and the height of the vegetation relative
to the flood stage (i.e., the height of overbank flow) (Anderson, 2006b). Flume experiments have
demonstrated an increase in flow resistance when more than 10% of the channel cross-sectional area
is blocked by LWM (Gippel et al., 1996b); flow resistance as a function of stem density of floodplain
vegetation is thought to be analogous to in-channel cross-sectional area (Anderson, 2006b). As
water flows across the floodplain the orientation of some plant types will align with the flow
direction to reduce flow resistance by up to 50% (Fathi-Maghadam and Kouwen, 1997); thus, plants
with stiffer stems, such as trees, provide more flow resistance than plants with more flexible stems,
such as grasses (Järvelä, 2002b). The depth of overbank flow (i.e., flood stage) additionally controls
hydraulic roughness through the floodplain, with roughness potentially increasing with height as the
flow level accesses more complex vegetation structures such as coniferous crowns and/or
decreasing with height as a layer of unobstructed flow develops above the dominant vegetation
height (Wu et al., 1999a). Thus, the vertically integrated amount of hydraulic roughness is a complex
function of vegetation and flow characteristics (see Section 3.8.4).

Several recent examples highlight institutional adoption of restorative flood protection programs. As
part of FEMA’s pre-disaster mitigation program, the city of Portland, Oregon began purchasing
parcels and structures within the floodplain at Johnson Creek. The city has successfully restored
large portions of Johnson Creek’s floodplain and planned for recurring inundation during peak flows
with a 2-year recurrence interval and larger (Lovell, 2015). On the east coast, the RiverSmart program
is addressing the need for broad communication of flood risk and flood resilience strategies, and
highlights the work of local governments in New England to emphasize sustainable flood resilience
(https://extension.umass.edu/riversmart/about-riversmart-communities). Numerous modeling
studies of restorative flood protection have been conducted within the UK as part of a general shift
to consider non-structural solutions for flood risk management (Dixon et al., 2016; Werritty, 2006)
(Department for Environment Food and Rural Affairs (DEFRA), 2004). Globally, the World
Meteorological Organization of the United Nations has advocated for a shift to integrated flood
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management that incorporates holistic approach to maximize the efficient use of natural floodplains
and to coordinate land and water management (World Meteorological Organization (WMO), 2009).

Ecosystem Benefits of Restorative Measures
Restorative flood protection measures aim to restore the natural form and function of watersheds,
floodplains, and channels and reduce flooding and flood risk. In restoring natural function, there are
also numerous ecosystem benefits that have been described and quantified in the scientific
literature. In particular, restorative flood protection measures provide substantial benefits to both
aquatic and terrestrial habitats, as well as for climate change resilience and mitigation.
The restorative flood protection approach simultaneously addresses the twin goals of the Chehalis
Basin strategy, which are to reduce flood damage and enhance native aquatic species (Aquatic
Species Enhancement Plan Technical Committee, 2014b). River engineering and management that
works with (rather than against) natural watershed processes are more likely to achieve multifunctional goals, such as in the case of the Chehalis basin (Cluer and Thorne, 2013). Additionally,
restored ecosystems return to a natural, self-organizing state, which can continue to function into
perpetuity, providing sustainable ecological services (Batker et al., 2010).

The restorative flood protection alternative would involve large-scale restoration of the Upper
Chehalis, South Fork Chehalis, and Newaukum River basins to store water and reduce flood risks to
areas downstream. The very same restoration actions that work to slow and store water during
flood events would also drastically improve and expand Chehalis River salmonid habitats. The
reconnection of Chehalis River floodplains would re-create significantly greater amounts of high
quality habitats for salmonid spawning, rearing, migration, and refuge. Floodplains can be
particularly beneficial to juvenile anadromous salmonids, which use floodplains for foraging and
refuge while rearing in freshwater (Brown and Hartman, 1988). For example, small juvenile Chinook,
coho, and chum salmon all use backwater areas more than any other mainstem habitat type,
highlighting the importance of flow refuges for salmonids in large rivers (Beechie et al., 2005).
Secondary channels, particularly side channel networks, provide preferred spawning habitats for
spring Chinook and coho salmon (Lestelle, 2007; Lestelle et al., 2005).
(Hiss and Knudsen, 1993) state that “the history of Chehalis Basin fish runs is one of pristine
productivity, then gross degradation, followed by partial recovery.” Despite this degradation,
salmonids in the Chehalis River have generally fared better than in many rivers of Puget Sound, the
Columbia River, and Hood Canal. The Chehalis Basin therefore plays an important role in the longterm preservation of wild salmonids in the state as a whole (Grays Harbor County Lead Entity Habitat
Work Group, 2011).
The restoration of riparian and upland botanical communities would reduce sedimentation and result
in cooler water temperatures. These restoration actions address many of the salmonid limiting
factors outlined by the Aquatic Species Enhancement Plan Technical Committee (Aquatic Species
Enhancement Plan Technical Committee, 2014c) and in the earlier limiting factors report (Smith and
Wenger, 2001).
Salmonids migrate, spawn, and rear in well over 1,688 miles of rivers and streams in the Chehalis
basin as documented in the 1975 Stream Catalog (Washington Department of Fish and Wildlife,
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1975b). Historically, the number of miles utilized was greater before construction of the many
barriers to migration formed by dams, culverts, and other man-caused obstructions. It is noted that
some natural barriers caused by cataracts have been removed or alleviated by fish ladders. Primary
use of the basin by salmon was and remains by chinook, chum and coho, with rare encounters of
pink and sockeye. Trout, steelhead and cutthroat, are also common throughout the river basin.
Chum likely did not use the very upper parts of the Upper Chehalis sub-basin historically—this
pattern still exists.
An assessment of the extent that salmon and steelhead populations in the river basin have declined
since the onset of watershed changes after the arrival of Euro-Americans has been made using the
Ecosystem Diagnosis and Treatment (EDT) model (Blaire et al., 2009). The model was originally
configured in 2001-2003 to assess Chehalis basin populations and the results were presented in
(Mobrand Biometrics, 2003). The model was used again in 2014 to provide a preliminary analysis of
the impacts of the proposed dam alternatives for the Upper Chehalis River, as well as to assess
potential benefits of the ASRP. An updated version of the model is being used to assess all of the
alternatives considered in the PEIS (including the RFP), as well as to analyze benefits of the ASRP
now being developed.
In the sections that follow for each salmon and steelhead species, information on historic abundance
and the estimated magnitude of decline in abundance is presented as derived using the EDT model.
It should be noted that the numbers provided are based on the 2003 analysis; spawning distributions
used in the 2014 modeling were incomplete and therefore are not used herein. All analyses of historic
abundance are being updated with modeling being done in August and September of 2016 and
results were not available for this report. These updates are to include a much refined evaluation of
historic conditions. It is further noted that reference to historic abundances refer to those levels as
“intrinsic potential.” The intrinsic potential of salmon abundance represents what a river system’s
maximum production might have been, on the average, given the natural hydrologic, geomorphic,
ecological, and climatic conditions that existed prior to watershed alterations. The reader should
note, however, that year-to-year fluctuations in salmon abundance are very significant due to natural
variations that occur in climate and ocean conditions, as well as other factors. The intrinsic potential
numbers presented here provide insights into the magnitude that fish populations have declined due
to habitat alterations.
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Figure 2-10. Taken from the 2014 Aquatic Species Enhancement Plan (ASEP) document, provides
time series patterns of salmon and steelhead run sizes and spawning escapements
returning to the Chehalis River basin since the 1970s and 1980s. The Figure does not
include data for chum.

Chinook
Both spring and fall Chinook are produced in the Chehalis River basin. Spring Chinook, which enter
the river as adults between the months of April to August, spawn primarily in the Skookumchuck
River, Newaukum River, South Fork Chehalis River, and upper reaches of the Chehalis River
(Washington Department of Fish and Wildlife, 1975b). Spring Chinook spawn primarily during
September and early October in the Chehalis system (WDFW, unpublished data), fry emerge from
the gravel between February and April, and begin moving seaward in late spring (based on patterns
observed in Washington coastal rivers, (Quinault Department of Natural Resources (QDNR), 1977)
and QDNR unpublished). Spring chinook juveniles in the Chehalis system are believed to be almost
entirely ocean-type, i.e., they migrate as juveniles to the ocean as young-of-the year fish (Lestelle et
al., 2005; Lichatowich and Mobrand, 1995).
The largest components of the spring Chinook population in the past several decades have been
produced in the Newaukum and Skookumchuck sub-basins (WDFW, unpublished data). EDT analyses
of this population indicate that it has experienced the greatest decline in abundance as a result of
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habitat alterations compared to the other salmon and steelhead species. The model projected that
the intrinsic potential for this species in the river basin averaged about 12,000 fish (Mobrand
Biometrics, 2003). Current production levels indicate that the population has experienced about an
85% decline as a result of habitat degradation. It is noted that this level of losses does not account for
any additional loss due to fishery effects.
Fall chinook are produced in all of the major mainstem rivers in the basin as well as in their larger
tributaries. This race of fish enters freshwater beginning about September 1, with peak entry
coinciding with the onset of major freshets. It is noted that the current distribution of this population
in the river basin overlaps in spatial distribution to a very large extent with spring Chinook (WDFW,
unpublished data). The factors that maintain population structure for the Chinook species as a whole
in the basin are not well understood; genetic studies are underway and a report on population
structure is expected to be completed by WDFW in mid-2017. Fall Chinook spawn primarily between
late October and late December in the Chehalis system, peaking in November. The fry emerge from
the gravel between late February and May, and begin moving seaward in late spring with the
migration continuing into fall (Quinault Department of Natural Resources (QDNR), 1977; Wright et
al., 1973). Fall chinook juveniles in the Chehalis system are almost entirely ocean-type, i.e., they
migrate as juveniles to the ocean as young-of-the year fish (Wright et al., 1973).
The EDT model projected that the intrinsic potential for this species in the river basin averaged about
100,000 fish (Mobrand Biometrics, 2003). Current production levels indicate that the population has
experienced at least a 65% decline as a result of habitat degradation. It is noted that this level of loss
does not account for any additional losses due to fishery effects. This population remains an
important contributor to current fisheries, both to treaty and non-treaty fisheries.
Coho spawn in virtually all accessible streams in the river basin containing suitable gravels. They
spawn in streams just above tidal influence as well as in the very uppermost streams in the basin
where channel gradients are less than about 4 percent. Preferred spawning habitats are in small to
medium sized streams in the basin, though spawners also use the margins and side channels of the
largest rivers (Lestelle, 2007). The adults enter freshwater between the months of September and
January with peak spawning occurring in December, depending on stream. Late-run spawners are
most abundant in the Satsop River system with spawning occurring primarily in January and
February. Fry emerge primarily during the months of April and May. It is generally thought that most
young-of-the-year fish rear relatively close to their natal spawning areas though some fish disperse
downstream to find suitable summer rearing habitat (Lestelle, 2007). Fry produced in higher gradient
streams largely emigrate from those areas to lower gradient channels for summer rearing (Lestelle
et al., 1993). With the onset of fall rains, juvenile coho in the coastal river systems of Western
Washington demonstrate very significant redistributions to locate suitable habitats for
overwintering. Preferred areas for overwintering are low gradient stream channels containing
abundant large wood and off-channel habitats on the floodplains, especially ponds and wetland
complexes (Lestelle, 2007). Off-channel habitats are highly preferred if available. It is known that
juvenile coho will move long distances (in a downstream direction) within a river system searching
for suitable overwintering habitats. If favorable habitats are found, overwintering survival can be
very high. In contrast, overwintering survival in less suitable habitats can be very low.
The EDT model projected that the intrinsic potential for this species in the river basin averaged over
200,000 fish (Mobrand Biometrics, 2003). Current production levels indicate that the population has
experienced approximately a 70% decline as a result of habitat degradation. It is noted that this level
of loss does not account for additional losses due to fishery effects. Notably, the peak harvest in 1911
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was 275,000 coho salmon in the Grays Harbor fishery, demonstrating that this population was an
extremely important component of historical harvest in this area (Aquatic Species Enhancement Plan
Technical Committee, 2014a). It remains an important contributor to current fisheries, both to treaty
and non-treaty fisheries.

Chum
Chum salmon spawn primarily in the lower parts of the river systems within the basin, from just
above tide water to reaches further upstream. Spring-fed streams and side-channels are particularly
favored for spawning, though some of the mainstem rivers are also heavily used. The adults enter
freshwater in early October through mid-December with spawning peaking in mid-November. The fry
emerge primarily in March and April with a fairly rapid seaward migration occurring soon after
emergence (Salo, 1991).
The EDT model projected that the intrinsic potential for this species in the river basin averaged nearly
600,000 fish (Mobrand Biometrics 2004). Current production levels indicate that the population has
experienced a greater than 70% decline as a result of habitat degradation. It is noted that this level of
loss does not account for additional losses due to fishery effects.

Winter-run Steelhead
Winter-run steelhead are found throughout the Chehalis basin. The adult fish begin entering
freshwater in late November and the migration continues into early April (QDNR, unpublished data).
Spawning occurs in small and large streams from February into early June, depending on stream. The
fry emerge from the gravel from May to July, followed by freshwater rearing that takes place over a
one to three year time period. During this period, redistributions of the juveniles can be considerable
as fish respond to environmental factors and compete with one another and other fish for food and
living space (Winter, 1992). The smolts move seaward in the spring of the year as age-1 to age-3 fish.
The EDT model projected that the intrinsic potential for this species in the river basin averaged nearly
600,000 fish (Mobrand Biometrics, 2003). Current production levels indicate that the population has
experienced a greater than 70% decline as a result of habitat degradation. It is noted that this level of
loss does not account for additional losses due to fishery effects.

Reductions to Populations
“Reductions in fish populations are due to a variety of intermingling factors including hydro
development, water diversion, floodplain development, estuarine alterations, reduction in old
growth forests, and expansion of fishing patterns.” (Aquatic Species Enhancement Plan Technical
Committee, 2014a). Hatchery production started in 1961 and the life history diversity of Chinook in
the basin was greatly reduced after that time. Major anthropogenic factors of decline include
agriculture, logging, gravel mining, urbanization, estuarine dredging and filling and industrial waste
disposal (Aquatic Species Enhancement Plan Technical Committee, 2014a).
The most common basin-wide limiting factors for target salmonids are migration barriers, riparian
degradation, low water quantity (i.e. low flows), low water quality (especially high water
temperatures), sedimentation, lack of channel complexity, and loss of floodplain habitat and
connectivity (Aquatic Species Enhancement Plan Technical Committee, 2014a; Grays Harbor County
Lead Entity Habitat Work Group, 2011; Smith and Wenger, 2001). The Aquatic Species Enhancement
Plan Technical Committee also found that upper basins are generally more limited by habitat than
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lower basins in the Chehalis watershed. Predation is also identified as a limiting factor, especially in
the lower Chehalis River with warmer temperatures and key predators.

The Aquatic Species Enhancement Plan Technical Committee identified approximately 70 critical
species in the Upper Chehalis River basin (Table A-1 of (Aquatic Species Enhancement Plan Technical
Committee, 2014d)). The list includes 7 salmonid species, 6 other fish species, 8 species of
invertebrates, 4 species of amphibians, 1 species of reptile, 12 species of mammals, and over 25
species of birds. Non-salmonid fish species in the Chehalis basin include: Olympic Mudminnow (range
is primarily restricted to the Chehalis basin), American shad, Common carp, Catfishes, Bluegill, and
other sunfish. These fishes were introduced to the basin and have received casual attention but not
extensive monitoring. Non-native fishes and bullfrogs are strongly suspected of adversely affecting
native species, but there is little documentation on these interactions.

Historic records (United States Bureau of Land Management, 2016), and current investigations,
indicate that the historic Chehalis River basin floodplains were complex mosaics of patches of
mature to young conifer and deciduous forests interspersed with expanses of floodplain scrub-shrub
and emergent wetlands, and in some areas wet prairies, all dissected by the main river and side
channel network. Compared with today’s hydraulically smooth agricultural fields and road-network
dominated valley bottoms, the historic Chehalis basin floodplains were structurally very rough terrain
surfaces with large wind thrown trees, beaver dam wetland complexes, abandoned sloughs, and inchannel hydraulically organized large wood jams composed of downed black cottonwood, Sitka
spruce, western red cedar and Douglas fir. These elements would have spread floodwaters over a
much greater area, slowed down the speed of flood waves, and provided extensive floodwater
storage in floodplain wetland depressions.
Beginning in the mid to late nineteenth century the upper Chehalis basin floodplains were cleared
and converted to agriculture and pasture lands. The conversion involved the wholesale removal of
floodplain forests, beaver dams, in-channel large wood jams, streamside shrub thickets and
associated wetlands that historically provided flood water storage and floodplain and in-channel
roughness elements that reduced the speed of flood waves propagated during peak flows.
Floodplain wetlands were ditched and drained to support agriculture throughout most of the
Chehalis River valleys. Current river floodplain conditions are dominated by agriculture and
development infrastructure with fringing red alder riparian forest along some valley reaches

Climate change is predicted to significantly alter the river ecosystems that support salmonids in the
Pacific Northwest in four main ways: (1) increasing summer water temperatures, (2) decreasing
summer low flows, (3) increasing winter flooding, and (4) decreasing spring and summer snowmelt
(Beechie et al., 2012). For example, minimum monthly flows are projected to decrease by 10-70% on
the west side of the Cascade Mountains over the course of the 21st century (Beechie et al., 2012).
Modeled results for the Chehalis Basin suggest that climate change will lead to a major decline for all
salmonid species and the extirpation of spring-run Chinook in the watershed (Aquatic Species
Enhancement Plan Technical Committee, 2014c). However, restorative actions, including reestablishing floodplain connectivity, restoring streamflow regimes, and re-aggrading incised
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channels are most likely to ameliorate streamflow and temperature changes and increase population
resilience in the face of climate change (Thompson, 2012).
The University of Washington Climate Impacts Group conducted a hydrologic modeling and data
analysis study to project future shifts in streamflow and variable spatial patterns of precipitation for
the Chehalis basin (Mauger et al., 2016). Protection and restoration of natural watershed processes
has been shown to buffer against climate change impacts (Palmer et al., 2008), in addition to
mitigating climate change through carbon sequestration. A distributed approach to flood protection
through restoration in all three of the upper sub-basins further buffers against future variability in
the magnitude and spatial distribution of precipitation patterns.

Restorative measures create and improve physical habitat and increase nutrient availability, with
positive benefits for salmonids, some other fishes, and invertebrates (e.g., (Beechie et al., 2005;
Nagayama and Nakamura, 2010; Roni et al., 2014)).The quality of aquatic habitat depends on the flow
regime, particularly the magnitude and timing of low flows, as well as water quality and channel
morphology and substrate, all of which are affected by restorative measures.

Restorative actions that increase hydrologic connectivity between a channel and its floodplain also
affect groundwater storage and low flows. When a channel is incised, the low water surface
elevation sets up a hydraulic gradient between the stream and the local groundwater elevation. The
resulting flow from groundwater to the lowered channel causes dewatering of the local
groundwater storage, which leads to lower baseflows (Beechie et al., 2012). Empirical and modeling
studies demonstrate that river restoration in incised reaches can lead to a 10-20% increase in
baseflow early in the dry summer season (Ohara et al., 2014; Tague et al., 2008). These studies also
suggest that restoration effects on baseflow are diminished during the late summer when increased
evapotranspiration losses from restored riparian vegetation may offset increased groundwater
storage.
Another study that utilized coupled modeling of surface water and groundwater to assess the
effects of stream restoration in a northern California meadow found that although groundwater
storage increased, local in-meadow baseflow decreased while downstream baseflow increased
(Hammersmark et al., 2007). In contrast, (Essaid and Hill, 2014) found that modeled baseflow
decreased both in-meadow and below the restored meadow, which they attribute to groundwater
recharge that is driven by contributions from upslope groundwater and hillslope runoff mechanisms
rather than overbank flow, as in the (Hammersmark et al., 2007) and (Ohara et al., 2014)
investigations. Regardless, all studies demonstrate additional groundwater storage and
groundwater input to the stream, which lowers stream temperatures during the summer season
since groundwater is colder that water in a the stream (Bogan et al., 2003). (Emmons, 2011) analyzed
the extent of stream incision and the water holding capacity of local soils to estimate a potential
increase in regional groundwater storage of 120 million cubic meters (~97,000 acre-feet) from
extensive restoration of incised streams in the Sierra Nevada.

Changes in riparian forests and vegetation communities affect stream temperature through shading,
and through influencing the geomorphology, which drives interactions between warmer surface
water and colder groundwater. Shading of the stream from sunlight by the riparian forest is the key
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driver of stream temperature differences between forested reaches and those that have been
cleared via timber harvest (Moore et al., 2005). Secondary temperature effects are related to cooler
ambient air temperatures within forests (Pollock et al., 2009). A compilation of studies that
compared pre-harvest to post-harvest stream temperatures in the Pacific Northwest indicates that
changes in maximum daily stream temperatures of up to 13 ℃ and increased diurnal temperature
ranges have been observed (see Table 1 in (Moore et al., 2005)). In a comparison of summer water
temperatures in 40 small, forested watersheds on the western Olympic Peninsula,(Pollock et al.,
2009) found that mean daily temperatures were significantly cooler and diurnal fluctuations were
significantly less in unharvested basins. Riparian buffers, in lieu of overall forest protection, as a
strategy for reducing timber harvest impacts on stream temperature have had mixed effects, with
post-harvest increases of 0.5 to 4.9 ℃ observed in streams with partial or full buffers (Jackson et al.,
2001; Moore et al., 2005).

The geomorphic effects of stream and valley restoration also lower stream temperatures through
increased hydrologic connectivity between warmer surface water and colder hyporheic and
groundwater. In an extensive restoration project that included LWM placement in over 12 km of a
tributary to the Skagit River, WA, post-treatment observations showed increased pool area and pool
depths, and a decline in average stream temperature of approximately 1 ℉ (~0.6 ℃) (Nichols and
Ketcheson, 2013). The temperature results suggest that that changes in channel morphology drive
increased access to colder hyporheic water. Furthermore, actions that enhance the hydrologic
connection between channels and surrounding floodplain and restore multiple, sinuous channels to
an alluvial valley also provide critical thermal refuges for salmonids and other aquatic organisms
(Torgersen et al., 2012). Since fish are capable to detect fine-scale differences in temperature and
respond by moving, these locations of thermal refuge constitute critical habitat elements. Spatial
variations in channel morphology are closely linked with variable subsurface flow pathways, which
contribute to local fluxes of colder hyporheic water (Poole et al., 2008). For example, (Tockner et al.,
2000) reported a difference of approximately 4 ℉ (~7 ℃) between a main channel and a side channel
fed by upwelling groundwater.
River and floodplain restoration also affects the availability of nutrients through increased capture
and storage of organic material in channels and increased connectivity between the channel and
floodplain. (Bilby, 1981) experimentally removed debris dams from a stream in New Hampshire and
measured 6% and 500% increases in the export of dissolved organic matter and particulate matter,
respectively. In a study where LWM was experimentally added, (Flores et al., 2011) noted thick
deposits of organic matter upstream of log jams, and quantified a 2 to 70-fold increase in the posttreatment storage of organic matter. In addition to the in-channel capture of nutrients, the aquatic
food web also depends on nutrient inputs from a connected floodplain. (Fellman et al., 2013)
demonstrated that aquatic organisms depend on leaf litter contributions from the floodplain, and
suggested that there may be other critical, but unrecognized, connections between the stream and
floodplain nutrients.

Despite widespread historical removal of LWM from rivers, since the 1980s the ecological importance
of LWM to river function and aquatic habitat has become widely recognized and documented (Maser
et al., 1988; Roni et al., 2014). The presence of LWM and in-stream structures diversifies the grain size
distribution of sediments available for fish spawning and also the types of morphology and habitat
available to support a range of aquatic organisms at various life stages (Montgomery et al., 1999).
(Buffington and Montgomery, 1999) demonstrated that large wood in western Washington rivers
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results in a larger distribution of sediment grain sizes and in a mosaic of patches with different
textural characteristics. The result is that suitable spawning gravels occur in rivers where the bed
sediments would otherwise be too coarse.
In-stream structures such as log jams and beavers ponds additionally contribute to complex channel
forms that include variation in the bed, such as repeating sequences of pools and riffles (i.e.,
uniformly shallow areas), as well as anastamosing channel patterns with multiple side channels
(Collins et al., 2002). These complex channel forms contribute to distinct habitat types, which are
utilized by different aquatic species at various life stages (Beechie et al., 2005). In-stream LWM
additionally provides cover for hiding, which is an important component of aquatic habitat for some
organisms (Montgomery et al., 1999; Nagayama and Nakamura, 2010). Numerous studies in western
Washington have shown beaver ponds to provide important juvenile salmonid rearing habitat within
coastal river networks and that watershed scale salmonid production to be directly related to the
number of beaver impoundments within a drainage (Pollock et al., 2003). In a mark-recapture study
of wild coho (Oncorhynchus kisutch) in Big Beef Creek near Seabeck, WA, (Quinn and Peterson, 1996)
found that juvenile coho survival to out-migration was strongly correlated with the density of habitat
units and the quantity of large woody material available. Similarly, (McMahon and Hartman, 1989)
found that during high flows juvenile coho salmon demonstrate a strong preference for structurally
complex cover and will emigrate from a given reach if no suitable cover is available.

In addition to the numerous benefits of stream and floodplain restoration to aquatic habitat, the
healthy salmonid fishery supported by suitable aquatic habitat has a positive feedback on the
terrestrial habitat (Naiman et al., 2002). Since anadromous salmonids spend a portion of their life at
sea, they accumulate marine-derived nutrients, such as nitrogen, which are then transported to
freshwater streams during spawning. Nutrients are released in the stream as salmonid carcasses
decay, as well as to riparian soils from the transport and processing by piscivores, such as bears
(Helfield and Naiman, 2001; Hocking and Reynolds, 2012). Investigations in Washington and Alaska
have documented that up to 26% of nitrogen in riparian foliage is marine-derived and that vegetation
growth is higher near spawning sites (Helfield and Naiman, 2001; Naiman et al., 2002). Furthermore,
salmon eggs and carcasses are a key component of the terrestrial food web, and provide food to
fish, invertebrates, and mammals (Gende et al., 2002).
In summary, restorative actions enhance aquatic habitat, which provides benefits to salmonids,
other fishes, and invertebrates. A healthy salmonid fishery, in turn, provides additional benefit to the
terrestrial ecosystem.

Floodplain forests and wetlands are among the most productive, diverse, and threatened ecosystem
types both in the United States and around the world. Hydrologically, it is widely understood that
they influence groundwater recharge, low flow regimes, evapotranspiration, and flooding (Acreman
and Holden, 2013). Riparian forests and wetlands improve water quality while providing habitat for
native flora and fauna (Javaheri and Babbar-Sebens, 2014). Despite the incredible environmental and
economic benefits provided by floodplains, they have been extensively disconnected from rivers and
converted by humans to other land uses (Opperman et al., 2010).
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Biodiversity in the floodplain corridor relates to diverse habitat types that are driven by natural
disturbance regimes in the fluvial environment, in addition to the hydrologic and habitat connectivity
of the system (Junk et al., 1989; Ward et al., 2002). The health of the terrestrial ecosystem
additionally plays a key role in the health of the aquatic ecosystem, with numerous feedbacks and
biogeochemical connections (Fellman et al., 2013).

Upland forest restoration through protection and management enhances forest health and
biodiversity, which benefits a wide range of terrestrial species and increases resilience to wildfire and
insect outbreaks. Even-aged forest stands lack structural and compositional diversity and have been
shown to inhibit the development of diverse, native understory plant communities that are critical
food and shelter to a wide range of animals (Carey and Johnson, 1995; Hansen et al., 1991). Increasing
the age diversity and structural complexity of managed forests through restoration has been shown
to increase the population diversity and density for birds and mammals (Hagar et al., 2004).
Restoration of complex, less dense forest distributions also increases soil water availability for trees,
which, in turn, increases resilience to drought, insect outbreak, and wildfire (Grant et al., 2013).
The vast majority of upland, non-riparian forests in the Chehalis are subject to rotating clear-cut
timber harvest patterns with riparian buffers required by the Northwest Forest Practices rules
(Rodgers and Walters, 2014). As a result, most forest stands are young and even-aged (Batker et al.,
2010). Of the non-riparian forest, 44% is in an early successional stage with trunk diameters of less
than 5 inches (Table 6 of (Batker et al., 2010)). These forests lack the structural complexity and
species diversity that has been shown to encourage the development of diverse understory plant
communities that support terrestrial biodiversity (Carey and Johnson, 1995). Furthermore, overlydense, even-aged stands such as those in the upper Chehalis are also associated with drought stress
and subsequent vulnerability to insect outbreaks and fire (Grant et al., 2013).
Clear-cut timber harvest is additionally associated with increased landslide frequency in the Pacific
Northwest (Montgomery et al., 2000). The resulting inputs of fine sediment into the river valley has
been shown to have negative effects on the aquatic ecosystem (Kemp et al., 2011). Landslides deliver
large quantities of sediment and LWM typically found in clear-cut areas. Landslides increase peak
flows by expanding the channel network and cleaning out low order channels - capturing more
water, more quickly. Approximately 2700 landslides resulted from the 2007 storm alone, increasing
sediment supply to the channel network several orders of magnitude greater than background
(Nelson and Dube 2016).

Projections for future streamflows in a changing climate suggested that, generally, high flows will
become higher and low flows will become lower in the Pacific Northwest (Elsner et al., 2010).
Warming temperatures coupled with hydrologic changes are projected to severely impact a wide
range of aquatic and terrestrial organisms (Beechie et al., 2013). The projected changes to the
streamflow regime will also affect river morphology, such as channel width, which will affect fish
passage through infrastructure such as culverts (Wilhere et al., 2016). Climate change may also affect
the frequency of landslides, with impacts on river morphology and downstream water quality
(Crozier, 2010).
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However, naturally functioning river systems, as compared to impaired or impounded rivers, are
likely to be more resilient to climate perturbations (Beechie et al., 2013; Palmer et al., 2008). For
example, a hydrologically connected river is likely to have more and longer contributions of cold
groundwater to provide areas of thermal refuge for fish (Tague et al., 2008; Torgersen et al., 2012).
Floodplains and in-stream LWM provide local areas of sediment storage to accommodate increased
sediment inputs.
According to studies published by the Intergovernmental Panel on Climate Change (IPCC), such as
the “Good Practice Guidance for Land Use, Land-Use Change and Forestry, Section 3.2 Forestry”
conversion of land (both cultivated and non-cultivated) to forest will result in increased carbon
stocks (IPCC, 2014b). This increase in carbon stocks is often referred to as “carbon sequestration”,
taking the form of increased above and below ground biomass, litter, woody debris, soil organic
matter (see Figure 2-11, below).

a It is assumed here that upon conversion of forest to grazing land, woody debris is not, or is only partly, removed. Dead roots, in
particular, would not normally be removed. If woody debris is removed or burned, only dead roots would add to the short-term increase of
woody litter.
b If forest is subsequently harvested and used for wood production.

Figure 2-11.

Changes in components of terrestrial carbon stocks under different land-use changes.
Note that, initially, carbon in litter and woody debris may increase following
deforestation. Above ground biomass and litter can also decrease (e.g., because of
harvest or natural disturbances. Source: (IPCC, 2014b)

The organic nature of floodplain soils, and former forested wetlands, creates a pattern of ongoing
carbon emissions from drained, farmed wetland soils. These soils emit more carbon than they store
on an annual basis, including the aboveground and belowground biomass (See Table 2.1, Chapter 2,
(IPCC, 2014a)). Rewetted floodplain soils that are converted from cultivated land to forest are a
carbon remover (or sink). Rewetting of organic floodplain soils and restoration of former forested
wetlands has been reported to create a carbon sink on the order of 180 metric tons of carbon per
hectare of land per year, in the rewetted organic soils alone (see Chapter 3, (IPCC, 2014a)). The forest
aboveground and belowground biomass adds additional carbon to this soil sink.

Examples of Built Restoration Projects
There are numerous real-life examples of the geomorphic effects and the flood protection and
aquatic habitat benefits of river and floodplain restoration. This section reports observed results
from river restoration projects across Washington State. These examples exist outside of the
published scientific literature and are drawn from communication with the Washington Floodplains
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by Design program (http://www.floodplainsbydesign.org/), and from internal records of Natural
Systems Design. These projects demonstrate the local benefits of river restoration to attenuate flood
flows and to increase and enhance aquatic habitat.

Levees along the Puyallup River in Orting, WA were set back as part of a collaborative project
funding in part by the Floodplains by Design program (http://www.floodplainsbydesign.org/science/).
The spacing of the new levees is 2-4 times wider than previously built. The levee set-back allows
room for the river to flow overbank and spread out, which increases flood storage. As a result, the
Natural Weather Service reduced the flood warning level for the Puyallup River near Orting, from
4500 cfs to 10000 cfs for a flood threat. Much higher flow is now required to overtop the levees and
inundate the city of Orting. The project was tested during a major 2015 storm, and no flooding
occurred in Orting.

The Fisher Slough project, in the Skagit River delta near Mount Vernon, WA was a multiple benefit
project completed in partnership with the Nature Conservancy
(http://www.nature.org/ourinitiatives/regions/northamerica/unitedstates/washington/explore/fisherslough-noaa-factsheet.pdf). The restoration project re-established the river’s connection to more
than 50 acres of freshwater marsh. As a result, high flows are now conveyed and stored in the
wetland before flood stage becomes high enough to overtop local levees. Thus, flood storage
increased by 250 acre-feet, which is sufficient to attenuate a 5-10 year flood in the local stream.

Multiple levee set-backs and historic channel re-engagement along the Naches River, Yakima County,
WA are in-progress and were completed as part of the Floodplains by Design program
http://www.yakimacounty.us/DocumentCenter/Home/View/2937). By restoring river access to old
channels through property acquisition, and by setting back an existing levees, the project increases
flood storage. Hydraulic modeling of the restored condition suggests a decrease in flood stage
elevation and a decrease in the inundation area during a 100-year flood event.

Ellsworth Creek is located in the Ellsworth Creek Preserve near Naselle, Washington. Phase 1 was
completed in 2015 by Natural Systems Design. The project included the installation of approximately
400 pieces of large wood in 34 jams along 1 mile of stream. The project reach has a bankfull width of
approximately 20 feet and a slope of approximately 1.5-2%. Observed results from these log jam
installations include:
 Reengagement of relic floodplain and side channel features, which was demonstrated by
increased flow through relic features,
 Approximately 3-fold increase in baseflow, winter stream depth and frequency of floodplain
engagement,
 Reduced instream velocities that resulted in increased gravel retention,
 Significant increase in presence of juvenile fish and avian species, and
 Significant increase in water depth, pool frequency, overhead tree canopy cover and
instream complexity.
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Figure 2-12. Ellsworth Creek control reach at winter baseflow, with a velocity of approximately 4
feet per second (fps), a wetted width of approximately 20 feet, and a depth of
approximately 1 feet.

Figure 2-13. Ellsworth Creek treatment reach at winter baseflow, with a velocity of approximately
1 fps, a wetted width of approximately 300 feet, and a depth of approximately 3-4
feet.
Upper Chehalis River Watershed
September 26, 2016

43

PRELIMINARY SCIENTIFIC ASSESSMENT OF A RESTORATIVE FLOOD PROTECTION APPROACH FOR THE UPPER CHEHALIS RIVER WATERSHED

Hurst Creek is located near Clearwater, Washington, on the Olympic Peninsula. The project was
completed in August 2015 by Natural Systems Design (time lapse video:
https://www.youtube.com/watch?v=mLpKcSGEytg). Post-project geomorphic and biological
monitoring are planned for Fall 2016 to characterize geomorphic change and fisheries response.
The project included the installation of 6 channel-spanning log jams composed of approximately 300
piece of large wood along 1500 feet of channel. The project reach has a bankfull width of
approximately 35 feet and a gradient of about 1.5%. Observed results include:
 2015 storm flows engaged floodplain and terrace with depths greater than 6 feet, as
compared to pre-project bankfull depths of approximately 2-3 feet,
 Lowered flow velocities, which have resulted retention of spawning sized gravel on top of
existing bedrock, and
 Increased pool frequency, refuge, and cover for adult and juvenile salmonids.

Figure 2-14. Hurst Creek treatment reach immediately post-construction.
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Figure 2-15. Hurst Creek treatment reach after 2 months of winter flows.

The South Fork Nooksack River is located north of Lyman, Washington. The purpose of the project
was to restore the incised channel through the use of large wood to increase channel roughness, and
to consequently reconnect the river to its historic floodplain and side channels. The project was
completed in 2015 by Natural Systems Design, and included the construction of 29 logjams, including
4 unique types using a total of 600 pieces of large wood and 1170 tons of rock. Additionally, 2,000
feet of side channel were excavated over 1 mile of river. Results that have been observed include:
 3 new channel spanning ELJ structures increased baseflow depths up to 1 feet, and initiated
significant bed fining and aggradation upstream,
 Increases in side channel flooding during a series of floods during Fall 2015,
 Strategic side channel inlet excavations improved overall flow frequency and magnitude
within side channels,
 Bed fining, resulting in increased availability of spawning sized gravels, and
 Increased frequency of pools and geomorphic complexity of aquatic habitat.
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Figure 2-16. View of South Fork Nooksack River, from Larson’s bridge immediately postconstruction.

Figure 2-17. South Fork Nooksack River from Larson’s bridge during high winter flows, the first
fall after construction. Photo courtesy of Gabe Zender, 2015.
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The Cle Elum River is near Roslyn, Washington, in Kittitas County. The purpose of the project was to
re-activate side channels and enhance aquatic habitat (Project Website:
http://www.kittitasconservationtrust.org/cle-elum-river.php). The project was completed in 2014 by
Natural Systems Design using helicopter and ground based construction to minimize disturbance to
the riparian forest. Installation of about 150 pieces of large wood and 372 tons of boulders was used
to create 10 engineered log jams (ELJs) and 30 in-channel snags along 2 miles of river. Observed
results include:
 Immediate geomorphic channel response to ELJ construction, and
 Introduction of perennial flow into 4 miles of side channels that were previously activated
primarily during high flows.

Figure 2-18. Cle Elum River during high, summer dam-release flows, post-construction (2016).

Taken together, these examples demonstrate that (1) providing a river more room to flood in some
locations has flood protection benefits in other locations, and (2) the installation of engineered
wood structures in the channel creates flow roughness and has an immediate effect on water
surface elevations. Where levees have been set-back and where the river has been reconnected to
wetlands or side channels, flood waters are naturally stored in these areas which reduces local
heights of floodwaters. These Floodplains by Design projects also represent win-win for stakeholders
where flood risk is reduced while fish habitat is enhanced.
Examples that demonstrate the near-term effect of engineered structures on local flow hydraulics
are also important because flow roughness is a critical element of storing and slowing floodwaters in
a restorative flood protection approach. The natural roughness provided by the functional
floodplain forests (described later in Section 3.6.5.4) will require time to mature after restoring
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vegetation to riparian zones and floodplains. In the meantime, to emulate the hydraulic roughness of
mature trees and downed wood on the forest floor a combination of measures can be used, such as
dense plantings of fast growing shrubs and installation of short term vertical engineered roughness
elements like brush fencing and flood fencing, which together emulate a mature floodplain forest
with the full complement of downed wood on the forest floor. The engineered measures will provide
similar functionality during the first 10 – 20 years of forest maturation. Since the key elements
providing flow resistance are the ground-cover and understory plants rather than the overstory
trees, 10-20 years is anticipated to be sufficient for establishment and growth of the plants that
provide the most roughness (i.e. plants <6-10 feet high in riparian and gently sloping floodplains).
The engineered elements will likely last much longer than 10 to 20 years. After initial establishment,
the floodplain forest will provide a self-sustaining flow roughness environment requiring minimal
intervention.

Summary of Best Available Science Review
Our review on the best available science related to the RFP focuses on the state of the science
regarding flood storage and attenuation, peak flow generation and ecosystem benefits. We find
that the conceptual basis of the RFP is strongly supported by scientific theory, modeling, and
empirical data. The effects of land use and landcover changes on hydrologic and geomorphic
processes are well-established and numerous studies and examples support the role of restoration in
providing flood protection. Furthermore, the same restoration actions that contribute to flood
protection also have a substantial benefit to aquatic and terrestrial ecosystems.
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PRELIMINARY TECHNICAL ASSESSMENT OF
RESTORATIVE FLOOD PROTECTION APPROACH IN THE
UPPER CHEHALIS RIVER WATERSHED
Technical Assessment Overview
The Chehalis Restorative Flood Protection preliminary technical assessment consisted of the
following elements:
1.

Delineation of an assessment study area where restorative flood protection actions would be
evaluated.

2. Research and compilation of available historical information to develop a reconstruction of
the historical river and floodplain conditions prior to European settlement.
3. A screening-level geomorphic assessment to identify areas where restorative flood
protection could be effective.
4. Characterization of the historical and current vegetation characteristics of the assessment
area through field and literature surveys. Development of vegetation community profiles
that would be suitable to the restorative flood protection treatment areas.
5. Utilization of the vegetation characterization and modeling of the contribution of vegetation
to hydraulic roughness to establish proposed-condition channel and floodplain roughness
values. These roughness values subsequently provided inputs to hydraulic modeling of
restorative flood protection effects.
6. Implementation of existing hydraulic model and development of new hydraulic model to
estimate the flood storage and attenuation that could be obtained through restorative flood
protection actions.
7. Utilization of the results of the technical assessment to develop the restorative flood
protection concept described in Part 4 of this report.

Introduction
The history of severe anthropogenic stream channel and floodplain modification in the Chehalis River
basin1 stretches back to the mid-1800s (Aquatic Species Enhancement Plan Technical Committee,
2014b; Hiss and Knudsen, 1993). The cumulative effects of dams, diversions, diking, dredging, bank
protection, riparian degradation, large woody material (LWM) removal, stream substrate removal,
wetland destruction, timber harvest, industrial waste disposal, and development have altered
natural river and floodplain processes, with significant consequences.
Floodplains are integral to the ecological and social landscape in the Chehalis River Basin.
Ecologically, floodplains support diverse and productive biological communities in riparian forests,

1
The Chehalis River basin encompasses the entirety of the area that drains to Grays Harbor. The area that drains just the Chehalis River and
its many tributaries comprises the large majority of the basin’s area, but the basin also includes other watersheds that drain to Grays
Harbor, such as the Humptulips, Hoquiam, and Wishkah Rivers. The term Chehalis River basin (or Chehalis basin) in this document will
always refer to the entire basin. This is consistent with how the term is applied in analyses presented in the PEIS and ASRP.
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wetlands, and river channels. Culturally, the key characteristics of floodplains, including level land,
fertile soil, proximity to water, and abundant fish and wildlife, have made them focal points for
human settlement, fishing, hunting, and agriculture (U.S. Geological Survey, 2015). The U.S.
Geological Survey (U.S. Geological Survey, 2015) identified five basic functions of floodplains in the
Puget Sound area of Washington State:
1.

To store and convey floods;

2. Regulate sediment and wood supplies in river networks;
3. Retain and transform nutrients and contaminants;
4. Support forest ecosystems; and
5. Provide aquatic habitats, particularly for diminished, threatened, or endangered salmonids.
The RFP approach aims to supporting and restoring theses natural functions of floodplains.
A preliminary technical assessment was completed to characterize and quantify the historical and
existing geomorphic, ecological, and hydraulic conditions of the Upper Chehalis Watershed. Analyses
of historical and modern data demonstrate that the function of the river to attenuate flood waters
has been substantially altered from historic conditions. Riparian vegetation and forests were cleared
during conversion to agricultural land use. Large wood was removed from channels, and channels
were straightened. As a result, the river incised (i.e., cut down) and abandoned much of its historic
floodplain, resulting in hydrologic disconnection from the floodplain. The net effect of these changes
was increased volume of floodwaters being conveyed rapidly downstream in the incised channel.
Thus, RFP actions are designed to increase overbank flooding in some locations and increase
hydraulic roughness in the channel and on the floodplain, in order to slow floodwaters and reduce
the flood stage downstream. Estimated hydraulic roughness values for restored conditions were
used to simulate the hydraulic effects of restoration actions on flood stage and timing. The results
demonstrate that restorative actions to increase hydraulic roughness both in-channel and on the
floodplain could reduce downstream flood stage.
This preliminary technical assessment represents an initial look at the efficacy and feasibility of an
RFP approach in the upper Chehalis Watershed. Additional analyses, including 2-D hydraulic
modeling, would be required to further define areas for and spatial extent of RFP actions.

Historical Conditions of upper Chehalis Watershed
During the mid- to late-1800s, government surveyors from the General Land Office (GLO) were
charged by legislation, such as the Homestead Act, with defining areas in the western United States
that were suitable for settlement and resource extraction. The surveyors mapped and noted local
topographical, hydrological, and ecological characteristics. GLO surveyors therefore recorded a wide
range of landscape features, including:
 Entry and exit from areas of low elevation (bottomland), sometimes noting areas subject to
inundation and the range of inundation depths (feet),
 Plant communities such as prairie, forest, wetland, swamp, green timber,
 Burned forest areas,
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 Ravines,
 Trails,
 Wagon roads,
 Bearing Trees (used as control points in surveying),
 Tree Type (Common Name),
 Tree Diameter at Breast Height (DBH, in inches),
 Bearing (Degrees),
 Distance to Survey Stake (Links),
 Channels,
 Wetted width of river/stream channel,
 Bank height, and
 Stream Confluence/Branch.
The GLO maps and notes provide a key source of information about the historical conditions of the
Chehalis basin. Taken together, these data characterize the topography, hydrology, and ecology of
the basin prior to widespread forest clearing, conversion to agriculture, and other impacts from
settlement.
Development of historical sketchmaps from these historical sources was used to identify baseline
conditions in the Chehalis River basin. The sketchmaps provide a snapshot of the decades when the
land was being platted for more intensive settlement, ranging from 1851 - 1893. The sketchmaps
were used to identify key historical landscape features relevant to the RFP approach. Note that, in
the interest of time, sketchmap research focused on the parts of the upper Chehalis watershed that
had wider floodplain valleys, omitting steeper headwater areas. The rationale for this focus is based
on topographic constraints on implementing the RFP approach, and is explained in the subsequent
sections on Geomorphic Conditions Assessment (Section 3.4) and Hydraulic Modeling (Section 3.8).

Historical plat maps and survey notes were obtained from the Bureau of Land Management (BLM),
General Land Office (GLO) website (United States Bureau of Land Management, 2016). The State of
Washington township boundary (GIS shapefile: plsstownship_a_wa041.shp) for the upper Chehalis
Watershed was used to identify the corresponding survey plats for the 3 project sub-basins (Chehalis
River, South Fork Chehalis River, and Newaukum River) in Geographic Information Software (GIS),
ArcMap 10.1 (Environmental Systems Research Institute, ESRI). GLO survey plats for the selected
townships (Table 3-1) were downloaded as Joint Photographic Experts Group (.jpg) image files.
These maps were then cropped using GMP (i.e., open source Photoshop) software and exported as
Graphics Interchange Format (.gif) files.
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Table 3-1.

List of georeferenced historical General Land Office maps of the upper Chehalis basin
from the mid- to late-1800s by township and range. Townships for which integrated
sketchmaps were developed are identified with an asterisk, * (see Section 3.3.2.2).
TOWNSHIPS AND RANGES

T14-0N R7-0W

T13-0N R5-0W*

T12-0N R3-0W*

T14-0N R6-0W

T13-0N R4-0W*

T12-0N R2-0W

T14-0N R5-0W

T13-0N R3-0W*

T12-0N R1-0W

T14-0N R4-0W*

T13-0N R-02E*

T12-0N R1-0E

T14-0N R2-0W*

T13-0N R2-0W*

T11-0N R6-0W

T14-0N R1-0W*

T13-0N R1-0W*

T11-0N R5-0W

T14-0N R1-0E

T13-0N R1-0E*

T11-0N R4-0W

T14-0N R2-0E

T13-0N R2-0E*

T11-0N R3-0W*

T14-0N R3-0E

T12-0N R6-0W*

T10-0N R5-0W

T13-0N R7-0W

T12-0N R5-0W*

T10-0N R4-0W

T13-0N R6-0W

T12-0N R4-0W*

T10-0N R3-0W

The cropped historical survey maps were then georeferenced in GIS to North American Datum 1983
(NAD 83) Washington State Plane South Feet coordinate system. Modern township and range and
section boundaries were used as georeference points for the historical GLO maps. These
georeferenced historical maps were then used to create a compiled atlas of the historical survey
maps for the study area. The upper Chehalis River watershed was segmented into 55 sections by
township and range to create a series of integrated historical sketchmaps at a scale of 1:24000 (See
Appendix B).

The GLO maps alone are not as useful for understanding the historical landscape as the notes that
the GLO surveyors kept while surveying the land for settlement and natural resources. The GLO maps
and notes were compiled for each township of interest, focusing on the larger floodplains above
Centralia and Chehalis. The compilation included maps and field notes from multiple years of
surveying because townships were often surveyed multiple times. Boundary surveys were
conducted around the perimeter of the township and subdivision surveys were conducted along the
section lines as well.
All of the historical data, including maps and notes, was compiled into a single hand-drawn
sketchmap for each of ten townships. The numbered notes provided on these sketchmaps crossreference to detailed notes recorded in a separate document. The final integrated sketchmaps were
scanned (300 dpi tiff), cropped (in Photoshop, Adobe Creative Suite 5), and georeferenced (in GIS).
Thus, the integrated maps can be compared to other spatial data such as more recent maps and
aerial photographs. The complete set of sketchmaps is provided in Appendix B.

The historical GLO maps and notes represent a snapshot in time rather than a comprehensive survey
of landscape traits. Many features that may have existed, such as large log jams or seasonally
inundated areas, may not have been mapped or noted in the surveyor’s records either because they
did not intersect section boundary lines or because they may not have been deemed noteworthy.
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Furthermore, none of the surveys were made during the winter months, which affected the types of
observations. For example, the surveyors did not actually observe inundation from the winter flood
season. When a note was made, it was either based on the surveyor's own local knowledge or
judgement.
The section boundary lines were surveyed; the quarter-section lines were not. Therefore, quartersection lines were not included in the historical sketchmaps. Note that the section numbers on the
GLO maps mark the centers of the sections, not the section boundaries. The GLO cartographers
show the N-S and E-W quarter-section lines that intersect at the center of the section as well as the
boundary lines between sections.
Landscape features were recorded as accurately as the surveyor could do so wherever they crossed
the section boundary lines, but not within the section boundaries. In other words, the mapmakers'
placement of other features, such as a stream channel, anywhere within a section except at the
section lines was often guesswork, although they did sometimes have local knowledge or the
recollections of what the survey crew saw of the surrounding landscape to guide them. Even with
the added guidance of local knowledge and survey crew recollection, the level of certainty that these
features are accurately mapped within the section space is low.
Inherent sources of error include surveyor error, and a shift in the lines that were used to anchor
their surveys to the parallels and meridians that define our land grid pattern. Modern mapping
surveys have already led to slight and not-so-slight adjustments to many Township-Range
boundaries, and to individual section boundaries as well.

The RFP GLO sketchmaps visually represent the GLO surveys and surveyor notes for the townships
that were chosen for historical condition analysis. In particular, the sketchmaps delineate different
landcover types, including wetlands, prairie, forest, and burned forest. Wetlands are depicted as a
blue grass-like hatch, prairie is shown as a green grass-like hatch (often with trees), forest is depicted
as the white of the paper, and burned forest is drawn as brown trees. The locations of river and
stream channels are shown as blue lines, and key notes pulled from the surveyor notes are displayed
as circles with numbers. These numbers cross-reference to more detailed notes included in a
separate document. Wherever possible, the channel width and depths, as well as the locations
where the surveyor entered and exited the valley bottoms were noted.
In interpreting these maps, it is important to evaluate the features drawn in between the section
lines with some skepticism because the surveyors only walked the section lines. The features that
were drawn in in the middle of the sections between the section lines, were drawn based off of local
knowledge, or the surveyor’s best professional judgement. Therefore, it is difficult to use these maps
to show changes in channel morphology or alignment in between these section crossings. However,
even with this limitation, analyses of the sketchmaps identified many key wetland and river channel
changes that have occurred since the GLO surveys were conducted. These changes are discussed in
Sections 3.4 and 3.5.
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Figure 3-1.

Example historical sketchmap of a portion of the South Fork Chehalis (T12N R4W)
compared to modern aerial image of the same location. Landcover designations on
the sketchmap include forest (white, no symbol), burned forest (brown tree
symbols), wetland (blue grass-like symbol), and prairie (green grass-like symbol).

The historical sketchmaps provide insights about the historical conditions and land use changes the
Upper Chehalis basin. For example, in Figure 3-1, the surveyor noted that this township contained
only a small amount of land fit for cultivation by the standards of 1855. The lands that were deemed
useable lay mostly along the Chehalis River. A comparison between the historical sketchmap and a
modern aerial photograph demonstrates that large areas that were previously forests and wetlands
(i.e., white and blue areas in Figure 3-1) have been converted to agricultural use. It was also evident
that this township had been subject to fire sometime prior to the survey. Based on estimations from
the map, at least one-third of the township and perhaps even more had been burned with varying
degrees of severity. Fire was so intense in some areas that the trees were described as “all burnt and
fallen.” Other areas were lightly impacted, with green timber scattered through them and
regeneration occurring.
The sketchmaps also provide indications that valley morphology differed drastically from current
conditions. In particular, the historical data indicate that wetlands were extensive, and that stream
channels were more sinuous, wider and shallower than current condition. For example, the blue dot
on the map in Figure 3-1 is a location on the South Fork of the Chehalis River with a recorded
historical width of 50 links (33 feet), a water depth of 18 inches, and “bottomland that was subject to
inundation up to 6 feet during winter”. Changes in the geomorphology of the river valley and the
effects on flooding are discussed in Section 3.4.
The GLO surveys provide data on historical vegetation characteristics, discussed further in Section
3.5. Tree species and size, along with distance and direction to the section corner were provided for
up to up to four bearing trees at each section corner. Also, trees encountered directly on their lines
of march while surveying were also recorded by species and size. From bearing trees reported plus
other trees encountered and measured, fir was the principal conifer (67% of the total conifers
recorded) followed by cedar (32%) and hemlock (1%). Among deciduous trees, alder (30% of the total
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deciduous trees recorded) and maple (28%) dominated followed by ash (9%) cherry (8%), cottonwood
(5%), willow (4%) and dogwood (2%). Tree cover of the river-bottom and riparian areas included
maple, cedar, fir, willow, cottonwood, alder, ash, cherry, and dogwood.

Geomorphic Conditions Assessment
The role of geomorphic channel changes and historical impacts affecting floodplain connectivity are
fundamental to the hypothesis framed as part of Restorative Flood Protection. Alluvial rivers
respond to changes in the landscape-scale controls, such as hydrology and sediment supply, as well
as reach-scale controls such as changes to floodplain vegetation and wood material supply. Changes
in these controls, caused either by human impacts or natural variability, can trigger a response that
results in channel instability. Changes such as clearing of riparian vegetation and in-stream wood
result in channel incision (i.e., downcutting) that increases the elevation difference between the
channel bed and the floodplain, which increases the conveyance capacity of the channel and makes
overbank flooding less likely. An incised channel therefore becomes disconnected from its floodplain
and carries more water rapidly downstream during flood events.
In order to understand how channel incision and floodplain connectivity has changed from natural
conditions, a reconnaissance-level geomorphic assessment was undertaken to broadly characterize
historic and existing landscape features and to assess the causal mechanisms of geomorphic changes
affecting flood conveyance in the study area. The assessment is primarily based on evaluation of
existing geospatial data and information compiled from previous studies of the Chehalis River Basin.
Watershed GeoDynamics and Anchor QEA LLC (2014) previously evaluated geomorphic impacts of
two proposed flood retention structures and include geomorphic information covering a portion of
the study area evaluated for Restorative Flood Protection. However, the previous geomorphology
and sediment transport study lacks detail in areas other than the mainstem Chehalis River.
The Chehalis River has a broad alluvial valley and a low-gradient, meandering channel in the segment
including the Cities of Chehalis and Centralia. Numerous oxbows formed by channel migration
processes are evident in the floodplain. Gradient is controlled by bedrock exposures in the channel
near RM 62 and 66 (Watershed GeoDynamics and Anchor QEA LLC, 2014) and the longitudinal profile
highlights a distinct break in slope between the Skookumchuck River confluence near RM 66 and the
Newaukum River confluence near RM 75 (Figure 3-2). Hydraulic analysis of the Chehalis River shows a
substantial backwater effect upstream of the Mellen Street Bridge and extensive flood prone areas
in this segment (Watershed Science & Engineering and WEST Consultants, 2012).
The study area evaluated for the Restorative Flood Protection approach includes the portion of the
Chehalis Basin upstream from the City of Chehalis and encompasses 594 sq. mi. of the Upper
Chehalis Watershed. The sub-basins delineated as part of the National Hydrography Dataset from
USGS are lumped into two distinct watershed units (Table 3-2).
This section presents a summary of information developed for evaluation of geomorphic conditions
in the proposed treatment area for Restorative Flood Protection. Historical impacts to watershed
conditions and processes, and the geomorphic response to past impacts, are discussed. Planning
level metrics characterize the physical conditions of alluvial valley segments and are used to assess
potential suitability for Restorative Flood Protection.
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Figure 3-2.

Longitudinal profile of the Upper Chehalis River and select tributaries derived from
LiDAR elevation data.

Table 3-2.

Sub-basin areas evaluated included in evaluation of geomorphic conditions and
opportunities for Restorative Flood Protection.

HYDROLOGIC
UNIT CODE

AREA
(SQ. MI)

WATERSHED NAME
S. Fork Chehalis River-Chehalis River Watershed

171001030101

Crim Creek

12

171001030102

Headwaters Chehalis

56

171001030103

Jones Creek-Chehalis River

46

171001030104

Elk Creek

58

171001030105

Stillman Creek

46

171001030106

Lake Creek

22

171001030107

South Fork Chehalis River

58

171001030108

Garret Creek- Chehalis River

40

171001030109

Bunker Creek

36

171001030110

Stearns Creek

38

171001030111

Mill Creek Chehalis River

25
Subtotal

437

Newaukum River Watershed
171001030201

Upper South Fork Newaukum River

20

171001030202

Middle South Fork Newaukum River

20
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HYDROLOGIC
UNIT CODE
171001030203

North Fork Newaukum River

AREA
(SQ. MI)
52

171001030204

Middle Fork Newaukum River

18

171001030205

Lower South Fork Newaukum River

26

171001030206

City of Newaukum- Newaukum River

22

WATERSHED NAME

Subtotal

157

The floodplain of the Chehalis basin historically included extensive forest cover, which was evident in
the historical survey data (See Section 3.3). The floodplain forest was cleared during the early
settlement period (likely by late 1800s), and this landcover change had extensive and long-lasting
geomorphic effects in the basin. Riparian forests provide important ecological functions to stream
corridors and are a key source of wood recruitment for development of stable wood jams. In large
channels, key pieces of wood that are large enough to remain stable and form wood jams often have
a diameter greater than half of bankfull depth and almost always have a large rootwad attached,
approximating twice the bankfull depth (Abbe, 2000; Abbe and Montgomery, 2003a). Based on
review of channel geometry and relative bar top elevations in the LiDAR Digital Elevation Model
(DEM) (Appendix A), as well as estimates from regional hydraulic geometry relationships, bankfull
depth in the project area is estimated to be as much as 6 feet. Given the legacy of historical impacts
to the riparian zone, few trees of diameter greater than 3-6 feet with rootwads > 12 feet are available
for recruitment to form stable hard points in the channel.
Anchor QEA LLC (2016) compiled a large wood inventory of the project area including sites along the
mainstem Chehalis and select tributaries. Overall abundance of wood was very low; counts in most
locations were less than 5% of the restoration target defined by the Fox and Bolton (2007) statistical
analysis of instream wood for unmanaged forested basins in western Washington.
In describing the characteristics of instream wood it is important to not only consider the overall
abundance or quantity, but also the distribution of stable, key pieces and geomorphic functions
associated with specific types of wood jams (Abbe and Montgomery, 2003a; Montgomery et al.,
2003). Where key pieces are recruited and logjams develop, they will form pools, complex cover and
forested islands. Bar apex jams, in particular, are an important type of wood accumulation found in
large alluvial channels. These structures are formed by a stable, key piece oriented parallel to flow
and associated with formation of a mid-channel bar or forested island with split flow channels
diverging around either side of the jam. By splitting flow into distinct channel threads these
structures act as the principal mechanism contributing to formation of anastomosing channel
patterns in the Pacific Northwest. Unstable wood, in contrast, tends to accumulate as loosely
distributed assemblages deposited on bar top surfaces during receding flows. These pieces are
remobilized and transported downstream during subsequent flood events and have little impact on
channel morphology.
The physical complexity that results from the presence of stable wood is critical to the maintenance
of diverse fish habitat and river food webs (Power and Dietrich, 2002; Power et al., 1996; Power et
al., 1995). Increased wood loading in the channel will increase hydraulic resistance and partition
shear stress (Manga and Kirchner, 2000) ; thus, functioning to moderate the projected increases in
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scour depth associated with future changes in climate. In addition to increasing the physical
complexity of the river, constructing engineered log jams (ELJs) in such a way as to stabilize patches
of relatively higher ground (i.e., islands), creates floodplain hardpoints that support maturity of
floodplain forest that will provide a significant source of large wood. This island floodplain forest
may grow to a sufficient size capable of forming stable wood jams in the future, thus restoring the
floodplain large-wood cycle (Collins et al., 2012; Montgomery and Abbe, 2006).

Early logging practices in southwestern Washington commonly employed the use of splash dams to
transport logs from harvest areas in the upper watershed to mills downstream. Splash dams are
timber structures that blocked the channel and ponded water for temporary storage of logs. Such
dams were widely used in the Chehalis River watershed (Figure 3-3) and some dams exceeded 40
feet in height and 200 feet in width (Wendler and Deschamps, 1955). Splash gates were constructed
at the top of the structure and would be opened to release a sudden rush of water that sluiced the
logs over the apron and carried them downstream. The sudden release of water, combined with
active practices to clear the channel of any logjams that could trap the logs en route to the mill,
resulted in bed scour that left a historical legacy on the river system. Research on the geomorphic
legacy of splash dams in the Oregon Coast Range (where similar logging practices to those used in
the Chehalis River watershed could be assumed) showed that splash dam releases were comparable
to the 100-year flood in mainstem channels and exceeded the 100-year flood magnitude in
headwater regions (Phelps, 2011). As such, splash dams greatly increased the scouring forces on the
channel and flushed through wood pieces and logjams that would otherwise provide geomorphic
stability to the channel.
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Figure 3-3.

Splash dam sites within the Upper Chehalis Basin. Modified from (Wendler and Deschamps, 1955).
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Common river management practices over the historical period have aimed to straighten river
channels and expedite conveyance of floodwaters. Such practices that intentionally cut off meander
bends (e.g., Figure 3-4) steepen the channel gradient and increase stream power, typically resulting
in channel incision (Hupp, 1992).

Figure 3-4.

Historical channelization of the South Fork Chehalis River cut off a large meander
bend near the Wildwood Road bridge crossing and contributed to simplification and
degradation of the channel. The relic meandering morphology is evident in the
relative elevation of the floodplain (see Section 3.4.4) and in the GLO survey notes
from the 1800s (see Section 3.3).
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The forested headwaters of all three major sub-basins and many tributaries of the Chehalis river have
been extensively harvested, resulting in a mosaic of even-age (i.e., previously clear-cut) forest stands
in different stages of regeneration along with cleared areas. Forest clear-cutting and the related
extension of the drainage network by forest roads is associated with increased frequency in channelforming peak flows (i.e., recurrence intervals of 2-6 years) (Chamberlin et al., 1991). Such increases in
flow result in an increase in stream power associated with commonly occurring flood events and
increased sediment transport capacity. Increased frequency of bedload mobilizing events in the
Upper Chehalis and sediment supply has created conditions that contribute to channel incision. As
incision proceeds and higher magnitude flows are confined within the channel banks, incision
accelerates due to increasingly high shear stresses, particularly if upland land management sustains a
high sediment supply (e.g., (Nelson and Dube, 2015)).

Glacial outwash deposits of gravel were historically mined from the Newaukum River for use as
construction aggregate ((Kondolf et al., 2002), Figure 3-5). The mechanical removal of gravels from
the bed and gravel bars of a river has wide-ranging geomorphic effects including channel incision
upstream and downstream from the mining location (Collins, 1995). Removal of sediment from the
channel disrupts the balance between sediment supply and transport capacity and often results in a
local steepening of the channel gradient that creates an over-steepened knickpoint in the channel.
Upstream migration of the knickpoint triggers a head-cutting process that propagates channel
incision upstream. Upstream migration of incision continues until arrested by resistant bed materials
that control the channel grade. In addition, the disturbance associated with mining can include
removal of stable floodplain vegetation, leading to increased bank erosion and channel migration
rates.

Figure 3-5.

Gravel removal operations along the Newaukum River. Source: (Kondolf et al., 2002;
Washington Department of Fish and Wildlife, 1975a).
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Extensive development of infrastructure in the Chehalis River floodplain has included construction of
levees, roads, and bridges. Associated with this development, the river banks are frequently
hardened through the addition of rip rap or other bank protection measures in order to protect the
infrastructure investment. Hardening the banks can result in increased erosion in non-hardened
portions of the river, such as the bed or the downstream banks (Reid and Church, 2015).

Alluvial stream channels are dynamic features that adjust over time to changes in watershed
conditions. The physical changes to alluvial rivers in response to perturbations in slope or increases in
stream power are well documented. In a classical study of fluvial geomorphology, Lane (Lane, 1955)
described the concept of channel stability as a relative balance between stream power and the
sediment load conveyed by a stream such that:
Q S ∝ Qs D50

where Q = stream discharge; S = channel slope; Qs = sediment load; and D50 = Median grain size of
sediment. Thus, to maintain balance, a change in any one of these factors will drive a change in one
or more of the other factors. For example, and increase in channel slope coupled with the same
discharge (i.e., and increase to the left side of the proportionality), will result in an increase in either
the sediment transport (i.e., incision) or the median grain size, or both.
Stable channels naturally migrate laterally within the valley, eroding sediment from one side of the
channel and depositing material on the opposite side to create new bars. Concurrent with lateral
migration, these stable channels retain a consistent size, shape, and gradient over the long term.
However, should changes in watershed conditions trigger an increase in peak runoff or gradient of
the channel, Lane’s stream balance equation shows there would be an excess amount of stream
power. The excess stream power more effectively erodes the channel boundary, leading to an
increase in bed-material discharge and consequently lowers the channel gradient until a relative
balance is restored.

Hydraulic research shows that wood plays an important role in dissipating energy and effectively
reducing the effective shear stress available for sediment transport. In plane bed channels that lack
bed forms and wood, it is assumed that the primary source of hydraulic resistance is due to the
sediment grains and that grain stress is the primary component of the total applied shear stress (τgs ≈
τ0). In other channel types with more hydraulic and geomorphic complexity, grain stress can be a
much smaller component of the total applied shear stress (τgs < τ0). Manga and Kirchner (2000), for
example, used field measurements to partition shear stress and determine the relative contribution
of wood to the reach-average total shear stress for a spring-fed river with relatively constant
discharge. Manga and Kirchner (2000) demonstrated that wood covering less than 2% of the
streambed in the study reach accounted for up to 50% of the total flow resistance in the study reach.
Further, their analysis shows that theoretical models of stress partitioning using the drag inferred
from water surface steps, or the drag inferred by differencing the water surface slope between
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channel spanning logs from the reach average gradient, yields comparable results to field
measurements. Application of their stress-partitioning model demonstrates that increases in wood
loading to a given reach results in a net decrease to the grain stress on the bed.
Erodible sediment grains on the channel bed are entrained by flow when the grain stress, τgs,
exceeds the critical shear stress for grain motion (τgs > τc). The total applied shear stress at a given
flow is the force exerted by the flowing water per unit area of the bed and, assuming the condition
of steady, uniform flow, is calculated as:

where:

𝜏𝜏0 = 𝛾𝛾𝛾𝛾𝛾𝛾

τ0

= total shear stress (lb/ft2)

γ

= specific weight of water (lb/ft3)

R

= hydraulic radius (ft)

S

= energy slope (ft/ft)

Stress partitioning for step-pool channels can be described as:

where:

𝜏𝜏0 = 𝜏𝜏𝑔𝑔𝑔𝑔 + 𝜏𝜏𝐵𝐵𝐵𝐵 + 𝜏𝜏𝐿𝐿𝐿𝐿 + 𝜏𝜏𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒

τ0

= total shear stress (lb/ft2)

τgs

= grain stress available for sediment transport (lb/ft2)

τBF

= shear stress associated with bedforms (lb/ft2)

τLW

= shear stress associated with large wood (lb/ft2)

τothers

= shear stress associated with other roughness elements (lb/ft2)

Since stable wood partitions shear stress, it reduces the shear stress acting on the streambed,
effectively lowering the transport capacity and trapping alluvium that protects the streambed and
reduces or even reverses incision. When wood is added to a stream it increases roughness and
partitions shear stress, reducing the effective shear stress available for sediment transport (Manga
and Kirchner, 2000). The greater the shear stress acting on large wood, the lower the stress
available for sediment transport. The greater the wood loading, the more sediment is retained in
the channel and the finer the grain size. Thus, clearing of riparian forests and in-channel wood
increased shear stress and sediment transport in the Chehalis River.
Channel incision is optimized as a function of stream energy available for sediment transport and the
supply of sediment (Sklar and Dietrich, 1998; Sklar and Dietrick, 2001). When the stream’s energy
raises the sediment transport capacity well above the supply of sediment then little work is done on
the stream bed. Likewise, if the sediment supply far exceeds the transport capacity, the streambed is
buried in alluvium and no incision occurs. When there is sufficient transport capacity to move most of
the sediment delivered to the channel it creates optimum conditions to abrade the streambed and
incise the channel (the “bullseye” in Figure 3-6). In the plot below from Sklar and Dietrich (1998),
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incision rate (mm/yr) is represented by contours, the darker the shade, the higher the rate. As the
ratio of discharge to sediment transport capacity (kg/s) (Qw/Qt) approaches zero, there is no
sediment in the channel or available to do work on the bed so there is little incision. Conversely
when Qw/Qt approaches unity sediment covers the bed, protecting it from incision. As the ratio of
basal shear stress to critical shear stress (tb/tc) approaches unity, sediment mobility approaches zero,
as does abrasion of the bed (no incision). As tb/tc approaches 10 sediment mobility is almost all in
suspension so there is little work on the bed. The maximum rates of incision occur when there is
maximum sediment contact (abrasion) with the bed. Wood traps sediment which covers the bed
(Qs/Qt → 1) and reduces basal shear stress (tb/tc → 1) which reduces incision rates. Conversely, wood
removal increases the rates of incision (Montgomery et al., 1996; Stock et al., 2005).

Figure 3-6.

Optimum conditions for channel incision (Sklar and Dietrich, 1998), where E =- incision
rate (volume eroded per channel bed area per time), S = channel slope, Qw = dominant
discharge, Qs = mass flux of sediment (kg/s), Qt = sediment transport capacity (kg/s), tb
= basal shear stress, and tc = critical shear stress
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When excess stream power exists to drive incision, as described by the models of both (Lane, 1955)
and (Sklar and Dietrich, 1998), there is then a progressive sequence of geomorphic adjustments that
have been observed in incising drainage networks from a variety of physiographic settings. The
classic Channel Evolution Model (CEM) developed by (Schumm et al., 1984) described five stages of
geomorphic adjustment (Figure 3-7).

Stage I is the pre-modified condition representing a stable channel morphology defined by the
condition where its abilities to convey flow and transport sediment are in balance with the volume of
runoff and sediment delivered from upstream. This precursor stage is simplified in the CEM as a
single-thread channel with a well-connected floodplain. In forested valley bottoms of the Pacific
Northwest, including the Chehalis River watershed, the prevailing channel pattern was more typically
an anabranching channel network with vegetated islands formed by stable ‘hard points’ that develop
behind accumulations of large wood (Collins et al., 2012). As such, it is reasonable to presume that a
more complex, anabranching pattern would replace the relatively simple, single thread channel in
Stage I. The bankfull discharge is a relatively moderate flow that is exceeded on a nearly annual
basis. Larger floods inundate broad areas of the valley bottom.
Stage II represents the initial period of incision whereby the channel begins downcutting due to an
increase in stream power and/or loss of erosional resistance. The flow that previously overtopped
banks on a regular basis is now contained within the channel well below the bank height. The
discharge needed to overtop the banks equates to a relatively extreme flood magnitude that
previously inundated broad areas of the valley.
Stage III is characterized by widening and expansion of an inset stream corridor entrenched below
the valley bottom. Stage III follows the period of incision as the over-steepened banks are prone to
slumping. Episodic bank failures deposit sediment at the channel toe; however, failed material is
scoured away in subsequent high flows leading to a further steepening of the bank angle.
Stage IV defines the condition whereby sediment begins accumulating and aggrading the channel
within the inset stream corridor. Slumping bank material builds berms that begin to stabilize the
outer toe and new floodplain deposits accumulate.
Stage V then represents a period of renewed stability as berms are stabilized by vegetation and a
new inset floodplain develops by channel migration within the inset corridor created by widening
during Stages III and IV. The inset floodplain is regularly inundated by floods but the initial floodplain
abandoned by incision in Stage II is left perched above and remains a terrace. Extreme floods may
rarely inundate the terrace surface, depending on the magnitude of incision at a given location.
At any given time, all five stages of the CEM can be observed in an incising drainage network. Most
typically, incision works its way upstream through migration head cuts or knickpoints. There can be
incised reaches just beginning to widen (Stage III) upstream of reaches that have progressed
through Stage IV and are now stabilizing with development of an inset floodplain (Stage V). There
may also be a stark difference in the stages of channel evolution between two reaches that are
separated by grade controls such as bedrock, channel spanning logjam, or artificial control such as a
culvert.
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Figure 3-7.

Channel Evolution Model (CEM) developed by (Schumm et al., 1984) for incising
drainage networks. Qbf is the bankfull discharge, usually exceeded every 1 to 2 years.
Q10 is the peak discharge for a 10-year recurrence interval flood. Channel incision and
progressive stages of channel evolution in this theoretical example have greatly
reduced the width of the effective floodplain area. All of the stages can be found in
the Upper Chehalis, with most areas currently in stages II-III (See Section 3.4.4.3).

The study area within the Upper Chehalis, South Fork Chehalis, and Newaukum River basins includes
a total drainage area of 595 sq. mi. and nearly 1,350 miles of perennial stream channels (USGS, 2013).
A minimum contributing drainage area of 5 sq. mi.was defined as a preliminary screening criterion to
define tributary areas for further evaluation in addition to mainstem channel segments (Table 3-3).
Polygon units representing alluvial valley segments for all stream channels that met the minimum
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criteria for drainage area were digitized. A GIS-based evaluation of channel and floodplain
characteristics was completed to develop a database of metrics for sub-basin characterization.

The reconnaissance-level geomorphic assessment, based largely on review of existing spatial data in
GIS, was completed to develop a broad characterization of the alluvial landscape. Previous mapping
by Washington DNR (Slaughter and Hubert, 2014) compiled geomorphic mapping of the mainstem
Chehalis River between Pe Ell and Cosmopolis. To support characterization of additional tributary
valleys in consideration for a Restorative Flood Protection approach, floodplain topography and
landforms were mapped from LiDAR elevation data and presented in the floodplain atlas attached as
Appendix A. The LiDAR ground surface elevation data were compiled from a collection of multiple
sources and years (2005-2015), then mosaicked to form a composite Digital Elevation Model (DEM)
with 6-foot grid cell resolution.
The composite LiDAR DEM was processed to de-trend the channel gradient and express the ground
surface elevation of the valley bottom topography relative to the adjacent river channel using a
Kernal Density method introduced by Dilts (2011) as modified in Olson et al., 2014. The resultant
surface is a Relative Elevation Model (REM), which highlights local variations in the floodplain
surface. For example, the REM maps enable the identification of relict morphologic features in the
flood plain created by the river, such as abandoned channels, meander bends, and oxbows (Jones,
2006).

Alluvial valley segments were delineated in GIS to develop a polygon map layer that is attributed
with a reconnaissance level summary of physical characteristics. Valley bottoms were initially
delineated using the extent of Quaternary Alluvium mapped by Washington Department of Natural
Resources, then refined by digitizing the toe of slope identified in the LiDAR DEM. Valley bottom
polygons were split into individual segments defined by changes in valley confinement or significant
tributary junctions. Valley bottom segments were then attributed in GIS to incorporate the following
metrics:
 Valley Bottom Area.
 Valley Length.
 Valley Width; Average value calculated as area / length.
 Channel Width; Unvegetated width measured in GIS at 5 locations and averaged.
 Valley Confinement Ratio; Calculated as valley width / channel width.
 Channel Gradient; Stream channel centerlines were digitized in GIS and split into segments
1,000 foot in length. Channel slope is determined for each segment using minimum and
maximum elevation divided by channel length.
 Forest cover – Percent of valley bottom forested based on National Land Cover Dataset
(Homer et al., 2015). Reclassified data is clipped using the valley bottom polygon with
percent cover by type determined for valley bottom polygons within each subwatershed.
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The cumulative effects of historical land use and river management impacts in the Upper Chehalis
River Basin have left a legacy of stream channel incision that has implications for assessment of
current flood and erosion hazards in the Chehalis River watershed in that incised channels accelerate
the routing of flood flows from the tributary sub-basins and result in greater flood magnitudes for
mainstem valley segments. Previous studies have noted evidence of channel incision in the Chehalis
River Watershed; however, few data exist to map out the current stages of channel evolution at the
basin scale. To do so would require an extensive field survey that was beyond the scope of this
investigation. Rather, a high-level (reconnaissance) assessment evaluates the drainage networks in
the Upper Chehalis, South Fork Chehalis, and Newaukum River watersheds using available GIS data
to broadly characterize the extent and magnitude of potential channel incision.
An initial screening utilized regional regression equations developed by relating bankfull depth to
stream discharge. Bankfull stage is defined at the depth which flow begins to overtop the channel
banks and inundate low-lying areas of the valley bottom. Castro and Jackson (2001) surveyed crosssectional channel geometry of 76 Pacific Northwest Rivers, including the Chehalis River, and related
bankfull stage to the discharge at nearby gaging stations. The data verified the hypothesis that
bankfull discharge is a relatively frequent flow, corresponding to a flood recurrence interval of about
1.2 years in western Oregon and Washington. Castro and Jackson (2001) use the data collected to
present a regional regression that predicts bankfull depth for a given discharge. This relation was
utilized to estimate predicted bankfull depth for each channel segment in the GIS dataset. Crosssections were extracted from available LiDAR datasets (a mosaic of LiDAR data sources collected
between 2004-2015 were used) and bank height relative to the valley bottom was compared to
predicted bankfull depth as a metric for evaluation of channel incision. For example, if the observed
bank height is 10 feet and the predicted bankfull depth is 4 feet, then approximately 6 feet of incision
associated with historical watershed impacts is estimated.
Results of the GIS screening tool suggest that much of the channel network upstream of Chehalis
has incised and is in one of the stages of channel response to the incision. Localized exceptions
include areas of broad, relatively undeveloped valley bottoms where riparian zones appear intact
and wood and beaver dams are likely still abundant.
Reconnaissance-level assessment of channel incision suggests that the channel network has been
adjusting to past episodes of incision and the prevailing condition in many areas of the study area has
generally reached Stages IV and V, where a new inset floodplain has developed below a higher
terrace that defines much of the valley bottom. In many locations he effective floodplain area
occupies only a fraction of the valley bottom because the current channel condition is incised and
flood flows are confined within an inset floodplain (Figure 3-8). In some locations of the watershed
there may be geologic causes of channel incision, rather than land use impacts such as forest clearing
or channel straightening. However, this has not been documented nor verified. In much of the
watershed, channel incision has clearly resulted from hydrological changes such as increases in the
frequency of peak flows, and from geomorphic changes stemming from the loss of large wood and
other roughness elements in the channel and the historical legacy of splash dams.
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Figure 3-8.

Maps showing South Fork Newaukum River downstream of Clark Rd (RM 16). The
active stream corridor is incised approximately 6 feet below the valley bottom
creating an inset floodplain surface that confines the available flow area for the 100year flood.
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Physical metrics characterizing the valley width, confinement, and gradient are summarized in Table
3-3. Preliminary screening prioritized valley segments with low channel gradients for identifying
opportunity areas for Restorative Flood Protection. Maps of floodplain topography and landforms
presented as Appendix A show detailed view of the valley bottom. Figure 3-9 maps stream gradients
in the study area. Select channels with gradient less than 0.005 ft/ft and unconfined valley bottoms
include:
 Chehalis River upstream to Pe Ell
 Elk Creek
 South Fork Chehalis River
 Lake Creek
 Bunker Creek
 Stearns Creek
 Newaukum River
 South Fork Newaukum River
 North Fork Newaukum River
Discussion below synthesizes information from the reconnaissance level assessment as developed to
support delineation of potential treatment areas.

Figure 3-9.

Map of stream channel gradient derived from LiDAR elevation data.

Upper Chehalis River Watershed
September 26, 2016

70

PRELIMINARY SCIENTIFIC ASSESSMENT OF A RESTORATIVE FLOOD PROTECTION APPROACH FOR THE UPPER CHEHALIS RIVER WATERSHED

The combined South Fork Chehalis River-Chehalis River Watershed (HUC 1710010301) drain the
Willapa Hills region that rise to a maximum elevation of 3,100 feet at Boistfort Peak. Geology of the
Willapa Hills region records the accretion, and subsequent uplift, of oceanic crust that collided with
the North American continent by the middle Eocene (about 48 million years ago). The Chehalis River
headwaters cut through Tertiary volcanic rock of the Crescent Formation and flow north through
relatively confined valley segments flanked by steep hillslopes. Commercial forestry is the prevailing
land use throughout the headwaters and many tributary drainages. Channel gradient ranges
averages between 0.005 and 0.008 ft/ft in mainstem reaches.
The bedrock underlying hillslope areas transitions to marine sedimentary rocks near Pe Ell and the
valley bottom broadens as the river flows downstream to Doty. Channel gradient declines to about
0.002 ft/ft. Alluvial deposits from tributary channels such as Stowe Creek and Jones Creek form large
alluvial fans that blanket the valley floor in this area. The community of Pe Ell and several farms are
located on these alluvial deposits. The Chehalis River flows northerly and passes through a confined
valley segment underlain by a band of Columbia River Basalt (formed between 17 and 6 million years
ago) near River Mile (RM) 101, just upstream of the community of Doty.
From Doty, the Chehalis River flows easterly at a gradient of 0.002 ft/ft and is deeply entrenched
beneath an alluvial terrace with topographic evidence of fluvial deposition and abandoned channel
features (Map 11 – Appendix A). The channel is scoured to bedrock in much of this segment (Figure
3-10). Rainbow Falls is located near RM 97 where the channel drops over an exposure of Columbia
River Basalt. The river turns south near RM 94 and the valley is again confined where the channel
intersects the Columbia River Basalt. The valley then widens from RM 92 to RM 88, at the junction
with the South Fork Chehalis River, with a channel gradient of 0.001 ft/ft.
Downstream from the junction of the Chehalis River and South Fork Chehalis, the valley is confined
for a distance of 2 miles and flanked by a large landslide deposit along the east side of the channel.
The valley widens again at RM 86 and has a meandering channel pattern flanked by extensive
agricultural land uses. Channel migration over the historical period has resulted in formation of an
inset floodplain surface that is incised below an upper terrace that underlies most of the valley
bottom. Many of the farms are located on the alluvial terrace with evidence of abandoned channel
features (Figure 3-11). Channel gradient is less than 0.001 ft/ft.
Downstream from Bunker Creek, the Chehalis River flows through a broad, agricultural valley past
Adna (RM 81) to the Newaukum River Confluence (RM 75) at a relatively low gradient of 0.0003 ft/ft.
The floodplain has numerous oxbows representing cut off meanders. State Route 6 runs parallel to
the channel on a fill prism elevated 4 to 6 feet above the adjacent valley floor.
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Figure 3-10. Photo of the Chehalis River downstream of Doty (near RM 98).
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Figure 3-11.

Relative Elevation Map of the Chehalis River near Bunker (RM 83 - RM 85) showing
areas with inset floodplain surface formed by lateral migration following channel
incision and areas with abandoned channel features on the high terrace.

Elk Creek drains an area of 58 sq. mi. and flows east until joining the Chehalis near Doty at RM 100.2.
Channel gradient averages between 0.002 and 0.005 ft/ft over the lower 6 miles. The valley is
generally unconfined, except for two of areas of geologic confinement: one near Elk Creek RM 2
(bedrock falls upstream of Deer Creek) and another short confined segment near Elk Creek RM 3
(confluence with Seven Creek). The Elk Creek watershed is almost entirely within industrial timber
production with few if any forests over 40 years old. Residential and agricultural land use is generally
limited to the lower 2 miles. Downstream of the falls near RM 2, the channel is deeply entrenched
below the valley bottom surface (now terrace) as Elk Creek has cut down in response to
entrenchment and lowering of base level in the mainstem Chehalis River near Doty. While the Elk
Creek watershed has been heavily logged, there are some channel segments where mature trees
have been preserved and provide the creek with functional wood that have limited the impacts
relative to other streams within the upper Chehalis; however, historic impacts have contributed to
channel incision even in Elk Creek.
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The South Fork Chehalis River drains a collective watershed area of 126 sq. mi.. The headwaters
originate from the Willapa Hills and flow through a confined valley segment for a distance of nearly
10 miles. The valley widens near RM 18, just upstream of the confluence with Black Creek, and flows
northerly through a broad alluvial valley with extensive agricultural land usage. Channel gradient
averages 0.001 to 0.003 ft/ft.
The channel is largely devoid of wood and has incised below the valley bottom (Figure 3-12).
Abandoned channel features on the valley floor illustrate the former alignment of the river and
exhibit the vertical incision that has occurred in the valley (Figure 3-13). Review of GIS data estimates
approximately 7 feet of historical incision. The valley bottom is still inundated by large floods;
however, the effects of incision limit the frequency of floodplain connectivity.

Figure 3-12. Photo of incised channel segment in the South Fork Chehalis River valley near RM 12).
Steep undercut banks composed of sand are slumping in to the channel.
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Figure 3-13. Photo of abandoned channel feature evident in floodplain pasture along the South
Fork Chehalis River noting the location of former channel alignment. The river has
since incised below its former floodplain.

Stillman Creek drains 46 sq. mi., including its tributary Halfway Creek, along the ridge separating the
South Fork Chehalis River from the Chehalis River headwaters. Stillman Creek has a relatively low
gradient (0.003 ft/ft) and unconfined valley downstream from Halfway Creek. The gradient of
Stillman Creek steepens to about 0.013 and the valley becomes more confined upstream of Halfway
Creek. The upper South Fork and Stillman Creek sub-basins are intensively managed for commercial
forestry and a large area of the sub-basin has been cleared since the mid-1990s. Numerous landslides
occurred in this area during the December 2007 storm event leaving scarps in the headwater
channels of this sub-basin (Sarikhan et al., 2008).

Lake Creek drains an area of 22 sq. mi. with relatively gently sloping terrain in the eastern part of the
South Fork Chehalis River sub-basin. Hillslope areas are managed as commercial forest lands. The
valley bottom is unconfined with little floodplain development upstream of Barney Creek. The
channel has a relatively low gradient averaging 0.002 ft/ft. The valley has been cleared for
agricultural land usage over the lower 5 miles to the confluence with the South Fork Chehalis River.

The Bunker Creek sub-basin, including its tributary Deep Creek, drains an area of 36 sq. mi. and joins
the Chehalis River near RM 84.3. Upland areas are primarily commercial forest lands with some
residential development in recently cleared plots off Bunker Creek Road. Bunker Creek has a
relatively low gradient ranging from 0.002 to 0.004 ft/ft. The valley bottom is unconfined and
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managed for agricultural land use. Deep Creek has a more confined valley bottom and gradient
ranging from 0.002 to 0.005 ft/ft.

Stearns Creek drains a sub-basin area of 38 sq. mi. and joins the Chehalis River at RM 78. The lower 3
miles of Stearns Creek has been straightened and channelized through an area that was formerly an
extensive wetland complex, now drained for agricultural land use. Continuing upstream the valley
remains unconfined and is generally cleared for agricultural. Channel gradient ranges from 0.002 to
0.005 ft/ft.

The Newaukum River Watershed (HUC 1710010302) drains from the western edge of the South
Cascade Range with a maximum elevation of 3,800 feet and joins with the Chehalis River upstream
of the City of Chehalis near RM 75. The Newaukum River splits into two forks, the North Fork
Newaukum River and South Fork Newaukum River, 10 miles upstream of the confluence with the
Chehalis River. A third branch, the Middle Fork Newaukum River, drains into the North Fork
Newaukum River about 1.2 miles upstream from the junction of the North Fork and South Fork
Newaukum Rivers.
The Newaukum River Watershed originates from the western edge of the South Cascade Range and
has a distinct geologic history that differs from that of the South Fork Chehalis – Chehalis River
Watershed. Volcanic rocks of continental origin (Andesite flows) overly the older, marine
sedimentary rocks in the upper one-third of the Newaukum River sub-basin. These rocks of the
Northcraft Formation formed about 37 million years ago and likely mark activity of the earliest
Cascade Range volcanoes. Hillslopes underlying the remaining two-thirds of the watershed
(including the North Fork Newaukum downstream of Lucas Creek, all of the Middle Fork Newaukum,
and the South Fork Newaukum downstream of Kearny Creek) are composed of glacial outwash
deposits of the Logan Hill Formation. These deposits date from an earlier glacial period (1.6 million to
800,000 years ago) and were deposited by glacial meltwater originating from alpine glaciers in the
southern Cascade Range near Mount Rainier. Numerous landslide deposits are evident in hillslopes
flanking the alluvial valleys of both the North Fork and South Fork Newaukum Rivers.

The South Fork Newaukum River sub-basin drains an area of 66 sq. mi.. The upper part of the subbasin (upstream of Kearny Creek) is relatively steep and has a confined valley bottom. Downstream
of Kearny Creek, the valley is unconfined and ranges between 2,000 and 3,000 feet in width. Channel
gradient ranges from 0.003 to 0.005 ft/ft. The channel and active floodplain are incised below the
valley bottom creating an alluvial terrace that has been cleared for agriculture and residential land
use (Figure 3-8). State Route 508 runs parallel to the channel for much of its length. The community
of Onalaska is located about 10 miles upstream of the junction with the North Fork Newaukum River.

The North Fork Newaukum River drains a sub-basin area of 52 sq. mi. with much of the land in the
upper watershed used for commercial forest harvest. The valley broadens downstream of Mitchell
Creek near RM 9. The channel gradient averages between 0.003 and 0.006 ft/ft. The valley is
unconfined and broad, approximately 1,000 to 3,000 feet in width; however, the channel and active
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floodplain are incised below the valley bottom creating an alluvial terrace that is developed for
agricultural land use.
The mainstem Newaukum River flows through a broad, alluvial valley over 10,000 feet in width. The
channel gradient is less than 0.002 ft/ft. Dillenbaugh Creek drains hillslope areas to the north and
flows parallel to the Newaukum River for the lower 5 miles. The two channels are separated by a
terrace forming a patch of high ground. The channel and active floodplain of the North Fork
Newaukum are incised below this alluvial surface. The valley bottom has been cleared for agriculture
and residential land uses. Interstate 5 runs parallel to the river on the north side of the valley and
then crosses the channel near RM 7.5.

The Middle Fork Newaukum River drains an area of 18 sq. mi.. The lower 2 miles flow through an
unconfined valley at a relatively low channel gradient of 0.003 ft/ft before steepening to a gradient
of 0.013 ft/ft and becoming more confined upstream.
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Figure 3-14. Map of valley segment metrics table.
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Table 3-3.
MAP
ID

Valley bottom metrics.
REACH NAME

AREA
(ACRES)

VALLEY
BOTTOM
LENGTH
(FEET)

VALLEY
BOTTOM
WIDTH
(FEET)

CHANNEL
WIDTH
(FEET)

CONFINEMENT
RATIO

CHANNE
L SLOPE

PERCENT
FOREST
COVER

BANK
HEIGHT
(FEET)

PREDICTED
BANKFULL
HEIGHT
(FEET)

ESTIMATED
INCISION
(FEET)

1

Beaver Creek

38

5520

303

20

15.2

0.00546

25% - 75%

3.2

1.1

2.1

2

Big Creek

25

5990

179

36

5

0.03296

25% - 75%

4.1

1.7

2.4

3

Black Creek

155

10710

629

26

24.2

0.00523

25% - 75%

5.7

4.6

1.2

4

Bunker Creek-1

256

6600

1692

35

48.3

0.00355

< 25%

7.8

3.2

4.5

5

Bunker Creek-2

110

4735

1014

38

26.7

0.00204

< 25%

9.6

3.2

6.4

6

Bunker Creek-3

723

23250

1354

26

52.1

0.002

< 25%

7

3.2

3.8

7

Bunker Creek-4

201

10874

804

30

26.8

0.00371

< 25%

3.7

3.2

0.4

8

Chehalis River-2

3312

24050

6665

96

69.4

0.00034

< 25%

21.3

10.9

10.4

9

Chehalis River-3

2033

19000

4661

251

18.6

0.00084

< 25%

21.3

10.9

10.4

10

Chehalis River-4

116

8300

607

226

2.7

0.00085

< 25%

35

10.4

24.6

11

Chehalis River-5

1504

21845

2998

142

21.1

0.00104

< 25%

15

8.7

6.3

12

Chehalis River-6

1747

34705

2193

138

15.9

0.00156

< 25%

24

8.7

15.3

13

Chehalis River-7

1281

31205

1788

236

7.6

0.00232

< 25%

37.4

7.2

30.2

14

Chehalis River-8

161

32420

216

152

1.4

0.00564

< 25%

24.6

6.2

18.4

15

Chehalis River-9

64

20830

133

104

1.3

0.00801

< 25%

22.8

6.2

16.6

16

Crim Creek

69

36060

84

54

1.6

0.02708

> 75%

23.4

6.2

17.2

17

Deep Creek

132

5000

1152

24

48

0.00392

> 75%

3.6

2.9

0.7

18

Deep Creek-1

151

7715

854

34

25.1

0.00287

< 25%

9.4

3.2

6.2

19

Deep Creek-2

47

3735

550

28

19.6

0.00238

< 25%

9.4

3.2

6.1

20

Deep Creek-3

2

620

107

18

5.9

0.00515

25% - 75%

4.8

3.2

1.6

21

Deep Creek-4

16

1610

425

26

16.3

0.00559

< 25%

10

3.2

6.8

22

Deep Creek-5

94

5460

748

36

20.8

0.00367

< 25%

10

3.2

6.8

23

Deep Creek-6

67

6200

469

23

20.4

0.00471

> 75%

10.1

3.2

6.8

24

Deer Creek

45

10850

182

70

2.6

0.01824

> 75%

4.8

4.9

0
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MAP
ID

REACH NAME

AREA
(ACRES)

VALLEY
BOTTOM
LENGTH
(FEET)

VALLEY
BOTTOM
WIDTH
(FEET)

CHANNEL
WIDTH
(FEET)

CONFINEMENT
RATIO

CHANNE
L SLOPE

197

10140

848

27

31.4

0.00678

BANK
HEIGHT
(FEET)

PREDICTED
BANKFULL
HEIGHT
(FEET)

ESTIMATED
INCISION
(FEET)

> 75%

5.7

1.4

4.3

PERCENT
FOREST
COVER

25

Dell Creek

26

Dunn Creek

7

2430

118

54

2.2

0.01671

> 75%

5.3

1.6

3.7

27

Eight Creek

205

17680

506

43

11.8

0.01432

> 75%

4.5

4.9

0

28

Elk Creek-1

223

13215

735

120

6.1

0.00516

25% - 75%

7.4

4.9

2.6

29

Elk Creek-2

497

16015

1351

66

20.5

0.00181

> 75%

9.1

4.9

4.2

30

Halfway Creek-1

164

3670

1943

38

51.1

0.00526

< 25%

8.4

4.7

3.7

31

Halfway Creek-2

228

11520

861

42

20.5

0.00567

< 25%

5

4.7

0.3

32

Halfway Creek-3

79

7160

481

18

26.7

0.005

< 25%

5.4

4.7

0.7

33

Hope Creek

189

21230

387

32

12.1

0.00588

> 75%

4.6

1.6

3

34

Jones Creek-1

230

2860

3502

26

134.7

0.0039

< 25%

8.2

1.9

6.3

35

Jones Creek-2

29

4010

314

31

10.1

0.00566

25% - 75%

5.4

1.9

3.5

36

Kearney Creek

744

14600

2221

28

79.3

0.00541

> 75%

5.1

4.4

0.7

37

Keller Creek

109

9530

497

22

22.6

0.02074

> 75%

6.8

4.7

2.1

38

Kowalski Creek

35

5550

272

22

12.4

0.00786

> 75%

3.1

1.9

1.2

39

Lake Creek-1

773

22160

1520

35

43.4

0.00173

< 25%

7.4

2.9

4.5

40

Lake Creek-2

262

12940

882

57

15.5

0.00207

25% - 75%

5.2

2.9

2.3

41

Lake Creek-3

75

7000

465

220

2.1

0.00724

25% - 75%

2.1

2.9

0

42

Lost Creek

301

20100

652

25

26.1

0.00422

< 25%

7.1

4.7

2.4

43

Lucas Creek-1

238

8250

1258

36

34.9

0.00448

< 25%

7

4

3

44

Lucas Creek-2

140

11700

521

30

17.4

0.00762

25% - 75%

5.2

4

1.2

45

Marcuson Creek

49

9925

217

25

8.7

0.01012

< 25%

2.6

1.3

1.3

46

McCormick Creek-1

80

10860

321

47

6.8

0.00658

25% - 75%

5.5

3.3

2.2

47

McCormick Creek-2

13

3125

178

43

4.2

0.015

> 75%

3.1

3.3

0

48

Middle Fork
Newaukum River-1

179

8400

929

50

18.6

0.00696

> 75%

4.9

2.4

2.5
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MAP
ID
49
50

REACH NAME
Middle Fork
Newaukum River-2
Middle Fork
Newaukum River-3

AREA
(ACRES)

VALLEY
BOTTOM
LENGTH
(FEET)

VALLEY
BOTTOM
WIDTH
(FEET)

CHANNEL
WIDTH
(FEET)

CONFINEMENT
RATIO

CHANNE
L SLOPE

BANK
HEIGHT
(FEET)

PREDICTED
BANKFULL
HEIGHT
(FEET)

ESTIMATED
INCISION
(FEET)

116

16150

313

25

12.5

0.01314

> 75%

3.7

2.4

1.3

151

15350

428

17

25.2

0.00744

> 75%

2.8

2.4

0.4

8

1.4

6.6

PERCENT
FOREST
COVER

51

Mill Creek-1

364

6160

2576

21

122.7

0.00395

< 25%

52

Mill Creek-2

121

7350

719

17

42.3

0.01098

25% - 75%

3.5

1.4

2.1

53

Mill Creek-3

40

4115

427

27

15.8

0.00669

> 75%

4.3

1.4

2.9

54

Newaukum River

2945

38485

4287

117

36.6

0.00161

< 25%

16

6.2

9.8

55

Nine Creek

35

3773

407

32

12.7

0.01411

> 75%

5.2

4.9

0.3

175

4700

1619

65

24.9

0.00201

< 25%

6.9

4.4

2.5

638

6300

4411

74

59.6

0.00192

< 25%

5.7

4.4

1.3

1425

18000

3449

60

57.5

0.00312

< 25%

7.2

4

3.2

586

25175

1013

67

15.1

0.00624

< 25%

9.9

4

5.9

10.4

3.2

7.2

2.4

2.9

0

13.2

3.3

9.9

56
57
58
59

North Fork
Newaukum River-1
North Fork
Newaukum River-2
North Fork
Newaukum River-3
North Fork
Newaukum River-4

60

Prairie Creek

55

7906

303

26

11.7

0.00572

> 75%

61

Ripple Creek

162

13825

509

25

20.4

0.01076

25% - 75%

62

Rock Creek-1

73

6073

522

87

6

0.01091

< 25%

63

Rock Creek-2

43

2810

668

120

5.6

0.00709

25% - 75%

5.2

3.3

1.9

64

Rock Creek-3

22

3755

256

45

5.7

0.01235

25% - 75%

5.6

3.3

2.3

65

Rock Creek-4

59

6070

420

65

6.5

0.00715

< 25%

7.1

3.3

3.8

66

Rock Creek-5

60

7688

339

85

4

0.01256

25% - 75%

8.2

3.3

4.9

67

Rock Creek-6

28

4850

253

20

13

0.02678

> 75%

5

3.3

1.7

68

Rock Creek-7

6

1980

126

36

3.5

0.03927

25% - 75%

10

3.3

6.7

69

Rock Creek-8

8

3700

91

47

1.9

0.04572

25% - 75%

6

3.3

2.7
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MAP
ID

REACH NAME

AREA
(ACRES)

VALLEY
BOTTOM
LENGTH
(FEET)

VALLEY
BOTTOM
WIDTH
(FEET)

CHANNEL
WIDTH
(FEET)

CONFINEMENT
RATIO

CHANNE
L SLOPE

PERCENT
FOREST
COVER

BANK
HEIGHT
(FEET)

PREDICTED
BANKFULL
HEIGHT
(FEET)

ESTIMATED
INCISION
(FEET)

70

Roger Creek

23

6850

144

88

1.6

0.02546

25% - 75%

7.2

2

5.2

71

Salmon Creek

10

2500

177

32

5.6

0.00679

25% - 75%

3

3.3

0

72

Sand Creek

76

16712

197

42

4.7

0.00898

25% - 75%

2.4

1.9

0.5

1149

12670

3949

71

55.6

0.00098

< 25%

18.2

6.7

11.5

1305

20355

2793

124

22.5

0.00181

< 25%

8.4

6.3

2.1

1033

18520

2430

83

29.3

0.00101

< 25%

16.2

4.6

11.6

841

18360

1996

73

27.3

0.00288

< 25%

12.1

4.6

7.5

50

7000

308

68

4.5

0.00786

> 75%

11.6

4.6

7

644

12400

2264

66

34.3

0.00302

< 25%

7.2

4.4

2.8

4072

60230

2945

72

40.9

0.0045

< 25%

6.5

4.4

2.1

179

19650

396

85

4.7

0.01148

> 75%

16

4.4

11.6

73
74
75
76
77
78
79
80

South Fork Chehalis
River-1
South Fork Chehalis
River-2
South Fork Chehalis
River-3
South Fork Chehalis
River-4
South Fork Chehalis
River-5
South Fork
Newaukum River-1
South Fork
Newaukum River-2
South Fork
Newaukum River-3

81

Stearns Creek-1

389

6515

2598

47

55.3

0.0012

< 25%

4.1

2.9

1.2

82

Stearns Creek-2

95

4555

904

35

25.8

0.00289

< 25%

8.9

2.9

6

83

Stearns Creek-3

261

10930

1038

33

31.5

0.00305

< 25%

6.1

2.9

3.2

84

Stearns Creek-4

55

4315

558

25

22.3

0.00556

25% - 75%

3.3

2.9

0.4

85

Stearns Creek-5

126

9955

552

36

15.3

0.01208

25% - 75%

2

2.9

0

86

Stillman Creek-1

357

9895

1570

77

20.4

0.00344

< 25%

8.4

4.7

3.7

87

Stillman Creek-2

60

4650

562

71

7.9

0.00643

< 25%

5.4

4.7

0.6

88

Stillman Creek-3

150

19050

342

90

3.8

0.01327

25% - 75%

12.6

4.7

7.9

89

Stowe Creek

317

9395

1469

37

39.7

0.01284

< 25%

7.3

1.9

5.4
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MAP
ID
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

REACH NAME
Taylor Creek
Unnamed Stream
[1227549466149]
Unnamed Stream
[1227908466031]-1
Unnamed Stream
[1227908466031]-2
Unnamed Stream
[1232008465330]
Unnamed Stream
[1233388465479]
Unnamed Stream
[1233459465502]
Unnamed Stream
[1233471465680]
Unnamed Stream
[1233575465544]-1
Unnamed Stream
[1233575465544]-2
Unnamed Stream
[1233687465622]
Unnamed Stream
[1233740465656]
Unnamed Stream
[1233783465279]
Unnamed Stream
[1233788465510]-1
Unnamed Stream
[1233788465510]-2
Unnamed Stream
[1233958465456]-1

Upper Chehalis River Watershed
September 26, 2016

AREA
(ACRES)

VALLEY
BOTTOM
LENGTH
(FEET)

VALLEY
BOTTOM
WIDTH
(FEET)

CHANNEL
WIDTH
(FEET)

CONFINEMENT
RATIO

CHANNE
L SLOPE

BANK
HEIGHT
(FEET)

PREDICTED
BANKFULL
HEIGHT
(FEET)

ESTIMATED
INCISION
(FEET)

208

19250

471

18

26.2

0.01394

> 75%

4.8

1.2

3.5

49

7150

300

25

12

0.01277

> 75%

2.1

2.4

0

264

13800

834

25

33.4

0.00442

> 75%

4.7

2.4

2.2

103

14530

310

15

20.7

0.01608

> 75%

2.1

2.4

0

30

4185

317

18

17.6

0.01451

> 75%

3.8

4.7

0

3

1980

65

17

3.9

0.03735

> 75%

5.4

3.3

2.1

5

3135

73

14

5.2

0.031

> 75%

4.4

3.3

1.1

7

3910

78

16

4.9

0.0206

> 75%

6

3.3

2.7

41

5225

339

35

9.6

0.01665

> 75%

5.8

3.3

2.5

16

5082

135

42

3.2

0.02831

> 75%

4.4

3.3

1.1

18

7960

99

65

1.5

0.01522

> 75%

2.6

3.3

0

13

4990

113

42

2.7

0.01772

25% - 75%

3.6

3.3

0.3

4

2270

84

30

2.8

0.06404

25% - 75%

3

3.3

0

12

4245

120

10

12

0.01242

> 75%

2.4

3.3

0

1

800

71

9

7.9

0.02627

> 75%

1.9

3.3

0

17

3050

244

17

14.4

0.00619

25% - 75%

3.6

3.3

0.3

PERCENT
FOREST
COVER
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AREA
(ACRES)

VALLEY
BOTTOM
LENGTH
(FEET)

VALLEY
BOTTOM
WIDTH
(FEET)

CHANNEL
WIDTH
(FEET)

CONFINEMENT
RATIO

CHANNE
L SLOPE

PERCENT
FOREST
COVER

BANK
HEIGHT
(FEET)

PREDICTED
BANKFULL
HEIGHT
(FEET)

ESTIMATED
INCISION
(FEET)

Unnamed Stream
[1233958465456]-2

37

5840

275

18

15.3

0.00894

25% - 75%

5.8

3.3

2.5

107

Water Mill Creek

35

10375

146

34

4.4

0.00836

< 25%

4.3

3.3

0.9

108

West Fork Stearns

144

5950

1057

36

29.4

0.00836

< 25%

5.8

2.9

2.9

MAP
ID

REACH NAME

106
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The historical channel and floodplain morphology of the Chehalis basin was estimated through the
analysis of present day topographic surfaces and aerial imagery. Despite widespread landscape
modifications such as road construction and the grading/plowing of agricultural land, evidence of the
historical form of the stream network is still visible. Historical channel features such as abandoned
side-channels or relict meander bends are readily observed in LiDAR imagery and through the use of
relative elevation mapping (REM) which maps the elevation of the landscape relative to the current
water surface (See Section 3.4.4 and Appendix A). Mapping and connecting these features along the
river network allows for the historical floodplain function and habitat of the Chehalis basin to be
quantified and compared to the existing conditions.
Historical channel maps were developed for the entirety of the modeled RFP treatment area. Relic
channel features were identified and mapped using LiDAR imagery, REM, aerial photography, and
inundation maps from HEC RAS modeling results (see Section 3.8). and based on anabranching and
pool-riffle morphology which are known to have existed in this region (Collins et al., 2002) (Appendix
A). If relic landforms were not detectable, identified features were connected using visual
interpolation based on the sinuosity, width, and pattern of nearby channel features. In areas where
channel straightening is estimated to have occurred such as near road crossings, meander bends
were interpolated using relic landforms (i.e. oxbows) when available and visually interpolated when
relics were not. Each channel feature was digitized as a line and summed using the calculate
geometry tool in ArcGIS. The length (ft) of the resulting channel network was summed for
comparison with the length of the existing channel network.
Through these mapping activities, a dense, connected, and often valley spanning, historical channel
network is evident throughout significant portions of the Chehalis basin. In some reaches, a series of
interconnected channel paths are separated by islands which resemble the anabranching
morphology known to have existed in this region (Collins et al., 2002). In others, a defined main
channel is bisected by a network of (likely) perennial side-channels. These large channel networks
spread water throughout significant portions of the valley bottom, likely formed large wetland
complexes, and acted to attenuate flood peaks by storing and slowing water within greater portions
of the landscape than through a single channel alone. However, significant anthropogenic activities
and land-use changes within the watershed have disconnected the mainstem river from this relic
channel network through the process of channel incision.
The reduction of the channel network through incision and human development activities (such as
straightening) can be roughly quantified by comparing historical channel maps (described above) to
those of the present day active channel and secondary channels. The active channel was digitized
using the 2013 NAIP imagery and LiDAR surface throughout the entire RFP treatment area.
Secondary channels were identified using USGS topographic and confirmed using the 2013 NAIP
imagery and LiDAR. Channel maps were then developed and channel lengths were summed using
ArcGIS. A preliminary comparison between historical and current channel networks of the RFP
treatment area can be found in Table 3-4.
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Table 3-4.

Channel Network Comparison - Historical versus Current.
HISTORICAL
CONDITIONS
BASIN

South Fork Chehalis
South Fork Newaukum
North Fork Newaukum
Bunker Creek
Elk Creek
Main Stem Chehalis
RFP Treatment Area

CURRENT CONDITIONS

CHANNEL LENGTH
(MILES)

MAIN CHANNEL
LENGTH (MILES)

51.14
49.27
34.09
15.82
16.25
95.32
261.89

20.17
20.55
11.00
10.58
7.41
34.95
104.66

SECONDARY
CHANNEL LENGTH
(MILES)
0.15
0.78
0.00
0.00
0.00
1.09
2.02

CURRENT:
HISTORICAL
CHANNEL
LENGTH (%)
40%
43%
32%
67%
46%
38%
41%

There has been an overall reduction in the length of the channel network for all portions of the RFP
treatment due to the loss of almost all secondary channels (Table 3-4). Overall, the current channel
network is 41% that of the historical with individual basins ranging from 32% (NF Newaukum) to 67%
(Bunker Creek). Secondary channels make up only 2% of the current channel network and have been
lost completely from the North Fork Newaukum, Bunker Creek, and Elk Creek sub-basins. There are
no longer dense networks of anabranching channels and side channels to spread flood waters across
the valley. Rather, there is a predominantly single thread channel that is incised and disconnected
from its floodplain, impairing habitat conditions for salmon and other aquatic species and limiting
flood attenuation in the upper watershed.

Riparian and Floodplain Vegetation Analysis
Healthy, mature riparian and floodplain plant communities contribute significant floodplain surface
roughness in the form of plant stem resistance to overbank floodwaters. Riparian forests also
provide on-going sources of LWM, the key elements of in-channel large wood jams and floodplain
surface LWM roughness elements. Hydraulic roughness is a measure of the factors that resist flow in
a stream and floodplain, and quantifies the cumulative influence of vegetation, sediment grain sizes,
bedforms like bars and riffles, and obstructions like log jams on the velocity of streamflow
(Arcement and Schneider, 1989b; Barnes, 1967). Floodplain water bodies, which are associated with
abandoned channels, oxbow sloughs, beaver pond wetland complexes, and floodplain depressional
wetlands, together provide a significant flood water storage reservoir that also contributes to flood
flow attenuation. The historic Chehalis River floodplain was hydraulically a very rough place
punctuated by floodplain water bodies and beaver dam wetland complexes.
Historically, the Chehalis Watershed was dominated by old growth and mature coniferous forest.
Along the steeper constrained tributaries, the hillslope forest often extended down to the channel
edge, providing the stream with shade from riparian trees 150 to 200 feet tall. Along less confined
tributary channels, narrow bands of red alder and understory wetland shrubs, salmonberry and
willows, were found. The mature Douglas fir, western hemlock and western red cedar hillslope
forests were disturbed by fire and coastal wind storms, resulting in a forest structure with significant
amounts of large dead trees both standing and fallen on the forest floor. The historic forest floor
surface had significant amounts of physical roughness created by the combination of downed large
wood, understory trees and saplings in gaps created by episodic wind storms, and an extensive
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ground cover of shade tolerant shrubs (salal, Cascade Oregon grape, red huckleberry and Scouler’s
willow) and ferns (swordfern).
Mature hillslope forests extended down to the river valley bottom plant communities and wetlands,
whose composition and structure were controlled by the seasonal action of floodwaters, migrating
channels, beavers and local hydrologic gradients. The broader valley bottoms were mosaics of
conifer and deciduous forest patches, wet prairies, beaver dam complexes, and scrub-shrub
wetlands. Black cottonwood and red alder grew along the margins of the active floodplains and
streams. Groves of Sitka spruce extended up the Chehalis river valley, their mature tree size up to 6
to 8 feet in diameter and over 200 feet tall, contributed significant accumulations of floodplain and
in-channel downed large wood when blown over in coastal wind storms. The GLO survey records
depict the Chehalis River valley bottom as composed of 24 percent each western red cedar and
Douglas fir, 17 percent big-leaf maple, 11 percent Oregon ash, 8 percent red alder, 4 percent vine
maple, and the remaining trees counted consisting of Garry oak, willow, cottonwood, crabapple, and
western hemlock.
The broad, and moderately constrained, Upper Chehalis basin alluvial valley bottoms were
historically composed of a complex mosaic of floodplains and terraces dissected by a network of
river channels and floodplain sloughs. The hydraulically linked primary and secondary channels,
sloughs and active floodplains provided optimal habitat for a large historic beaver population. Prior
to extensive beaver trapping in the mid-19th to early 20th centuries, the Chehalis River and its
tributaries were populated by as many as six to ten beaver dams, and associated ponds and
wetlands, per river kilometer for stream channels <4% gradient (Pollock et al., 2003). Using the
Pollock et al. (2003) beaver dam estimate, and maps of the Upper Chehalis basin valley, including all
stream segments less than or equal to 3% stream gradient, a total length of 542 stream kilometers,
provided an estimate of 3,200 to 5,400 beaver dams and associated wet meadows, marshlands and
scrub-shrub wetlands. Using a North American historic estimate of 4-27 beavers per stream
kilometer (Pollock et al., 2003; Pollock et al., 2004) provides a conservative estimate of beaver
population of 2,000-3,000 animals in the historic Upper Chehalis basin.
Current riparian and floodplain conditions within the upper Chehalis River basin are very different
than those reported in the General Land Survey records from the 1850-90’s (See Section 3.3). In
general, floodplain vegetation and forests have been cleared and replaced by agriculture. Floodplain
water bodies have been drained, filled in and hydraulically disconnected from frequent flood events.
Floodplain forest sources of LWM have been removed and the natural floodplain large wood cycle
processes are no longer functioning (Collins et al., 2012). The cumulative effect of historic land use in
the past 150 years has been an overall simplification of the channel and floodplain surfaces, the
hydraulic disconnection of many of the historic floodplains from frequent flood events, the removal
of the vast majority of floodplain forest and riparian plant communities, and the draining and
hydraulic disconnection of floodplain water bodies from primary and secondary channels. Together
these activities have resulted in accelerated flood flows, higher downstream flood stage events and
a significant reduction in aquatic and riparian habitat abundance, structure and ecosystem functions.

A conservative estimate of historical floodplain habitat recently conducted by NOAA, was that there
were once about 1,208 hectares of beaver pond, marsh, pond, side channel and slough in the Upper
Chehalis basin before European settlement. There are currently 395 hectares (59 hectares intact
from historical era and 336 hectares of new floodplain habitat). The net change in floodplain habitats
is about 30% of what it was historically.
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These changes are more dramatic for specific watersheds and features. For example, in Stearns
Creek basin, there were historically 442 hectares of marsh/wetland. Today there are only 23 hectares,
less than 5%. Conversely, the Lake Creek basin currently has 74 hectares of the historical 134 hectares
of marsh, or 50% of marsh area remaining.
A thorough inventory of historical plant communities was not completed for this project. Instead the
earliest historical records that were readily available for this region, General Land Office maps and
notes from the 1850s-1890s, were compiled into a series of hand-drawn maps with detailed notes,
referred to here as sketchmaps (See Section 3.3).

A reconnaissance-level analysis of riparian and floodplain vegetation structure (RFVSA) was
conducted in support of the Restorative Flood Protection (RFP) hydraulic modeling effort. The goal
of the RFVSA was to characterize the structure and character of upper Chehalis River basin riparian
and floodplain vegetation coming into contact with flowing water during flood events. The
vegetation structural characterizations were used in developing vegetation roughness values (e.g.
Manning’s n) incorporated in the hydraulic roughness analysis (i.e., ROVER analysis; see details in
Section 3.6). Historic, existing and future restorative conditions were evaluated utilizing field based,
literature based and restoration forestry based assessments. The focus area of the RFVSA was the
characterization of riparian and floodplain vegetation roughness within the geologic floodplain of
the upper Chehalis River and its tributaries.
Characterization of existing riparian and floodplain vegetation structure utilized both remote sensing
mapping of vegetation types with field based ground truth measurements and photographic
documentation of vegetation conditions. Historic conditions were assessed through evaluation of
historic General Land Survey (GLO) records and notes and existing scientific literature describing
regional riparian and floodplain vegetation composition and structure. RFP future vegetation
conditions roughness characterization was estimated using results of remote sensing, field
evaluations, scientific literature and best professional judgement concerning riparian and floodplain
vegetation restorative designs.
The reconnaissance-level vegetation structural analysis presented here is a first order approximation
of potential vegetation roughness for demonstrating whether the RFP offers substantive flood
attenuation benefits. Future development of an RFP approach would include reach scale 2-D
hydraulic modeling informed by detailed on-the-ground vegetation structural measurements, a
complete mapping of the range of riparian and floodplain vegetation types within the Upper
Chehalis River basin, and modeling of local reach scale restorative measure large wood and
vegetation planting designs.
The RFVSA is presented in four sections. First, the vegetation classification approach is defined,
Second, definitions of river valley landscape and riparian zone are presented as a foundation for
discussing both historic and existing conditions analyses and for presenting the RFP restorative
design measures within the modeling context. Third, the methods and results of the broad scale
riparian and floodplain vegetation mapping and field characterization are presented. Fourth, the
existing vegetation conditions structural characterizations, and parallel roughness values found in
the scientific literature, are presented as the basis for ROVER roughness value determinations (see
Section 3.6).
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Riparian and floodplain vegetation, vegetation coming into contact with flowing water during annual
to greater than annual flood events, was classified for identification, characterization and mapping
of roughness values in support of the RFP hydraulic modeling effort. This study adopts the following
definition of riparian areas, which for this study includes the entire surface of the geologic floodplain
(United States Fish and Wildlife Service, 2009).
“Riparian areas are plant communities contiguous to and affected by surface and subsurface
hydrologic features of perennial or intermittent lotic and lentic water bodies (rivers, streams,
lakes, or drainage ways). Riparian areas have one or both of the following characteristics: 1)
distinctly different vegetative species than adjacent areas, and 2) species similar to adjacent
areas but exhibiting more vigorous or robust growth forms. Riparian areas are usually
transitional between wetland and upland.”
The riparian classification system, and mapping conventions, developed by USFWS in A System for
Mapping Riparian Areas in the Western United States (2009), were adopted, and modified, for the RFP
riparian study (Figure 3-15). The riparian classification is hierarchical based upon System, Subsystem,
Class, Subclass and Dominance Types defined as follows (United States Fish and Wildlife Service,
2009):
 System is a single unit category – riparian vegetation (Rp)
 Subsystem defines two categories reflecting the water source for the riparian area – lotic (1)
and lentic (2)
 Class describes the dominant life form of riparian vegetation. For these conventions, classes
are: forested (FO), woody vegetation usually greater than 6 meters in height; scrub/shrub
(SS), woody vegetation usually less than 6 meters in height; emergent (EM), erect, rooted
vegetation with herbaceous stems; and agriculture (AG).
 Subclass further describes the Class as either dead (5), deciduous (6), coniferous (7), or
mixed deciduous/coniferous (8).
 Dominance Type refers to vegetative species within the mapping unit, e.g., cottonwood
(CW), alder (AL).
See Appendix C for detailed examples of riparian vegetation types.

Upper Chehalis River Watershed
September 26, 2016

89

PRELIMINARY SCIENTIFIC ASSESSMENT OF A RESTORATIVE FLOOD PROTECTION APPROACH FOR THE UPPER CHEHALIS RIVER WATERSHED

Figure 3-15. The riparian classification system, and mapping conventions, developed by USFWS in
A System for Mapping Riparian Areas in the Western United States (2009), modified for
the RFP vegetation classification study.

For the purposes of the Restorative Flood Protection (RFP) modeling and analyses, channels, riparian
zones, floodplains, and hillslopes were defined as (Figure 3-16):
1.
2.

3.
4.

5.
6.

Primary Channel – the main flow channel, typically defined from the toe of the left bank to
the toe of the right bank.
Secondary channel – any channel on or in the floodplain that carries water (intermittently or
perennially in time; continuously or interrupted in space) away from, and back into, or along
the main channel. Secondary channels include: side channels, wall-based channels,
distributary channels, anabranch channels, abandoned channels, overflow channels, chutes,
and swales (Olson et al., 2014).
Riparian Zone – stream bank from the edge of the active channel to the top-of-bank and
surface extending from top-of-bank 25-30 meters (82-98 ft) across the floodplain.
Floodplain – sedimentary plain of low relief bordering a river channel, typically with
topographic amplitude between ridges and the beds of floodplain water bodies of ˜ 0.1-0.5
times the bankfull depth of the river, constructed by various sedimentation processes and
inundated to some extent by most annual floods in the current hydroclimate regime of the
river’s drainage basin (Dunne and Aalto, 2013).
Floodplain water bodies – bodies of water on the floodplain surface including: side channels,
ponds, marshes, beaver ponds, oxbow lakes.
Valley slopes – hill slopes adjacent to the geologic floodplain.
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Figure 3-16. Spatial definition of Restorative Flood Protection (RFP) modeling, and analysis areas
from the main river or stream channel to the floodplain and valley slope.

Riparian and floodplain vegetation within upper Chehalis River basin RFP hydraulic modeling
domains was classified and mapped using the previously described USFWS (2009) riparian
vegetation classification and mapping system. Field characterization and remote sensing verification
was conducted on a subset of hydraulic modeling transects (For examples see Figure 3-17, Figure
3-18, and Figure 3-19). The riparian and floodplain mapping and field characterization provides the
empirical data used for developing the hydraulic roughness values within the ROVER modeling
framework (See Section 3.6 for details). These hydraulic roughness values were then used as
parameter values in the hydraulic modeling to determine the effects of RFP on flood stage and
timing (See Section 3.8 for details).

Methods
Field site visits were completed on February 9 and March 8, 2016. The field visits were designed to
ground-truth aerial imagery signatures of riparian vegetation patterns and to further characterize
existing plant community types in each RFP hydraulic modeling domain. A total of 41 plots were
established to document conditions across the range of plant community types that occur in the
basin. At each plot, plant communities were described and documented with photographs. A
vertical pole marked with alternating bands of red and white paint at 1 foot increments, up to 7 feet,
was included in each photograph to provide scale for vegetation height (See plant community
descriptions and photographs in Appendix C). At each plot, field based vegetation characterization
included identification of dominant plant species, measurements and estimates of vegetation height
and percent cover for both herbaceous and woody plant communities.
A literature review was completed to characterize woody vegetation characteristics for species
observed in these plots in terms of stem density (stems per hectare), maximum height and basal
area (square meters per hectare) (Table 3-5).
An ArcGIS database was then used to attribute typical cross sections (from HEC RAS, See Section
3.8), describing the channel width, depth, vegetation type and floodplain conditions. These cross
sections extend across the entire alluvial valley and became a primary input into the ROVER model
that is described in Section 3.6. Cross sections were exported to a table with distance (NAD 83, feet),
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elevation (NAVD 88, feet), geomorphic setting (channel, floodplain, valley slope), and plant
communities type. Riparian vegetation typing was interpreted using aerial imagery signatures and
site-specific information generated from the vegetation classification.
Furthermore, this table was used to provide structural characterizations of riparian vegetation under
proposed RFP conditions, as described in the Proposed Restoration Design Elements/Concepts Section
4.2. These actions include intensive riparian and floodplain planting and the installation of LWM in
the channel and on the floodplain. Tables were further attributed with Manning’s roughness values
and modeled in ROVER.
Table 3-5.

Compilation of literature review documenting species composition, stem density,
heights and basal area by stand age for sites in the Pacific Northwest.

RIPARIAN
VEGETATION
TYPE
Forested
deciduous

Forested
deciduous

Forested
deciduous

AGE
(YEARS)
3

PLANT SPECIES
Salix sp.
Alnus rubra

4

8

Forested
deciduous

Forested
deciduous

Forested
deciduous

11

12

14

22
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MAX
HEIGHT
(M)

BASAL
AREA
(M2/HA)

69

1

0.03

29500

1.2

0.75

2780

0.5

0.02

Populus
balsamifera
trichocarpa
Totals

32900

Salix sp.

37000

1.3

1.13

Alnus rubra

18400

2

1.57

Totals

55500

Salix sp.

54000

4.2

11.31

Alnus rubra

7560

3.9

1.91

3110

0.8

0.06

889

0.3

0.01

Populus
balsamifera
trichocarpa
Picea sitchensis
Forested
deciduous

DENSITY
(STEMS/HA)

SITE (SOURCE)
Queets Rivera

0.8
Queets Rivera

2.7

Totals

65600

Salix sp.

6460

13.4

17.1

Alnus rubra

1150

16

6.7

Totals

7600

Salix sp.

1210

14.2

3.8

Alnus rubra

5580

15.1

23.9

Totals

6790

Salix sp.

2400

13.4

14.7

Alnus rubra

1130

15.1

13.4

Picea sitchensis

4870

4

1.9

Totals

8400

Salix sp.

110

20.1

1.2

Alnus rubra

870

24.2

20.3

Queets Rivera

13.29
Queets Rivera

23.8
Queets Rivera

27.7
Queets Rivera

28.1
Queets Rivera
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RIPARIAN
VEGETATION
TYPE

Forested
deciduous

AGE
(YEARS)

33

PLANT SPECIES

Forested
deciduous

39

39

51

Forested
deciduous

51

Forested
mixed

51

Forested
mixed

Forested
mixed

84

94

4

33.6

0.7

984
137

13.5

1.1

Alnus rubra

1090

19.6

18.4

78

4.7

0.1

1300

Alnus rubra

592

31.2

36.6

Picea sitchensis

225

7.6

0.4

Totals

817

Salix sp.

240

16

1.2

Alnus rubra

1450

20.9

23.4

67

0.9

0.01

Queets Rivera

37

1760

Alnus rubra

307

31.6

19.3

Picea sitchensis

560

23.4

16.7

Totals

867

Alnus rubra

456

Totals

456

Queets Rivera

24.6
Queets Rivera

35.9
36

44.9

Queets Rivera

44.9

8

6.9

0.02

Acer
macrophyllum
Alnus rubra

8

3.3

0.03

256

27.7

18.9

Picea sitchensis

384

33.7

32.3

Totals

656

Acer circinatum

20

7.5

0.3

Queets Rivera

51.2

Acer
macrophyllum
Alnus rubra

7

21.6

0.2

153

29

14.6

Picea sitchensis

287

32.4

33.6

Totals

467

Alnus rubra

72

35.5

9.1

60

52

35.3

350

49.7

23.8

4

35.3

0.7

Populus
balsamifera
trichocarpa
Picea sitchensis

Queets Rivera

19.6

Totals

Acer circinatum

SITE (SOURCE)

22.2

Totals

Tsuga
heterophylla
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BASAL
AREA
(M2/HA)

Salix sp.

Picea sitchensis
Forested
mixed

MAX
HEIGHT
(M)

Populus
balsamifera
trichocarpa
Totals

Picea sitchensis
Forested
mixed

DENSITY
(STEMS/HA)

Queets Rivera

48.7
Queets Rivera
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RIPARIAN
VEGETATION
TYPE
Forested
mixed

AGE
(YEARS)
130

PLANT SPECIES

Acer circinatum

64

13.1

1.3

36

38.7

8.3

5

26.6

2.3

50

51.8

34.7

136

56.8

49.9

5

28.4

1.8

20

36.4

2.4

Thuja plicata

316

Acer circinatum

58

10.9

0.2

17

40.3

7.4

67

37.9

7.7

29

54.3

24.4

166

61.9

40.3

29

49.2

5

Acer
macrophyllum
Alnus rubra

Forested
coniferous

185

265

367

Acer circinatum

18

12.8

0.3

40

39.8

7.4

23

53.8

21.1

2

25.5

0.2

104

64.7

46.1

31

45.7

5
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Queets Rivera

84.1

Tsuga
heterophylla
Totals

218

Acer circinatum

257

16.2

1.8

69

39.7

17.1

14

41.1

2.5

Acer
macrophyllum
Alnus rubra

Queets Rivera

100.1

Tsuga
heterophylla
Totals
Acer
macrophyllum
Populus
balsamifera
trichocarpa
Pseudotsuga
menziesii
Picea sitchensis

SITE (SOURCE)

68.9

Tsuga
heterophylla
Totals

Populus
balsamifera
trichocarpa
Picea sitchensis

Forested
mixed

BASAL
AREA
(M2/HA)

486

Acer
macrophyllum
Alnus rubra

165

MAX
HEIGHT
(M)

Totals

Populus
balsamifera
trichocarpa
Picea sitchensis

Forested
mixed

DENSITY
(STEMS/HA)

Queets Rivera

80
Queets Rivera
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RIPARIAN
VEGETATION
TYPE

AGE
(YEARS)

PLANT SPECIES
Populus
balsamifera
trichocarpa
Picea sitchensis

Forested
mixed

330

Forested
coniferous

<150
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267

76.7

70.1

33

51.7

5.6

1.8

17

38.6

10.8

27

32.6

2.7

1

62.8

2.8

177

81.5

59.5

174

59.2

20.5

Alnus rubra

556

98.1

28

2.9

60

2

104

61.7

Totals

192

66.6

Alnus rubra

14.3

4.2

6.8

5.1

14.3

9.1

14.3

6.8

Picea sitchensis

64.2

33.5

Totals

113.9

58.7

Picea sitchensis

33.1

52.8

24.7

10.3

5.3

1.9

0.7

0.4

64

66.3

57.8

52.8

79.9

15.8

2.1

1

Picea sitchensis
Tsuga
heterophylla
Thuja plicata

SITE (SOURCE)

99.8

Tsuga
heterophylla
Picea sitchensis

Tsuga
heterophylla
Alnus rubra

220-266

2.9

13.7

Acer
macrophyllum
Totals
Forested
coniferous

47.8

156

Populus
balsamifera
trichocarpa
Tsuga
heterophylla
Thuja plicata

205-258

10

Acer circinatum

Tsuga
heterophylla
Totals

Forested
coniferous

BASAL
AREA
(M2/HA)

650

Acer
macrophyllum
Alnus rubra

>250

MAX
HEIGHT
(M)

Tsuga
heterophylla
Totals

Pseudotsuga
menziesii
Picea sitchensis

Forested
coniferous

DENSITY
(STEMS/HA)

Queets Rivera

Kadashan River
Southeast Alaskab

Kitlope River
British Columbiac

South Fork Hoh
River,
Washingaton:
Lower terraced

South Fork Hoh
River, WA: Upper
terraced
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RIPARIAN
VEGETATION
TYPE

Forested
deciduous

Forested
mixed

AGE
(YEARS)

65-75

370-430

PLANT SPECIES

2.9

142

81.8

Alnus rubra

763

36.4

Picea sitchensis

21.7

0.8

Populus
balsamifera
trichocarpa
Totals

7.9

1.6

792.6

38.8

Picea sitchensis

100.8

19.8

81

11.6

65.2

14.8

10.9

1.2

5.9

1.4

4

1.6

267.8

50.4

34.6

27

7.4

2

42

29

51.6

34.96

0.4

0.02

0.4

0.1

0

0

Acer
macrophyllum
Picea sitchensis
Totals

Forested
mixed

>145

Pseudotsuga
menziesii
Picea sitchensis
Thuja plicata

Forested
coniferous

>145
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BASAL
AREA
(M2/HA)

1.7

Acer
macrophyllum
Populus
balsamifera
trichocarpa
Alnus rubra

No data

MAX
HEIGHT
(M)

Pseudotsuga
menziesii
Totals

Pseudotsuga
menziesii
Tsuga
heterophylla
Totals
Forested
mixed

DENSITY
(STEMS/HA)

Tsuga
heterophylla
Acer
macrophyllum
Alnus rubra

0

0

80.4

12.67

Totals

185.2

82.83

48

33.87

0

0.0

Thuja plicata

8

1.43

Tsuga
heterophylla

102

11.49

Pseudotsuga
menziesii
Picea sitchensis

SITE (SOURCE)

Hoh River - Main
stem, alder flate

Hoh River - Main
stem, first
terracee

Hoh River - Main
stem, second
terracee
Central Oregon
Coast Range,
Flynn Creekf

Trout Creekc
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RIPARIAN
VEGETATION
TYPE

AGE
(YEARS)

PLANT SPECIES

DENSITY
(STEMS/HA)

Acer
macrophyllum
Alnus rubra
Totals

MAX
HEIGHT
(M)

BASAL
AREA
(M2/HA)

16.5

2.41

16.0

1.78

190.5

50.98

SITE (SOURCE)

References: a: (Van Pelt et al., 2006a), b: (Pollock et al., 1998) in (Naiman et al., 1998), c: (Naiman et al., 1998), d: (McKee et al., 1982) in
(Naiman et al., 1998), e: (Fonda, 1974) in (Naiman et al., 1998), f: (Poage, 1996) in (Naiman et al., 1998)

Results
As described above, plant communities observed in the Chehalis basin were classified according to
designations in (Figure 3-16) following United States Fish and Wildlife Service (2009). Appendix C
describes each plant community in terms of dominant plant species, vegetation height and
estimated cover. Photographs are also provided in Appendix C for each community from one or
more representative sites.
Table 3-6.

Partial list of dominant plant species observed in Chehalis basin.
SCIENTIFIC NAME

COMMON NAME

Trees
Alnus rubra,

Red alder

Acer macrophyllum

Big-leaf maple

Thuja plicata,

Western red cedar

Pseudotsuga menziesii

Douglas-fir

Populus balsamifera ssp. trichocarpa.

Black cottonwood

Picea sitchensis

Sitka spruce

Shrubs
Rubus spectabilis

salmonberry

Cornus sericea

Red-osier dogwood

Physocarpus capitatus

Pacific ninebark

Symphoricarpos albus

Common snowberry

Sambucus racemosa

Red elderberry

Mahonia nervosa

Cascade barberry

Rubus armeniacus

Himalayan blackberry

Salix sp.

Willow species

Herbs
Polystichum munitum

Sword fern

Phalaris arundinacea,

Reed canarygrass

Equisetum hyemale

Scouring-rush horsetail
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Table 3-7.

Summary of primary characteristics of vegetation types mapped in the Chehalis basin.

VEGETATION
MAPPING TYPE

MAPPING CODE

Forested Deciduous

TYPICAL MAXIMUM
VEGETATION HEIGHT
(IN METERS)

TYPICAL DOMINANT TREE
SPECIES

TYPICAL DOMINANT
SHRUB SPECIES

TYPICAL DOMINANT
HERBACEOUS SPECIES

FD

Alnus rubra, Acer
macrophyllum, Populus
balsamifera ssp.
trichocarpa.

Rubus spectabilis, Cornus
sericea, Physocarpus
capitatus, Symphoricarpos
albus

Phalaris arundinacea,
other grasses and forbs

6-10m

Forested Coniferous

FC

Thuja plicata, Pseudotsuga
menziesii

Polystichum munitum

10-30m

Forested Mixed

FM

Mix of FD or FC species

varies

10-30m

Mixed Forested/ Scrubshrub

MF/SS

Either FD or FC species, in
part

varies

varies

Scrub-shrub

SS

None

Salix spp, Alnus rubra
saplings, Symphoricarpos
sp. Physocarpus capitatus,
Cornus sericea, or Rubus
armeniacus

Phalaris arundinacea,
other herbs and grasses

1-3m

Mixed scrub-shrub/
Herbaceous

MSS/H

None

SS species, in part

varies

varies

Herbaceous

H

None

None

Mixed pasture grassesunmowed, or Phalaris
arundinaceae

0-1 m

Agriculture

AG

None

None

Planted cover crop, crop
residue, or mowed
pasture grasses

<0.5 m
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The locations of two example transects are shown in Figure 3-17. Riparian and floodplain vegetation
typing was conducted across each HEC RAS modeling transect for input to ROVER models. Figure
3-18 and Figure 3-19 illustrate two modeling transect examples: Bunker Creek, a small tributary, and
South Fork Chehalis River, a larger river example.

Figure 3-17. Locations of example vegetation description transects 1 and 2, Bunker Creek and
South Fork Chehalis River, respectively.
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Figure 3-18. Vegetation description transect 1, Bunker Creek at Ingalls Road.
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Figure 3-19. Vegetation description transect 2, South Fork Chehalis River at Jones Road
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Current riparian and floodplain vegetation conditions are very different than those reported in the
General Land Office survey records from the 1850-90’s. In general, floodplain vegetation and forests
have been cleared and replaced by agriculture and stands of young pioneer red alder. Floodplain
emergent and scrub shrub wetland vegetation have been removed, and associated water bodies
drained, to create agricultural fields. Mature floodplain and riparian forests have been cut down,
with the exception of some channel-fringing riparian red alder forests.
The cumulative effect of historic land use in the past 150 years has been an overall simplification of
the channel and floodplain surfaces, the hydraulic disconnection of many of the historic floodplains
from frequent flood events, the removal of the vast majority of floodplain forest and riparian plant
communities, and the draining and hydraulic disconnection of floodplain water bodies from primary
and secondary channels. These changes have reduced hydraulic resistance, or friction, to the flow of
water. The result is rivers that flow more swiftly and efficiently, and cleared floodplains that store
smaller volumes water during floods and for shorter durations. Together these activities have
resulted in accelerated flood flows, higher downstream flood stage, and a significant reduction in
aquatic and riparian habitat abundance and ecosystem functions.

Roughness Estimation
A common perception is that hydraulically efficient channels are desirable because they reduce
flooding in a local area by conveying larger flows faster. While logical, this view neglects the fact
that hydraulically efficient channels conveying flow faster results in water from different reaches of a
given channel network coming together more rapidly further down the channel network. The
hydraulic resistance of a river network is a primary factor in flood response, a fact that is shown
conceptually in Figure 3-20. The plot is based on the well-known Geomorphic Instantaneous Unit
Hydrograph (GIUH) theory (Rodriguez-Iturbe et al., 1979; Rodriguez-Iturbe and Valdes, 1979). The
three different flood hydrographs shown in Figure 3-20 have been computed for the same channel
network and caused by the same rainfall event. The only difference between the three scenarios is
the value of channel roughness. The low roughness stream network delivers water more rapidly
down the network and produces a flashy response. By comparison, the response from the higher
roughness networks is a flatter and more damped response. The channel roughness attenuates the
flood peak.
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Figure 3-20. Conceptual diagram showing flashy and damped hydrograph responses generated by
channel networks of low and high roughness respectively.
This example illustrates the effect that a difference in hydraulic roughness may be a primary factor in
the shape of flood hydrographs. The analyses supporting an RFP approach aim to quantify how
much the flood response of the Chehalis river system would change if significant volumes of large
wood were returned to parts of the river channel network and if the adjoining riparian corridors and
floodplains were reforested.
This question was addressed by setting up a hydraulic model of the river system, with the HEC RAS
flood and flow modeling software selected for this investigation. In these models plants and other
obstructions to flow are not represented explicitly, instead the effect that they have on flow is
represented by the value assigned to a roughness coefficient. Thus, the purpose of this section is to
describe how roughness was estimated for the current river network and how much roughness was
expected to increase if significant volumes of timber were returned to parts of the river channel
network and if the adjoining riparian corridors and floodplains were reforested.
Prior to describing how hydraulic roughness was estimated for the rivers in the Chehalis Basin a brief
introduction to hydraulic flow resistance is provided, with a focus on the importance of channel and
floodplain vegetation as a contributor to flow resistance. Anderson (2006b) developed the
“Roughness Of VEgetation in Rivers” (ROVER) computer model to quantify roughness in river
systems. ROVER is a numerical model developed to estimate roughness characteristics of multispecies riparian assemblages on a specific cross-section basis. ROVER computes roughness of all
plant types within a unified framework and produces depth-varying estimates for roughness of
individual plants. These estimates of hydraulic roughness can then be used to model flood stage and
timing within a hydraulic modeling framework (Section 3.8).

The specification of flow resistance is central to both simple and sophisticated hydraulic analyses.
Yet it remains encumbered with the greatest level of uncertainty of all hydraulic parameters despite
over a century of field studies and experiments in flumes.
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Resistance to the movement of water down a channel or across a floodplain can be partitioned into
frictional losses at a boundary surface and energy dissipated by turbulent structures within the
moving water body. Two distinct resistance mechanisms are evident; these are called surface
roughness and form roughness. Surface roughness refers to frictional effects at the fixed channel
boundary, the bed and banks of the stream. Form roughness is created by large roughness
elements, solid objects that project beyond the boundary layer, which generate turbulence within
the main flow. Form roughness incorporates internal flow turbulence generated by submerged or
semi-submerged objects such as trees and rocks and contributes substantially to free surface
resistance through wave generation and hydraulic jumps (Bathurst, 1982; Jarrett, 1984). Surface
roughness and form roughness combine to determine the total hydraulic resistance to a fluid flow.

Resistance in open channel flow systems is conventionally lumped into one of three roughness
coefficients; they are the Chezy C, the Manning’s n, and the Darcy-Weisbach f (Sturm, 2001). An
American Society for Civil Engineers task force (Carter et al., 1963) recommended the use of the
Darcy‑Weisbach coefficient, over either Chezy or Manning, as it is dimensionally homogeneous and
can be theoretically derived (Hey, 1985). However, the coefficients may be directly related as shown
by (Equ. 1). Therefore, any of the three roughness coefficients may be transformed and re‑expressed
as one of the other coefficients.

𝑪𝑪 =

𝑅𝑅1/6
𝒏𝒏

8𝑔𝑔

= � 𝑓𝑓

(Equ. 1)

In flood modeling software, including HEC RAS, Manning’s n remains the most commonly used
coefficient. Yen (1991) attributes this preference to the relative constancy of Manning’s n with depth
and the ready availability of reference sources that quote n-values rather than the other coefficients
(Barnes, 1967; Chow, 1959; Hicks and Mason, 1991).
Manning’s n is an empirical relationship that specifies the depth of a steady, uniform flow given the
discharge, or alternately is used to find the mean flow velocity given the depth of flow. The
Manning’s equation in velocity form (and U.S. units) is given in Equation 2. In this formulation ‘V’ is
the mean flow velocity, ‘R’ is the hydraulic radius (cross-sectional area of flow divided by the wetted
perimeter) and ‘n’ is the roughness coefficient: Manning’s n. For steady, uniform flow, ‘S’ is the
water surface slope, while for unsteady and/or non-uniform flow, this is replaced with the friction
slope (Sf) (French, 1986). Note that Manning’s n is an inverse coefficient, thus a smaller value of n
indicates a lower value of resistance and consequently higher flow velocities. This characteristic
makes Manning’s n more intuitive as a roughness coefficient.
Manning:

𝑉𝑉 =

1.49
𝒏𝒏

𝑅𝑅2/3 √𝑆𝑆

(Equ. 2)

Flow resistance in uniform channels is generally dominated by boundary friction, while in natural
streams and floodplains a range of additional physical factors contribute to the total losses in a
reach. Bathurst (1997) lists these additional sources of flow resistance as:
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 losses due to expansions or contractions;
 single head losses which may occur at natural or man-made controls or obstructions, such as
rock bars or groins;
 losses at meanders or resulting from secondary currents or eddies;
 turbulence effects at confluences;
 changing bed forms and other effects caused by sediment transport processes in alluvial
channels; and
 losses caused by the effects of vegetation on flow.
Investigators have found it difficult to produce relationships based on measurable channel metrics
that are generally applicable. The emphasis on the importance of a vegetation resistance component
is ubiquitous throughout the hydraulics literature. It appears in the classic roughness estimation
Tables of Chow (1959) and as a substantial factor in the approach by Cowan (1956).

Sturm (2001) suggests that the judgement of an experienced practitioner provides the best means to
identify sources of flow resistance and to estimate values for the resistance coefficient. Cowan
(1956) method attempted to capture the essence of professional judgement in a procedural method.
Cowan notes that while the value of resistance could depend on 8 or 10 factors, he suggests the five
most important channel features to be: surface irregularity; cross‑section variability; obstructions;
vegetation resistance; and channel sinuosity. Using his approach, a base value of Manning’s n is
selected according the bed and bank material (nb), with corrections for each factor (n1, n2, n3, n4, and
m). Once the correction factors are selected, an estimation for the net section resistance can be
computed using Equation 3 (in Table 3-8).
An indication of the relative importance of the correction factors is implied by the maximum
recommended adjustment increment (listed in Table 3-8). Vegetation roughness is clearly
considered an important factor, firstly because of the presence of an explicit vegetation resistance
parameter (n4), and secondly by the large magnitude of the potential corrections - up to 0.10 for inchannel flows (Cowan, 1956) and up to 0.20 for floodplains (Arcement and Schneider, 1989a).
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Table 3-8.

Cowan's Method: Equation and Correction Factors.
Equation:

n = ( nb + n1 + n2 + n3 + n4 ) ´ m

(Equ. 3)

Description

Maximum Values
channela
floodplainb

Factor

nb

base value of n for a straight and uniform channel

0.028

n1

correction for surface irregularity

+0.020

n2

correction for cross-section size and shape

n3

correction for obstructions

+0.015

+0.030

n4

correction for vegetation

+0.100

+0.200

m

correction for sinuosity

+0.020

+0.015

n/a

´ 1.3

n/a

Table Notes:
a - Values recommended by Cowan (1956)
b - Values listed by Arcement and Schneider (1989)

Roughness coefficients are also estimated by reference to tabulated values for different channel
types and conditions; many such Tables are based on the compilation of Chow (1959). Chow’s Table
provides indicative low, medium, and maximum Manning’s n values for open channel types ranging
from constructed drains (lined or built‑up) to flows down natural streams and across floodplains.
Chow constructed the Table using the best available experimental data from published and
unpublished studies (Horton, 1916; Ramser, 1929; USDA, 1955 in Chow, 1959, p.114).
A subset of Chow’s list is reproduced in Table 3-9, demonstrating the resistance increments ascribed
to vegetation. To allow a comparison to be drawn, the recommended Manning’s n values given for
the associated unvegetated channel conditions are listed (row id: 1, 3, 5, 8, 13, 18, 21). Subtracting the
unvegetated n from vegetated n gives a ‘vegetation increment’, the change in resistance due to
vegetation. A histogram of these increments is plotted in Figure 3-21.
Table 3-9.

Selected values of Manning's Roughness Coefficient (Chow, 1959)
CHANNEL TYPE & DESCRIPTION

ID

MIN

NORMAL

MAX

(1)
(2)

0.017
0.030

0.020
0.040

0.025
0.050

Lined or built‑up channel with:
gravel bottom with concrete sides
vegetation lining
Excavated or dredged channel
- earth, straight and uniform channel with:
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CHANNEL TYPE & DESCRIPTION
clean, recently completed
short grass and weeds

ID
(3)
(4)

MIN
0.016
0.022

NORMAL
0.018
0.027

MAX
0.020
0.033

(5)
(6)
(7)

0.023
0.025
0.030

0.025
0.030
0.035

0.030
0.033
0.040

- dragline excavated or dredged with:
no vegetation
light brush on banks

(8)
(9)

0.025
0.035

0.028
0.050

0.033
0.060

- channels not maintained, brush and weeds uncut
clean bottom, brush on sides
dense weeds up to flow depth
dense brush at high stage

(10)
(11)
(12)

0.040
0.050
0.080

0.050
0.080
0.100

0.080
0.120
0.140

(13)
(14)
(15)

0.025
0.050
0.075

0.030
0.070
0.100

0.033
0.080
0.150

(16)
(17)

0.030
0.040

0.040
0.050

0.050
0.070

(18)
(19)
(20)

0.020
0.025
0.030

0.030
0.035
0.040

0.040
0.045
0.050

(21)
(22)

0.025
0.030

0.030
0.035

0.035
0.050

(23)
(24)
(25)
(26)
(27)

0.035
0.035
0.040
0.045
0.070

0.050
0.050
0.060
0.070
0.100

0.070
0.060
0.080
0.110
0.160

(28)
(29)

0.030
0.050

0.040
0.060

0.050
0.080

(30)
(31)
(32)

0.080
0.100
0.110

0.100
0.120
0.150

0.120
0.160
0.200

- earth, winding and sluggish with:
no vegetation
grass and some weeds
dense weeds or thick aquatic plants

Small natural streams:
- Minor streams on the plain with:
clean, straight section
sluggish reaches with aquatic weeds
very weedy with heavy timber and brush
- Minor mountain streams (no in‑channel vegetation but trees
and brush along banks) with:
gravel and small cobble substrate
cobble and boulder beds
Flood plains:
- Cultivated areas
no crop
mature row crop
mature field crop
- Pasture, no brush
short grass
tall grass
- Brush
scattered brush, heavy weeds
light brush and trees (winter)
light brush and trees (summer)
dense brush and trees (winter)
dense brush and trees (summer)
- Trees
cleared land with tree stumps (no sprouts)
cleared land with sprouting tree stumps
heavy timber with downed trees
> flood stage below branches
> flood stage above branches
dense willows in summer
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Figure 3-21. Results of analysis of data from Chow (1959). Plot a) shows a histogram of Manning's
n increments due to vegetation (with distribution statistics). Plot b) shows box‑plots
of Manning’s n values for the vegetated (veg) and unvegetated (unveg) channel data.
Details of box plot format: The box has lines at the lower quartile, the median and the
upper quartile values. The whiskers show the extent of the rest of the data to a
maximum of 1.5 × the inter-quartile range. Points outside of this range are shown as
outliers.
Vegetation increments plotted in the histogram (Figure 3-21a) are positive in every case, indicating
that the presence of vegetation causes resistance to rise. The increment is sometimes very small, for
instance grass and herbs growing in an earthen channel only causes Manning’s n to rise by 0.002
(Table 3-9: ID6 – ID5). However, at the other extreme the data also suggests that dense stands of
vegetation can increase flow resistance by a factor of more than 4 times the channel base value. The
box‑plots in Figure 3-21b show, at least for these data set, that the magnitude and variability of flow
resistance is much larger in channels with vegetation by comparison with unvegetated channels.
Even the highest resistance cases for unvegetated streams (e.g. the outlier), being steep mountain
streams with gravel, cobble or boulder beds, are within the central range (< 75th percentile) of the
vegetated channels.
The data analyzed in Figure 3-21, and the range of Cowan’s vegetation resistance term in Table 3-8
are based on limited empirical data sets. Similarly, the list compiled by Chow is only roughly
representative of the range of vegetated channel conditions to be found across the stream network.
The conclusions that can be drawn from this information are restricted by the sparsity of base data.
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However, these early authors were clearly of the opinion that riparian vegetation represents a
potent source of flow resistance in some channels, a view that is confirmed by contemporary
studies. For instance, Helmio and Jarvela (1998) report increases Manning’s n of between 0.1 and 0.2
in small Finnish streams (mean annual discharge of 0.24 m3 /s). These increases occurred between
measurements taken at the start and the end of summer at comparable discharges where the only
change in reach characteristics was an increase in the vegetation density.

In order to model flow down rivers it is necessary to estimate the value of a roughness parameter
and a range of methods are available for this purpose. A range of channel and floodplain
characteristics contribute to flow resistance and, of these, vegetation is one of the most potent. A
number of vegetation resistance algorithms, derived from empirical and theoretical equations, have
been published. These models are more sophisticated than Cowan’s (1956) procedural approach, or
Chow’s (1959) tabular method. However, the techniques that are available typically lack generality;
that is, they do not facilitate prediction for a range of plant species. Consequently, none have
entered common usage.
In this study of the Chehalis River Basin the principal change to the hydraulics of the system
proposed is to increase the density of vegetation. Thus, a method focused on estimating vegetation
roughness in particular was required. An approach developed by Anderson (2006a) was selected for
this purpose. Anderson (an author of this report) developed and published the method as part of his
doctoral thesis. His “Roughness Of VEgetation in Rivers” (ROVER) model was formulated with the
express purpose to estimate the roughness of vegetation in Rivers.

The detailed roughness characteristics (Manning’s n variation with depth) of each plant type were
defined within ROVER with reference to the database of plant properties assembled by Anderson
(2006a), see Chapter 5. Definitions for grass, trees, reeds and the bare earth/roads were taken
directly from the database, although some parameters were fine tuned to reflect the specific
characteristics of the vegetation observed at each of the various136 reaches.

Verified roughness measurements of flow resistance through tree trunks under field conditions are
rare. Arcement and Schneider (1989a) describe 15 wooded floodplains for which roughness
coefficients for a single high water event were obtained from backwater and discharge calculations
compiled from earlier flood studies (Arcement and Schneider, 1989a; Schneider et al., 1977). The
calculated values of Manning’s n ranged from 0.10 up to 0.20 for flood depths between 0.73m and
1.53m and vegetation densities (m-1) of 0.0220 up to 0.0377. Petryk and Bosmajian III (1975) report
two sets of measurements taken by the USDA on the St Francis River floodplain (reproduced in
Figure 3-22) and the Kaskaskia Mutual dredged channel. In both cases vegetation density is roughly
constant and Manning’s n increases approximately linearly with flow depth, taking values ranging
from 0.07 up to 0.15.
Flume experiments at the UK Flood Channel Facility (Lyness et al., 2001; Myers et al., 2000) confirm
that Manning’s n rises almost linearly with flow depth when passing through rigid cylindrical rods.
The results from each of these studies pertain to turbulent Reynold’s number flows, for which the
drag coefficient remains approximately constant, as demonstrated by the stem flow results reported
by Fathi-Maghadam and Kouwen (1997).
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Figure 3-22. Vegetation density profile and the associated variation of Manning’s n with flow
depth (after Petryk and Bosmajian, 1975, p. 879).
In the Chehalis, the height and canopy dimensions were defined based on the type of forest –
deciduous, coniferous or mixed – and also the age of the forest. Characteristics published by Van Pelt
et al. (2006b) were used as a guide to forest dimensions and leaf densities for the Northwest United
States. For example, younger deciduous communities have tree heights around 15m-20m with
maximum crown volumes of 10,000 m3/ha at around 10m from the ground. Whereas a mature
coniferous forest (150-250 years) is dominated by Douglas-fir, western hemlock, western red cedar,
and in the riparian zone by Sitka spruce and cottonwood, tree heights of 40-60m (130-200 ft) and
maximum crown volumes of 20,000-25,000 m3/ha.
Table 3-10.

Key ROVER parameters for dominant tree species: coniferous and deciduous.

SPECIES
ROVER PARAMETER
Canopy height (ft)
Crown volume (m3/ha)

CONIFEROUS

DECIDUOUS

YOUNG
(10 – 20 YR)
30

MATURE
(50 + YR)
150

YOUNG
(10 – 20 YR)
20

MATURE
(50+ YR)
120

10,000

25,000

6,000

15,000

Note that the crown volumes for deciduous species are significantly lower than for the coniferous
stands of the same age as they are assumed to be without leaves, giving a conservative roughness
estimate.
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The Scrub-Shrub communities in the Chehalis were modelled as having two distinct plant species as
members: understory saplings of young willow or alder; and, secondly very dense thickets of
Himalayan Blackberry or Salmonberry. This section examines the former.
Fathi-Maghadam and Kouwen (1997) reported that the roughness of flexible saplings varies with
flow depth and with mean flow velocity (Figure 3-23). The plots on the left hand side of Figure 3-23
demonstrate this variability for pine and cedar saplings, showing that roughness (Manning’s n)
declines to half its original value as velocity increases almost ten-fold. Järvelä (2002a) reports a study
by Oplatka (1988, in German) on flexible willows, showing an exponential decline in resistance with
velocity, corroborating Fathi-Moghadam and Kouwen’s measurements.

Figure 3-23. Variations for saplings of pine (a) and cedar (b) of Manning’s n with mean velocity (V),
and depth of submergence (Yn = water depth; h = vegetation height), showing foliage
density variation with submergence (on right) where: A/a = incremental leaf area
index; and, A/a)com = cumulative A/a; and A/∨)h = depth averaged momentum
absorbing area (after (Fathi-Maghadam and Kouwen, 1997))
The parameters for young saplings used the ROVER calibration to Fathi-Moghadam and Kouwen’s
data (see Anderson, 2006, Chapter 5). The density values were adopted from Van Pelt et al. (2006b)
who reports stem densities of 32,000-65,000 stems/ha for willow / alder and willow/ alder /poplar
stands on Queets River floodplains. The key parameters for understory saplings are listed in Table
3-11.
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Table 3-11.

Key ROVER parameters for understory saplings.

SPECIES
ROVER PARAMETER
Canopy height (ft)
Crown volume (m3/ha)

RED ALDER AND WILLOW
SAPLINGS
10 - 20
30,000 - 50,000

Willows and Salmonberry are dense bushes that present a serious obstacle to the flow of water.
They are also quick to establish and therefore a very useful restorative vegetation treatment. In
order to model thickets of willow and salmonberry bushes the flume experiments Wu et al (1999b)
are the closest current analogue in the ROVER vegetation library.
Wu et al. (1999b) conducted a wide range of flume experiments using layers of horsehair mattress to
act as a scale model of bushes and shrubs found on floodplains. Horsehair is a tangle of fibers that
exhibit some flexibility, but is stiff enough to prevent strong deflection or bending under the force of
flow. This description was considered to be a good match for the primary characteristics of
Himalayan Blackberry and Snowberry observed in the Chehalis.
The raw data reported by Wu et al. (1999b) are plotted in Figure 3-24. Each roughness profile
declines up until the flow depth equals the mattress thickness (T), then a transition layer is evident.
This layer extends to about 50% of the mattress thickness above the submergence depth, before the
typical exponential decline begins. In Figure 3-24 the transition layer is most clearly shown by the
data for T = 0.060m.

Figure 3-24. Measured roughness profiles for horsehair mattress of varying thickness and with
flume slope held constant at 0.01025 m/m (after Wu et al., 1999, p.937)
The roughness values reported for flow through the horsehair mattress are extremely high at a
Manning’s n between 0.6 and extending up to 0.8. This is an order of magnitude higher than would
typically be seen for a waterway or over a floodplain, yet the values are reasonable for the situation
where the entire flow area is obstructed by the dense tangle of stems. Such a situation could
certainly arise on a floodplain if it were fully covered by willows, blackberry or salmonberry. Wu et
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al.’s (1999b) flume results provide the basis of a model for defining the resistance of this element of
the Scrub-Shrub community: high roughness when the flow depth is less than the height of the
lignum; and rapidly decreasing roughness when the flow depth exceeds the willow/Salmonberry.
The bulk stem density of these species (i.e. the average stem density for the area covered) is thought
to be somewhat lower than the stem density of horsehair mattress. Therefore, the overall
Manning’s n values should not be as high as those measured by Wu et al. (1999b). A stem density of
half the value found for horsehair mattress was adopted, leading to Manning’s n in the range 0.3 to
0.4 for Willow/Salmonberry (compared to 0.6 to 0.8 for horsehair). These values were further
decreased as only a proportion of the ground area is expected to be occupied by berry thickets, and
a further 50% reduction was applied to account for this ‘community porosity’.

Petryk and Bosmajian (1975) pioneered the relationship between stem frontal area and Manning’s
roughness coefficient that is the basis of the prediction of emergent vegetation roughness in ROVER.
In their original study, Petryk and Bosmajian present measured roughness profiles for a range of
species including two for row crops.
For this study the agricultural cropping areas were modelled as either mature corn fields with a stand
height of 5 feet or stubble with a height of 1 foot. The ROVER configuration for this was adopted
from the roughness database as reported in Anderson (2006a).

In terms of vegetation roughness studies Nicholas Kouwen has been a key contributor. His
investigations into the roughness characteristics of flexible grasses extended over more than two
decades. At the end of this work, Kouwen assembled the principal relationships into a numerical
algorithm, the details of which can be found in Kouwen (1988). Anderson (2006) describes how
Kouwen’s algorithm was transformed into a form that is compatible with the sub-models in ROVER.
The reconstruction yielded two sets of ROVER parameters, one for each category of grass. These
parameters allow ROVER to accurately reproduce the predictions of Kouwen’s algorithm and hence
the roughness characteristics of grasses.
Agricultural fields are typically dominated by a mixture of pasture grasses including Festuca spp,
Agrostis spp., Lolium spp., and Dactylis glomerata. Herbaceous groundcover was modelled for the
Chehalis as swards of dormant grass with stem heights in the range 1 – 6 feet and densities between
15,000-25,000 m3/ha. The remainder of the parameters were set to accord to Kouwen’s grass
algorithm as per Anderson (2006, Table 5.3 – Kouwen).

Reeds and rushes, also known as macrophytes, are typically composed of rigid stems roughly circular
in cross‐section. Macrophytes are able to survive in zones where they remain emergent and upright
for all but high flood discharges (Abernathy and Rutherfurd, 2000). They are located either at the
channel margins, or in wetland environments where they are usually the dominant species (Mitsch
and Gosselink, 1986). In wetlands, areal average stem densities often far exceed the density of
vegetation in other open channel or overland flow environments (Tsihrintzis and Madiedo, 2000).
Järvelä (2002b) conducted a series of flume experiments and measured the flow resistance of
sedges, willows, and combinations of the two. The observed roughness values (Figure 3-25) vary
distinctly with flow depth (vertical axis) and with flow velocity (as per symbols used – see legend in
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top right hand plot for Leafless Willows). Anderson (2006, Section 5.3) reports in detail the
development of ROVER configurations for these four cases.

Figure 3-25. Flume data measured by Järvelä (2002) for Sedges (a), Leafless Willows (b), and the
combinations of Sedges with Leafless (c) and Leafy Willows (d).
In the restorative scenarios modelled, the proposed condition includes reed beds as a feature of
both the channel and riparian zones. A plant model for ‘tall reeds’ was configured for the Chehalis
having a stand height of 5 feet, with the complete parameterization as per Anderson (2006, Table 5.3
– Järvelä).

Flows through free surface wetlands populated by emergent macrophytes are subject to extremely
high values of resistance by comparison with the normal range for open channel flows. Kadlec and
Wallace (1996) compiled the results from eight studies of flow through macrophytes, plotting the
range of Manning’s n and depth as results domains shown in Figure 3-26. The plot is logarithmic on
both axis, demonstrating the in general flow resistance is inversely and non-linearly related to depth
(with the Benton studies representing an exception). The studies are also discriminated on the basis
of stem density, with the rows of letter “D” and “S” representing speculative trendlines dissecting
the studies of high and low density vegetation respectively.
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Figure 3-26. Ranges of Manning’s roughness coefficient versus depth. The clusters represent
results from a range of macrophyte studies with comparative results for open
channel roughness. The results from Boney Marsh and Benton are the most densely
vegetated. The line of the letter “D” and the letter “S” are speculative lines for dense
and sparse stands respectively (after Kadlec and Wallace, 2008)
Beds of macrophytes in floodplain wetland environments under the Chehalis proposed condition
were modelled as denser and taller versions of Reeds and Rushes described in the preceding section.
A plant model for ‘Dense Macrophytes’ was configured having a stand height of 8 feet and density
50% greater than that of the sedge community reported by Järvelä (2002b). This resulted in peak
Manning’s n values in the range 0.3 to 0.4, which are at the lower end of the values compiled by
Kadlec and Knight (1996) – reproduced in Figure 3-26. Otherwise, the ROVER parameters were as
per Anderson (2006, Table 5.3 – Järvelä).

Under the restorative scenario very large volumes of wood are proposed to be returned to the
stream. The description is of large diameter timber partially or fully spanning the channel and keyed
into the bed and bank for stability. It is envisaged that significant timber racks would form at
intervals along the channel and act as the local hydraulic control with backwater effects extending a
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significant distance upstream (100m – 1000m, depending on stream slope). Smaller timber would
accumulate against the larger key members and substantially increase the effective resistance.
A comprehensive review of the literature regarding the physical significance of LWM in streams was
completed by Gippel et al. (1992). With regard to the hydraulic significance of LWM, this review, and
the associated and subsequent experimental and field results (Gippel, 1995; Gippel et al., 1996a;
Gippel et al., 1992; Gippel et al., 1996b; Shields Jr and Gippel, 1995) , represents the seminal work in
the area. Here their work is summarized and expanded.
The quantity of large wood material in streams is most commonly quoted as a volume loading
(volume of wood per area of active channel in m3/ha or m3/m2) or as a debris density (number of
pieces per length of stream). Statistics compiled by Gippel et al. (1992, Figure 1.1) show that values of
the volume loading index generally lie between 10 and 1000 (0.001 and 0.1 m3/m2), and under natural
conditions lowland rivers may have a similar loading to headwater channels (there is no discernable
trend in the data). However, lowland rivers with undisturbed riparian vegetation, and an unchanged
upstream supply of LWM are rare, and the loads in most European, North American and Australian
streams have been decimated by substantial stream cleaning programs (e.g. (Kail, 2003) ). An
appreciation for the amount of in-channel wood that is associated with a given volume loading or
debris density can be gained by examination of the photographs in Figure 3-27 of various reaches of
the Edward River, NSW (Gippel, 1999).
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Figure 3-27. Photographs of typical debris densities at a range of cross‑sections located along a
54km section of the Edward River, NSW, Australia (after Gippel, 1999, Appendix A)
where: D = density of snags (number/100m); V = volume loading (m3/m2).
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The principal objective of most stream cleaning projects is to increase channel capacity by decreasing
channel flow resistance. The impact of these projects has been documented in many cases where
channel roughness has been measured before and after the removal of LWM. Indicative results from
a number of studies are compiled in Table 3-12 and show that the impact of LWM on Manning’s n
values to be highly variable. In around half of the cases cited, channel roughness is only marginally
reduced, while the remainder of cases seen reduced by a factor of 2 or more. These data clearly
demonstrate that the resistance of LWM can dominate stream roughness under some
circumstances.
Table 3-12.

Field measurements of LWM roughness (expanded after Gippel et al., 1992)

SOURCE

SITE AND TREATMENT

*Shields and
Nunnally (1984)
*Gregory et al. (1985)

De-snagged U.S. rivers and streams

*S.R.W.S.C. (1981)1
*Binnie and Partners
(1981)
*M.D.B.C.
(unpublished)2
*Kikkawa et al.
(1975)
*Taylor and Barclay
(1985)
(Shields et al., 2001)
(Gippel, 1999)

ROUGHNESS (MANNING’S N)
OBSTRUCTED
CLEARED
0.050-0.045
0.045-0.035

Clearance of debris dams in Highland Water,
Hampshire (low flow measures)
Clear and snag‑obstructed reaches of
Wannon River, Victoria.
Channel clearing, Ovens River, Victoria.

0.516

0.292

0.079

0.036

0.045

0.035

De-snagging of River Murray, Hume to
Yarrawonga (n computed by model)
Channelized reach of Gono River, Hiroshima
(n estimated)
De-snagged reach of Deep Fork River,
Oklahoma (n estimated)
Cleared and snag‑obstructed reaches of the
South Fork Obion River, Tennessee.
Clear and snag‑obstructed reaches of the
Edward River, Victoria.

0.037

0.033

0.040

0.035

0.150

0.040

0.053

0.043

0.130-0.056

0.060-0.050

* Sourced from Gippel et al. (1992)
1. S.R.W.S.C. State Rivers and Water Supply Commission
2. M.D.B.C.
Murray Darling Basin Commission

There is evidence that many Australian streams contained such high densities of large wood (refer to
Figure 3-27 in Section 3.6.2.8) and exhibited ‘extreme’ flow resistance as a consequence, Manning’s n
of 0.130 – 0.056 (see last entry in Table 3-12). In the Chehalis there is historical evidence of very large
debris jams both due to natural tree falls and the work of beavers.
The ROVER modeling defined wood loadings at the high end of volume loading (0.05 m3/m2) with
wood racks between 2m and 3m above the bed of the stream (depending on the current stream
depth; larger heights in the deeper lowland reaches). A range of wood loadings according to channel
size is shown in Table 3-13. Note that lower values were used to characterize fallen timber in riparian
zones and floodplain forests.
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Table 3-13.

Key ROVER parameters for large wood loading of channels.

CHANNEL TYPE

INDICATIVE
STREAM DEPTH (FT)

Creek
River Reach
Mainstem

6-8
11 – 17
33

ROVER PARAMETERS
DEPTH
DENSITY (M3/M2)
(FT)
3-5
0.03 – 0.05
4-6
0.03 – 0.05
6-8
0.03 – 0.05

Additional common Manning’s values for typical features in the natural landscape include:
 Channels: n = 0.03 – 0.04
Following Chow (1959) the smaller clear creek sections were assigned a roughness value of 0.04
while the moderate and large channels 0.03. This was cross-checked against other more recently
published roughness references. For example, Hicks’ and Mason (1991) report a Manning’s n of
around 0.04 for the Tahunatara River, a sand bed stream with thickly grassed banks. The Tahunatara
is a stream of similar channel size and slope as Bunker Creek.
 Roadways: n = 0.014
Chow gives a value of 0.013 for smooth asphalt and 0.016 for rough asphalt. For the roadways in the
Chehalis an intermediate value of 0.014 was used.
 Developed or built up areas: n = 0.06
The flow resistance of built up areas will vary widely and is difficult to accurately put a single number
to. Structures such as houses and sheds are bluff bodies that block flow lines and create turbulence
on their lee side. However, areas between building are often clear and provide smooth environments
for flow. Thus the orientation of structures to the flow direction and the percentage of the flow area
blocked are important determinants of the overall flow resistance in built up areas. However, for the
purpose of this study the proportion of the cross-sections occupied by development is relatively
small and hence did not justify detailed treatment. Thus, a simple roughness value of 0.06 was
assigned to developed areas which is the ‘normal’ roughness value recommended by Chow (1959)
for flood plains containing tree stumps with a heavy growth of sprouts (Table 3-9).

Anderson (2006) developed the ROVER model for estimating roughness based on a database of
more than 100 published studies of the flow resistance of vegetation. The publications comprised
both field and laboratory studies of plant species including: grasses; aquatic vegetation;
macrophytes (reeds and rushes); bushes/scrub; trees; and large wood material. The studies
discussed in Section 3.6.2 represent the key extracts from this database that are pertinent to
estimating roughness in reaches of the Chehalis Basin.
Synthesis of this literature revealed 11 vegetation characteristics that have a bearing on roughness
(see Anderson, 2006, Chapter 3 for a full description). Some of the key characteristics are
summarized below:
 The magnitude of the roughness coefficient depends principally on the density and stiffness
of the plant structures. A rule of thumb is that vegetation resistance becomes significant
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when the density of foliage and stems exceeds around 10% of the flow cross-sectional area
(e.g. Gippel, 1995).
 Stem flexibility is also important, and vegetation roughness may decline by more than 50% as
flow velocity increases and stems adopt more streamlined orientations (Fathi-Maghadam
and Kouwen, 1997) .
 As flow depth increases to submerge the plants, flow roughness declines rapidly with a layer
of unobstructed (and hence low resistance) flow developing above the vegetation canopy
(Gippel, 1995; Wu et al., 1999a). Therefore, in contrast to boundary friction which can be
defined with only small error by a constant value of Manning’s n, the roughness of
vegetation is sensitive both to flow depth and, for flexible plants, to velocity as well.
These vegetation characteristics were further reduced to a system of 3 property classes for the
purpose of constructing a new numerical model. The 3 classes were dubbed the ‘D3 framework’.

The key advance offered by ROVER is that the resistance of many plant species can be reproduced by
modifying the parameters of a common set of equations. The equations were derived to account for
the most important drivers of vegetation roughness, these were:
 Dimensions: physical size (height, width and breadth) and space filling (stem density).
 Dynamics: attenuation of roughness as fluid pressure causes postural change in flexible
stems/foliage.
 Distribution: the location of the plant with respect to cross‑section or reach geometry.
Dubbed the D3 framework, these three categories of plant properties provide the backbone to
ROVER. The numerical representation of vegetation roughness is then based on defining the
characteristics of individual plants, which revolves around dealing with the first two D’s (Dimension
and Dynamics). Dimension parameters define the initial shape of the Manning’s n versus flow depth
curves, also called plant scale roughness profiles (Figure 3-28). The roughness profiles may then be
modified by Dynamic correction coefficients designed to simulate plant flexibility. Then Distribution
(the third D), is central in upscaling from plant- to community-scale (Figure 3-28, arrow #1), and to
estimate the contribution of vegetation to cross-section roughness (Figure 3-28, arrow #2).
ROVER models are built in three stages: first, parameter values are defined that specialize the
generic equations for plant roughness profiles; second, algorithms are enacted that compute multispecies community curves from the constituent individual profiles; and third a stage-discharge curve
is calculated from the distribution of communities around a cross-section.
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..

Figure 3-28. Structure of the ROVER model: plant-scale roughness profiles are defined then
combined to provide a community profile. The distribution of plant communities
around the cross-section then allows for estimation of the stage-discharge
relationship.
The model curves were calibrated using characteristics for a wide range of different plant types
obtained from the literature (Anderson, 2006b). These calibrations showed that the model was able
to accurately reproduce the resistance of the following plant types: mature trees; grasses; aquatic
plants; flexible saplings (cedar, spruce and willow); and fallen timber (commonly called large woody
material).
ROVER differs from previous models in three important ways. First, the model is capable of
representing a wide range of plant types; from river red gum to spiny rush, from aquatic sedges to
thick swards of kikuyu grass. Second, every plant type is defined using the same four properties,
with different resistance characteristics set simply by changing parameter values. Third, the
resistance characteristics of multi layered communities, and those with patchy distributions around
the stream cross-section, can be estimated. The latter step is made possible because all the plants
are defined in the same way; effectively ROVER combines apples with apples. A full specification of
the mathematical formulation of ROVER is presented by Anderson (2006b).

To use ROVER to estimate the roughness characteristics at each surveyed cross‑section a set of
input data is required, and then a series of computational steps are implemented. An overview of the
computation process is as follows (Input = user; Compute = run ROVER routine):
1.

Input cross-section data (station and elevation) and define the channel and floodplain slopes.

2. Input parameter sets for each plant type, and define the lateral range(s) each occupies on
the cross-section. Also define bare-ground roughness values where applicable.
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3. Compute plant-scale roughness profiles.
4. Compute community roughness profiles for each lateral zone of the cross‑section that hosts
a homogeneous community of plants.
5. Compute the roughness surface within the cross-section and calculate the geometric
properties of the channel.
6. Compute separate roughness profiles for the main-channel and each floodplain using
Lotter’s formula for composite roughness.
7. Compute optimized roughness values for input to HEC RAS: assign a single roughness value
for the main-channel and each floodplain with a common multiplier that varies with
discharge.
A full description of the computational algorithms is provided by Anderson (2006, Chapter 4). ROVER
was implemented as a modular set of scripts in Matlab and uses the native facilities of this software
environment for data handling and output visualization.

Roughness estimates were required for a selected set of river reaches in the Chehalis basin. These
reaches were selected as having only a mild to moderate longitudinal gradient (less than 1%) and with
significant adjacent floodplains. The slope criteria are important as the influence of vegetative
roughness declines as channel slope increases (Anderson, 2006b). The presence of floodplains is vital
as the diffusion of flood hydrographs is strongly controlled by the volume of water that is
temporarily detained down the system.
Eight cross-sections were selected from the reaches that met the criteria (Table 3-14). The channel
size reported is based on visual inspection of the cross-sections provided with the bed slope
calculated with reference to upstream and downstream cross-sections in the HEC RAS model.
Floodplain width was similarly estimated and the sum of the width of the left and right floodplains is
reported here. The maximum floodplain width as can span the full valley bottom and is reported
below. This value includes the channel width. The 2-year flood discharge is based on rainfall-runoff
statistics computed at the upstream end of the stream reach (this is why cross-sections in the same
reach are attributed with the same 2-year return interval discharge).
Table 3-14.

River cross-sections selected for roughness estimation.
WIDTH

DEPTH

Bunker Creek – 5844

117.1

7.1

0.0038

1,588

2 YR
DISCHARGE
(CFS)
950

Bunker Creek – 16892

73.8

8.3

0.0053

1,291

950

Elk Creek – 18560

94.8

6.8

0.0018

1,505

2,010

Rock Creek – 6151

130.7

6.3

0.0074

891

1,380

South Fork Chehalis – 11977

219.6

13.2

0.0014

5,252

4,270

South Fork Chehalis – 91224

190.7

16.8

0.0023

1,596

4,270

South Fork Newaukum – 96855

213.1

11.4

0.0058

3,501

3,500

Chehalis Mainstem – 94.2

209.6

33.1

0.0025

2,257

19,500

REACH NAME – STATION
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These geometric and hydrologic statistics provide an indication of the scale of the streams proposed
for the RFP treatment. In fluvial terms they span the range from moderate to large streams. The first
four creek sections have similar widths and depths, but the steepest slope (Rock) is four times that
of the most gently sloping (Elk). The South Fork Chehalis and Newaukum are significantly deeper and
wider than the four creeks, but also display quite a range of bed slopes. Finally, the Chehalis
Mainstem is significantly deeper and carries a concomitantly larger 2-year flood discharge (4-5 times
that of either the South Fork Chehalis or South Fork Newaukum). The locations of these crosssections are shown in Figure 3-29. It should be noted that Rock Creek is no longer included in the RFP
treatment area and has been removed from final HEC RAS results. It is included in the ROVER analysis
for reference. Hydraulic modeling revealed Rock Creek to be too narrow and steep to provide
quantifiable flood protection benefit to the RFP approach.
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Figure 3-29. ROVER Cross-Section Locations.
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Estimates of roughness were required for two cases:
Existing Condition (EC): flow resistance of channels and their associated floodplains in the condition
that they exist in 2016.
Proposed Condition (PC): flow resistance following the addition of timber and vegetation as per the
RFP specification.
ROVER analyses were configured for both EC and PC cases leading to estimates of depth-varying
roughness for the channel and floodplains of each of the eight cross-sections. These roughness
specifications were used to configure the HEC RAS hydraulic modeling software and enabled
comparison of flood transmission under existing and proposed condition cases; providing a firstorder assessment of the efficacy of the RFP approach.

Channels in the Upper Chehalis have changed as a result of anthropogenic factors, land clearing and
timber removal, and also in response to environmental forces, flooding most particularly. The
geomorphology of the fluvial system is known to be dynamic, yet for this analysis it is assumed that
the cross-section geometry of the channels and floodplains remains static. Under the RFP a number
of geomorphic changes are actually likely. For example, the introduction of substantial volumes of
timber to channels likely to trap sediment and reverse incision (either fully or partially). Also, stream
channels may become more sinuous as roughness elements introduce a more heterogeneous flow
structure and channels are allowed to meander. Such changes are both associated with increased
net flow roughness that are not part of the roughness estimate provided for the Proposed
Condition.
Parameters for plants have been derived as far as possible using data for species know to the
Chehalis Basin in particular and the North-West of the United States more generally. However, it is
acknowledged that there is a relative paucity of vegetation roughness studies available that report
flow resistance versus flow depth and velocity. Thus, the roughness parameters for plants and plant
assemblages in ROVER are based on the calibration data sets that are available (Anderson, 2006b)
with physical parameters (size and density) chosen to match North American species.

Cross-section geometry files were prepared for each of the eight locations (Figure 3-29). The crosssections were selected from the HEC RAS model at places that were judged to be representative of
the reach, that is, exhibiting average channel size and floodplain dimensions. The core geometric
data was:
 Point No.: integer identifier for each row of data.
 Width: the distance (in feet) from the left edge of the valley, across the floodplain and
channel, to the right edge of the valley.
 Elevation: the height (in feet) of each point relative to the North American Vertical Datum of
1988 (NAVD_88).
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 Easting and Northing: the latitude and longitude coordinates of each point relative to the
North American (Geodetic) Datum of 1983 (NAD83).
Additional information was also provided for each point derived from the botanical analysis
(described earlier in Section 3.5). Using a combination of field observations and desktop analysis of
available GIS datasets each cross-section was divided into geomorphic zones and annotated with
existing vegetation conditions. The geomorphic classifications are listed below while vegetation
conditions are described in more detail in the following sections.
 Geomorphic zones:
 Valley Wall (left and right)
 Floodplain (left and right)
 Channel (top of the left to top of the right stream banks)
 Terrace
 Road
 Berm
The available survey detail is summarized in Table 3-15. This Table shows for each cross-section the
indicative ‘resolution’ of the data, being the average change in width and elevation (in feet). With the
exception of the Chehalis Mainstem, for which high resolution Lidar was available, the resolution is
relatively coarse. The rightmost three columns list the number of data points provided, starting with
the total number, then the subset of those delineating the floodplain and channel, and finally just
those for the channel. The number of points is sufficient for the purpose of first-order flood
modeling. However, for channels of this size, it is useful to have many points so as to be able to
better distinguish both in-channel features, such as side-attached benches or mid-channel bars which
may support specific vegetation, and also more accurately identify the top and toe of the banks.
While more data would be recommended for engineering design, the available resolution is entirely
fit-for-the-purpose of roughness estimation.
Table 3-15.

Number of survey points for each cross-section

REACH NAME – STATION
Bunker Creek – 5844
Bunker Creek – 16892
Elk Creek – 18560
Rock Creek - 6151
South Fork Chehalis – 11977
South Fork Chehalis - 91224
South Fork Newaukum – 96855
Chehalis Mainstem – 94.2
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RESOLUTION: AVERAGE
DISTANCE BETWEEN POINTS
ELEVATION
WIDTH (FT)
(FT)
18.7
1.7
17.8
1.6
31.6
3.0
13.0
2.2
65.7
7.1
44.6
3.8
12.1
1.1
5.8
0.4

NUMBER OF SURVEY POINTS
TOTAL
183
144
200
100
200
119
479
490

CHANNEL +
FLOODPLAIN
61
41
59
42
53
21
245
352

CHANNEL
ONLY
25
13
7
5
7
12
11
28
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In order to configure ROVER, the rich botanical data and descriptions available were translated into
numerical representations. The steps in this process comprised:
 Compiling community descriptions for EC and PC cases
 Decomposing communities into their primary constituent plant species
 Configuring ROVER parameters for each plant
 Configuring ROVER parameters for each community

The composition and distribution of plant communities for the Existing Condition of each reach was
constructed using a combination of field observations (photographs and physical measurements),
aerial photographic interpretation and values from previously published vegetation studies
(reported in Section 3.5).
The communities that this analysis identified are listed in Table 3-16. There are ten community types
listed with four sub-types of Forested Coniferous and three sub-types of Forested Deciduous; the
sub-types were defined according to age (e.g. young = less than 10 years), density (low, moderate,
high) and/or the presence or absence of understory species. The columns on the right indicate using
a ‘Y’ that the community type was present somewhere in the cross-section for that location. The
specific location (and coverage) of the vegetation community were provided in the cross-section file
by means of the annotation with each width and elevation point.

Forested Coniferous (FC)
- young, high density (Tree Farm)

Y

1 c)

Forested Coniferous (FC)
- moderate density, open understory

Y

1 d)

Forested Coniferous (FC)
- mature, high density

Y

2 a)

Forested Deciduous (FD)
- young, low density

Upper Chehalis River Watershed
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Y

SOUTH FORK CHEHALIS - 91224

ROCK CREEK - 6151

CHEHALIS MAINSTEM - 94

1 b)

SOUTH FORK NEWAUKUM - 96855

Forested Coniferous (FC)
- young, low density

SOUTH FORK CHEHALIS - 11977

1 a)

ELK CREEK - 18560

VEGETATION COMMUNITY

BUNKER CREEK - 16892

ID

Vegetation communities described for Existing Condition

BUNKER CREEK - 5844

Table 3-16.

Y

Y

Y

Y
Y

Y

Y
Y

Y

Y
Y
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2 c)
3
4
5

Forested Deciduous (FD)
- mature, high density

Y

Y

Y

Mixed Forest (MF)
- mixed conifer and deciduous

Y
Y

6

Agriculture hay (AH)

7

Agriculture pasture (AP)

8

Channel (CH)

9

Roadway (RD)

10

Developed (DV)
- residential, farm, barns, etc.

Y
Y

Y

Herbaceous (HE)
- grasses and low density shrubs

Y
Y

Y

Y

Y

Y

Y

Y

Y
Y

Y
Y
Y

Y

Y

Y

Y

Y

Y

Scrub-shrub (SS)
- typically Himalayan Blackberry

CHEHALIS MAINSTEM - 94

Y

SOUTH FORK NEWAUKUM - 96855

SOUTH FORK CHEHALIS - 91224

Y

SOUTH FORK CHEHALIS - 11977

ROCK CREEK - 6151

Forested Deciduous (FD)
- moderate density, open understory

ELK CREEK - 18560

2 b)

VEGETATION COMMUNITY

BUNKER CREEK - 16892

ID

BUNKER CREEK - 5844
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Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Analysis in the early sections of this report have reconstructed the vegetation communities likely to
have populated the Chehalis Basin prior to significant human modification. These details were used
as a foundation for configuring target vegetation communities for restoration and so defining the
Proposed Condition scenario for each reach.
For the various reaches of the Chehalis basin the Proposed Condition (PC) was defined by specifying
the nature of the plant communities that will be grown/located in five distinct fluvial zones. The
zones identified in the locations analyzed were:
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 Primary Channel – the main flow channel, typically defined from the toe of the left bank to
the toe of the right bank.
 Riparian Zone – stream bank from the edge of the active channel to the top-of-bank and
surface extending from top-of-bank 25-30 meters (82-98 ft) across the floodplain.
 Floodplain – sedimentary plain of low relief bordering a river channel.
 Floodplain Wetlands – wetland areas and intermittently flowing secondary channels
 Valley slopes – hill slopes adjacent to the geologic floodplain.
Table 3-17.

Vegetation communities described for the Proposed Condition

ZONE
Primary
Channel

Riparian
Zone

Floodplain

Floodplain
Wetlands

DESCRIPTION

COMMUNITY CONSTITUENTS

Very large volumes of large diameter timber
are proposed to be returned to the stream,
partially or fully spanning the channel and
keyed into the bed and bank for stability. It
is envisaged that significant timber racks
would form at intervals along the channel.
Smaller timber would accumulate against
the larger key members and substantially
increase the effective resistance.

●

The ground surface of the riparian zone
would be highly textured with fallen timber
causing both scour holes and depositional
zones. Immediately adjacent to the stream
macrophyte beds are envisaged giving way
to dense scrub-shrub further up the bank
and onto the verge of the floodplain. The
proximity of perennial water will support
dense mixed stands of coniferous and
deciduous species.

●
●

Floodplain were modelled as mature
coniferous forests. A light loading of fallen
timber was envisaged along with scrubshrub vegetation in the understory. Trunk
and crown densities were eased back from
the high values applied to the riparian zone
to more moderate values.

●
●

Floodplain wetlands amalgamate two of the
vegetation zones:

●
●

Floodplain water bodies – bodies of water
on the floodplain surface including: side
channels, ponds, marshes, beaver ponds,
oxbow lakes.

Upper Chehalis River Watershed
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●
●

●

●

Channel spanned by large wood
accumulations at regular intervals
Smaller debris decreases the overall porosity
of the accumulations
Fringing reeds/rushes on benches and bars;
aquatic vegetation may establish in slack
water zones (percentage cover between 5%
- 20% depending on stream size)

Light load of fallen timber
Dense scrub-shrub vegetation, particularly
on the banks of the river
Mixed forest of coniferous and deciduous
species

A light load of fallen timber
Scrub shrub saplings (60%) interspersed with
tall dormant grasses (40%)
Mixed forest of coniferous and deciduous
species

Dense beds of macrophytes (wetland plants)
Sparse deciduous trees and moderate
accumulation of fallen timber
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ZONE

DESCRIPTION

COMMUNITY CONSTITUENTS

Secondary channel – any channel on or in
the floodplain that carries water
(intermittently or perennially in time;
continuously or interrupted in space).
Valley slopes

For the purpose of the initial sensitivity
analysis the Hillslope regions were modelled
with an identical vegetation community as
for the floodplains.

●
●
●

A light load of fallen timber
Relatively open understory with some scrubshrub vegetation and herbaceous patches
Mixed forest of coniferous and deciduous
species

To illustrate the steps of the ROVER analysis this section provides some detail on the intermediate
steps using the cross-section at Bunker Creek 16892 as a case-study. A similar analysis of composite
vegetation profiles was run for all the reaches and varies on a site-specific basis.

The characteristics of individual plant species taken in isolation were defined for each of the plants or
cross-section features (e.g. roads) identified by the existing condition data or specified under the
RFP proposed conditions. Details for individual plant and feature characteristics were established
earlier (Section 3.6.2).
The individual plant species were combined into multi-layered communities. The roughness
characteristic – Manning’s n variation with depth – were computed by combining groundcover with
understory and overstory species. The vegetation roughness increments were added to the
roughness for either a bare channel or bare floodplain.
To illustrate both the plant and community roughness characteristics the ROVER Manning’s n
analysis outputs are shown for the five Proposed Condition communities at Bunker Creek. These
communities were constructed following the specification in Table 3-17.
NOTE: It is important to recognize that these roughness models aims to represent the densest
community roughness values and not the average roughness. This is because the highest density
stands will act as the hydraulic control either within the channel or on the floodplain. This distance
over which this control extends will depend on the particulars of the topography but for the mildly
sloping reaches here it will be of the order of 100’s – 1000’s of feet upstream.
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Figure 3-30. Main Channel community roughness profile for Bunker Creek under proposed
condition
The main channel at Bunker Creek for the proposed condition is composed of large wood
accumulations at regular intervals that span the creek. Smaller debris decrease the overall porosity
(increasing roughness) of the accumulations and fringing reeds and rushes near the toe of the
channel and on benches and bars act to increase the Manning’s n values at low depths.
A key point to note is that Tall Reeds were modelled as covering only 20% of the cross-section and
hence make only a partial contribution to the community roughness profile (dark black line). The
treatment of the percentage cover for groundcover species is described in detail by Anderson (2006,
Chapter 4).
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Figure 3-31. Riparian community roughness profile for Bunker Creek under proposed condition
The riparian zone at Bunker Creek is fully-featured with overstory, understory and a groundcover
comprising significant loads of fallen timber. The understory comprises dense scrub-shrub
vegetation, particularly on the banks of the river. The overstory comprises a mature mixed forest of
coniferous and deciduous tree species.
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Figure 3-32. Floodplain community roughness profile for Bunker Creek under proposed condition
The restored floodplain condition at Bunker Creek (Figure 3-32) will include as groundcover a
moderate load of fallen timber with green grass in patches, an understory of saplings and scrubshrub vegetation and an overstory of mature coniferous trees.
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Figure 3-33. Floodplain wetland community roughness profile for Bunker Creek under proposed
condition
Floodplain wetlands on Bunker Creek (Figure 3-33) are populated with dense macrophyte beds with
some fallen timber and an overstory of sparse deciduous trees. The wetland zone will in actuality
include secondary channels and be topographically complex regions. Resistance to flood flows
through these zones is thus very high due to both the presence of dense vegetation as well as high
background surface roughness.
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Figure 3-34. Valley slope community roughness profile for Bunker Creek under proposed
condition
The valley slopes at Bunker Creek include a light load of fallen timber as well. There is a relatively
open understory with some scrub-shrub vegetation and herbaceous patches along with a mixed
forest of coniferous and deciduous species. The valley slopes have less of an impact on the HEC RAS
analysis, as discharges are rarely high enough to activate such portions of a cross section.

Plant communities and roughness features were distributed in zones across the cross-section, giving
a complete 2D roughness ‘surface’. The output of this step is shown for both the existing condition
(Figure 3-35) and restorative condition (Figure 3-36). These ‘heat maps’ indicate lower Manning’s n
values as yellow and high resistance areas with a deeper red (see legend at the right of the Figures).
The text at the top of each Figure lists the name of each community / roughness feature that was
identified in the cross-section files with the arrows indicating the lateral extent it covers. There is a
clear correspondence between the extent of the community and the roughness heat map.
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Figure 3-35. Bunker Creek: Existing Condition Roughness

Figure 3-36. Bunker Creek: Proposed Condition Roughness
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ROVER aggregates the distributed roughness surfaces (heat maps) to estimate the roughness
characteristic of each floodplain and the channel (Figure 3-37). The aggregation procedure relies on
the specification of the location of the left and right bank to define the channel (blue lines in the
lower plot showing the cross-section). Two Manning’s n versus flow depth are plotted for each flow
zone (top row of plots) representing the Existing Conditions (dashed blue line) and Proposed
Conditions (solid black line).
Discussion of the values shown for Bunker Creek 16892 is provided later in this report – see Section
3.6.7.2.

Figure 3-37. Estimated EC and PC roughness characteristics for Bunker Creek 16892
This is the main output required from the ROVER roughness estimation process.

HEC RAS provides a means to specify a roughness variation but only as a function of discharge. A
routine was written to find the optimum fit between a HEC RAS roughness specification and the
ROVER roughness profiles. The optimization function had to operate over the roughness curves for
both floodplains and the channel as a single discharge factor is applied to all three.
A comparison of the ROVER roughness profiles and the HEC RAS equivalent is shown below for the
Proposed Condition curves at Bunker Creek. The transformation preserves the bulk roughness values
but attenuates some of the peak values and in general smooths the roughness versus discharge
relationship. Overall this is considered a beneficial change as is discussed next.
Upper Chehalis River Watershed
September 26, 2016

137

PRELIMINARY SCIENTIFIC ASSESSMENT OF A RESTORATIVE FLOOD PROTECTION APPROACH FOR THE UPPER CHEHALIS RIVER WATERSHED

The ROVER Manning’s n analysis can produce very rapid changes in roughness at some crosssections. These are computational artefacts of the aggregation from a roughness surface (Manning’s
n heat map) into a Manning’s n versus depth curve. In reality such rapid changes in roughness are
not expected. In many cases the process that calculated the HEC RAS input data smoothed out the
larger fluctuations, alternately they were manually smoothed as part of the input data quality
assurance. This was important to avoid numerical instability in the hydraulic calculations.

Figure 3-38. ROVER to HEC RAS roughness profiles (sample for Proposed Conditions)
The input data specification for HEC RAS comprises the following data for the Proposed Condition
(Table 3-18). Note that the base Manning’s n values are higher than the absolute values plotted due
to the fact that discharge factor has been normalized to a maximum multiplier of 1.
Table 3-18.

Bunker Creek: Proposed Condition HEC RAS roughness specification
BASE
MANNING’S N

BUNKER CREEK - 16892
Left Floodplain

0.214

Main Channel

0.139

Right Floodplain

0.222

Upper Chehalis River Watershed
September 26, 2016

DISCHARGE FACTOR
FLOW (CFS)
FACTOR
48
0.960
191
1.000
667
0.540
953
0.689
1624
0.718
1907
0.695
2401
0.690
2507
0.692
3991
0.733
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The ROVER roughness analysis for the eight cross-sections is presented herein. The output has been
grouped into reaches, so two sets of results are shown for South Fork Chehalis and Bunker Creek.

The ROVER roughness analysis for the two cross-sections of the South Fork Chehalis are shown
below. Results for Station 91224 are in Figure 3-39 and Station 11977 in Figure 3-40.

Figure 3-39. Estimated EC and PC roughness characteristics for South Fork Chehalis 91224.
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Figure 3-40. Estimated EC and PC roughness characteristics for South Fork Chehalis 11977.
The existing condition manning’s values for the South Fork Chehalis were estimated to be 0.07 and
0.05 for the left and right floodplains respectively and a channel value of 0.05. Note that the
roughness values for water depths above elevation 300 feet were neglected as flows of this depth
are not likely. For the proposed condition values of manning’s n were estimated by ROVER to be just
in excess of 0.2. The channel, shows significant variation with depth to have a peak manning’s n of
0.14. The same cross-section was utilized with the proposed vegetation and engineered structures
present. The flow roughness factors are included the proposed conditions analysis to better capture
the variations in roughness with discharge in the RFP hydraulic modeling analysis in HEC RAS.

Two similar cross-sections were analyzed along Bunker Creek at station 5844 and 16892. The
distributed roughness was resolved into roughness curves for flows within the channel and overbank
(floodplain) flows for each of the existing condition and proposed condition cases. The existing
conditions Bunker Creek ROVER analysis produced average values of 0.07 and 0.04 for the floodplain
and channel respectively for both cross sections, as they had extremely similar existing vegetation.
Figure 3-41 and Figure 3-42 presents the cross-section representative of the Bunker Creek modeled
reach. Similarly, roughness increase due to vegetation are shown in the plots of the floodplain
roughness. An average value for the floodplain and an average value for the channel is used for the
existing condition manning’s n throughout the reach.
The proposed conditions for Bunker Creek estimate roughness values to increase to 0.20 and 0.14 for
the floodplain and channel respectively. The flow roughness factors for the proposed conditions at
Bunker Creek ranged from 0.74 to 1.36.
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Figure 3-41. Estimated EC and PC roughness characteristics for Bunker Creek Station 5844.

Figure 3-42. Estimated EC and PC roughness characteristics for Bunker Creek Station 16892.
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The ROVER results for the upper part of Elk Creek are shown in Figure 3-43. The National Landcover
dataset (Homer et al., 2015) indicated that this sections of Elk Creek has significant areas of in-tact
vegetation on the floodplain. Furthermore, log jams are visible in the channel in recent aerial
photographs. The existing condition analysis modelled these vegetation elements and consequently
the variation between the EC and PC conditions for this Station on the reach is relatively small. It is
noteworthy that the lower portion of Elk Creek have been subject to clearing and modification. This
portion of Elk Creek is comparable to Bunker Creek and roughness values for the EC case for lower
Elk Creek were adopted from the Bunker Creek EC analysis.

Figure 3-43. Estimated EC and PC roughness characteristics for Elk Creek Station 18560.
The proposed condition manning’s values were determined to be 0.21 and 0.14 for the floodplain and
channel respectively. The flow roughness factors ranged from 0.8 to 1.27 as varies with discharge.
This was the largest calculated manning’s n value for a floodplain and is believed to be achievable in
the restored condition of Elk Creek based on proposed dense vegetation and very sinuous nature of
Elk Creek.

Rock Creek is no longer part of the RFP treatment area, but a ROVER cross-section and vegetation
analysis was performed along the reach for reference. The reach exceeds maximum slope
requirements for the RFP. The existing conditions manning’s n were 0.08 and 0.05. The proposed
conditions manning’s n for this reach are no longer applicable and not included in any future HEC

Upper Chehalis River Watershed
September 26, 2016

142

PRELIMINARY SCIENTIFIC ASSESSMENT OF A RESTORATIVE FLOOD PROTECTION APPROACH FOR THE UPPER CHEHALIS RIVER WATERSHED

RAS modeling, but were estimated by ROVER to be 0.21 and 0.18 for the floodplains and 0.12 for the
channel. The associated flow roughness factors ranged from 0.82 to 1.29.

Figure 3-44. Estimated EC and PC roughness characteristics for Rock Creek Station 6151.

The South Fork of the Newuakum was analyzed to the west of Onalaska as shown on Figure 3-29.
The values analyzed at the South Fork of the Newaukum were also applied to the North Fork of the
Newaukum in the hydraulic modeling. The Newaukum River (mainstem, North, Middle and South
Forks) are all impacted to a lesser extent than the reaches of the South Fork Chehalis or Bunker
Creek. The existing condition manning’s n values were taken to be 0.08 and 0.05 for the floodplain
and channel for the North and South Forks. The Middle Fork and mainstem were not modified as
part of the RFP.
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Figure 3-45. Estimated EC and PC roughness characteristics for South Fork of the Newaukum
Station 96855.
The proposed condition manning’s n for the South Fork Newaukum was determined to be 0.20 and
0.12 for the floodplains/channel. This was associated with a range of flow roughness factors from
0.85 to 1.13.

The mainstem of the Chehalis River is the largest reach (based on discharge) analyzed by ROVER. The
existing conditions for the mainstem of the Chehalis were estimated to be 0.08 and 0.06 for the
floodplain and 0.045 for the channel. These values are in line with the existing manning’s n values
present in current hydraulic modeling efforts.
The proposed conditions for the mainstem of the Chehalis River were lower than most of the output
from the other smaller reaches. A value of 0.18 and 0.08 were predicted for the proposed conditions
floodplain/channel respectively along the mainstem. The flow roughness factors had less variability,
only ranging from 0.85 to 1.00.
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Figure 3-46. Estimated EC and PC roughness characteristics for Mainstem of the Chehalis River
Station 94.

The ROVER analysis produced Manning’s n versus flow depth curves for each of the cross-sections
based on the modelled vegetation community characteristics and distribution. In some cases, there
is very little variation of roughness with increasing depth, in other cases the ROVER models suggest a
strong variation.
One clear result is that the roughness values for the Existing Conditions are very much lower than
the roughness values for the RFP Proposed Conditions in almost all cases. The upper reaches of Elk
Creek are an exception to this as the relatively undisturbed vegetation communities existing
currently along this portion of the creek.
Note that the ‘Floodplain Wetland’ zones in particular will be highly complex hydraulic environments.
This initial modeling captures the fact that they will be very high roughness regions (as per Section
3.6.2.7: Wetland Plants). However, it is noted that a more detailed modeling treatment (2D hydraulic
modeling coupled with detailed design) is warranted.
A summary of the roughness values produced by the ROVER analysis are shown in Table 3-19.
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Table 3-19.

Summary of Manning’s n values estimated by ROVER.
BASELINE (EXISTING)

RFP (ROUGHENED)

FLOODPLAIN

CHANNEL

FLOODPLAIN

CHANNEL

South Fork Chehalis

0.07

0.05

0.20

0.14

Newaukum

0.08

0.05

0.20

0.14

Bunker Creek

0.07

0.04

0.20

0.14

Elk Creek

0.14

0.05/0.10

0.21

0.14

Mainstem Chehalis*

0.08

0.05

0.18

0.14

Existing roughness values for the channels and floodplains of the Chehalis Basin are at the low end,
although some floodplains which have remnant forests do display higher roughness. The RFP cases
reintroduce a fully featured floristic communities in the riparian zone and floodplains plus add very
large volumes of timber to the channel. Roughness values are significantly higher as a result. The
roughness values assigned to the reaches are in line with the ranges of roughness recommended by
Chow and supported by other reported values in the literature.

Sensitivity Analysis of an Upper Watershed Stream
The preceding roughness analysis (Section 3.6) focused on mildly sloping reaches with wide
floodplains. There are other, smaller upland reaches in the basin that also have mild stream slopes
(less than 1% gradient) and some floodplains. A rapid analysis method was employed to determine
whether such basins were likely to be sensitive to roughness conditions. The Upper Chehalis Basin
(described later in section 3.8.5.7) was selected for this purpose with the objective of understanding
whether such small catchments should be considered for RFP treatment.

A numerical approach for quantifying the impact of vegetation roughness on the characteristics of
floods at catchment-scale was developed by Anderson (2006). The analysis of an entire channel
network was made possible by building a detailed understanding of roughness characteristics at
small scales (‘plant scale’), and then distilling the principal hydraulic impacts at progressively larger
scales via a range of specialized numerical simulation models.
Floods are driven by rainfall events, controlled by the delivery of water from hillslopes and the
transmission of flow through the channel network. By assuming these processes are independent
and linear, an output hydrograph (the catchment response) can be obtained by convolving excess
rainfall input with unit hydrographs (UH) representing the hillslope and the network responses
(Figure 3-47 as per (Naden, 1992).
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Figure 3-47. Schematic representation of the semi-distributed unit hydrograph method of
computing catchment response. Section a) shows that catchment response
(discharge vs time) is driven by rainfall and shaped by the hillslope and network
response unit hydrographs. Section b) shows how the network unit hydrograph is
computed as the convolution of the channel width function with a routing function.
(after Naden, 1992, Figure 1).
The key factor that distinguishes Naden's (1992) scheme from alternate UH approaches is that it
employs a more detailed representation of flow routing through the channel network. The routing
component of Naden's (1992) model is depicted in Figure 3-47. Calculations employ the network
width function as a proxy for the spatial structure of the channel network with flow dynamics
encapsulated in a UH-type response function. The latter is derived by solving the advection-diffusion
equations for open-channel flow continuity and momentum. A wave governed by the advectivediffusion model (Equ. 4, Sturm, 2001) moves downstream with speed, or celerity, c (m/s), and has a
shape that flattens out over time (and distance) based on the hydraulic diffusivity parameter, D
(m2/s).
The other parameters listed are: unit stream discharge, q (m2/sec); time, t (sec); distance down the
channel, x (m).

(Equ. 4)
A detailed sensitivity study was undertaken to quantify the relationship between vegetation
roughness and the network routing parameters: celerity and diffusivity. The results demonstrated
that the relationship is complex, mediated by factors including both channel (size, shape and slope)
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and hydrograph (size and shape) properties. A multi-dimensional interpolation was developed to
predict the celerity and diffusivity of a reach based on the density of riparian vegetation and the
channel and hydrograph properties. The author developed custom software in the Matlab
mathematical modeling environment to implement the flood routing model and to complete the
required pre- and post-processing of results.

The catchment-scale flood routing model requires the following inputs:
 width-function to describe the distribution of river reaches in the catchment;
 link celerity and diffusion coefficients to assemble the network routing function;
 rainfall input; and
 hillslope response function.
The first input defines the hydraulic response characteristics of the catchment and may be derived
via analysis of the catchment DEM. Anderson (2006, Chapter 7) developed a method to enable
celerity and a diffusion coefficient to be assigned to each link in the channel network. The third and
fourth inputs define the rainfall event magnitude and hillslope hydrologic response, which can be
estimated based on design rainfall intensity statistics for the region and a standard distribution
function respectively.

Riparian vegetation condition is a primary driver of hydrograph celerity and diffusivity. Two cases on
the condition spectrum were examined: a degraded case having little intact riparian cover and a
restoration scenario with dense vegetation and in-stream wood (Table 3-20). The hydraulic response
of the Upper Chehalis Catchment for each of these cases were represented by different celeritydiffusion characteristics and a catchment-scale simulation run to produce a discharge hydrograph at
the outlet of the Upper Chehalis Catchment. Analysis of differences between these hydrographs
indicates whether roughening the river network and floodplains is a primary or secondary
determinant of catchment flood response.
Table 3-20.
CONDITION

Vegetation conditions with indicative plant distribution.
IN-STREAM

STREAM BANKS

FLOOD PLAIN

Degraded

Sand bed, fringing
macrophytes, minimal woody
debris, sparse canopy.

Sparse trees with short
groundcover and no
understory.

Short, pasture grass, no
bushes or trees.

Restored

Fringing macrophytes, high
LWM load, dense canopy
cover.

Full assemblage including
groundcover, understory
plants and dense trees.

Open forest: moderate tree
density with some bushes
and groundcover.

The river network of the Upper Chehalis drains 56 sq. mi. having a stream length of 21.4 miles. The
average stream slope is 0.009 ft/ft which meets one criterion for a catchment that may be sensitive
to roughness conditions.
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A map of the Upper Chehalis Catchment is shown in Figure 3-49. The analysis covers the upper
reaches of the Chehalis basin, upstream from Pe Ell. This portion of the watershed is characterized
by steeper channels and was subjected to large amounts of rainfall during the recent storms of
record.
The network of the stream channel analyzed was limited to 2nd order tributaries as shown in Figure
3-48. This enables a ‘network width function’ to be prepared (right hand figure) which is a key input
into this simplified flood routing approach. The width function is simply the number of stream
reaches present at each increment of distance upstream from the catchment outlet.

Figure 3-48. Upper Chehalis Network & Width Function.

Two rainfall inputs were specified for this study aiming to represent firstly a small frequent flood (~2
year return interval) and a large, rare flood (~100 year return interval). The USGS Stream Stats
method indicated peak discharges at the outlet of 4,600 cfs and 10,900 cfs for the small and large
floods respectively. The excess rainfall required to produce such hydrographs at the outlet using this
modeling technique under the ‘degraded’ roughness scenario were 47 mm over 6 hours for the small
flood and 155 mm over 10 hours for the large flood.
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Figure 3-49. Map of the Upper Chehalis Basin highlighting stream reaches and numbering scheme
used to delineate individual reaches for sensitivity analysis.
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Four experimental conditions were tested through the catchment modeling; the two main
parameters varied were roughness and the size of the flood. Table 3-21 shows the catchment model
parameters derived from the detailed reach-scale response study reported by Anderson (2006,
Chapter 6). These parameters were found using a lookup table approach based on estimated
channel dimensions (top width and bankfull depth) and an average floodplain width.
The top two rows in Table 3-21 shows the key routing parameters for a small flood. Note that the
high roughness case has a much lower celerity (6.0 down from 8.8 ft/sec) but that the rate of
diffusion is also lower. A similar trend is found for the parameters of the large flood, although both
the velocity and diffusion values are somewhat higher. These concur with other published studies
such as Perry et al. (2016) who also demonstrate the effect that changes in roughness have on flood
propagation.
The aim of this analysis is to determine whether the reduction in flow velocity, acting over the
distances of this stream network, causes either a significant reduction in peak flood flows or delays
their arrival – which could help to de-synchronize floodwaters downstream.
Table 3-21.

Preliminary Catchment Model Runs.

SMALL FLOOD
Celerity (ft/s)
2

Diffusion (ft /s)
LARGE FLOOD
Celerity (ft/s)
2

Diffusion (ft /s)

LOW ROUGHNESS

HIGH ROUGHNESS

8.8

6.0

32,300

540

LOW ROUGHNESS

HIGH ROUGHNESS

11.5

7.5

57,400

7,500

There were higher speeds and higher rates of diffusion associated with the larger flood. The higher
roughness had a larger impact on reducing the flood diffusion for the smaller flood than the larger
flood. This is in concurrence with established scientific papers (Perry, et all, 2016) showing that
changes in roughness to terrain with steeper reliefs have a larger impact on smaller floods.

The results of the catchment routing investigation are shown by the two sets of hydrographs shown
in Figure 3-50. The upper plot shows the results for the small flood and the lower for the large flood.
There is a perceptible difference in the timing of the hydrographs and some difference in the
magnitude of the peak, particularly for the smaller flood. To inspect this more closely the peak
magnitude and timing were extracted and listed in Table 3-21. The numerical results show that
smaller floods in the Upper Chehalis Basin are somewhat sensitive to roughness with both a peak
attenuation of 4.5% and a 48 minute delay in the arrival time of the peak. However, for very large
floods the peak attenuation and delay are very much more marginal.
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Table 3-21.

Results for flood peak level and arrival time.

SMALL FLOOD

LOW ROUGHNESS

HIGH ROUGHNESS

Difference

Peak discharge (cfs)

4,640

4,430

4.5% lower

Arrival time (hours)

9.5

10.3

48 minute delay

LARGE FLOOD

LOW ROUGHNESS

HIGH ROUGHNESS

Difference

Peak discharge (cfs)

10,860

10,770

0.8% lower

Arrival time (hours)

12.1

12.4

18 minute delay

Figure 3-50. Catchment Analysis – Sensitivity to Changes in Roughness.

This first-order catchment analysis of the Upper Chehalis River watershed shows that if stream
channels were currently all highly degraded then an investment in reintroducing vegetation and
wood to the streams would result in some attenuation of smaller flood peaks and a delay in their
arrival. However, really large floods would only be marginally delayed and the peak flows. Given the
existing conditions across these catchments lie somewhere between the degraded and restored
scenarios the potential for increased channel and floodplain roughness to yield flood benefits is
considered to be quite low. Indeed, there are relatively few small catchments such as these with mild
stream slopes in the Chehalis Basin, most of the tributary network is steep and is without significant
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floodplains. Thus, on the basis of this first-order analysis the restorative intervention targeted the
midland and lowland stream reaches.
While the results show that the hydrograph at the outlet is relatively insensitive to channel
roughness they also suggest that hillslope response is the dominant driver of hydrologic response.
This investigation demonstrates the need to understand in more detail the drivers of hillslope
response as this is what shapes the volume and timing of floodwaters that reach the lower parts of
the Chehalis stream network. A more detailed hydrological modeling investigation covering the
entire basin is recommended.
Thus, two key conclusions were drawn from this analysis:
1.

The hydrologic response – defined as the magnitude and timing of flood hydrographs - of
small upland catchments in the Chehalis Basin may be sensitive to hillslope conditions but is
not strongly influenced by even very large changes in roughness.

2. Restorative investment is best targeted in the midland and lowland streams with large
floodplain areas and where human intervention has significantly reduced roughness.

Hydraulic Modeling
The goal of the Restorative Flood Protection (RFP) hydraulic modeling effort is to quantitatively
demonstrate that the RFP approach can reduce flooding in the cities of Chehalis and Centralia and
lessen the adverse impacts of floods on residents in the Chehalis Basin Watershed. Through
restorative actions, the flood wave propagation throughout the treatment area will be attenuated
and diffused. By doing so, the peak stages and discharges at downstream locations are reduced and
impacts lessened. The hydraulic modeling effort has demonstrated that, if implemented, the RFP will
provide habitat benefits, enhanced ecosystem functionality, and downstream flood protection.

The Restorative Flood Protection (RFP) approach is a flood management strategy that will reduce
flood peaks downstream of the Newaukum River and Chehalis River confluence. As one of the
alternatives included in the Chehalis Basin Flood Protection Preliminary Environment Impact
Statement, the validity of the flood reduction benefits was quantified using the Hydrologic
Engineering Center – River Analysis System (HEC RAS) modeling program. HEC RAS is a computer
modeling program that calculates the hydraulics of water flow through rivers and channels. The
program was developed and is updated by the United States Army Corps of Engineers and is used to
manage riverine public works projects. HEC RAS is available in multiple versions. Early versions of the
program were exclusively one-dimensional. The latest HEC RAS version has introduced a twodimensional component.
The proposed RFP treatment area is composed of eleven discrete reaches covering 140 miles of river
in the upper Chehalis Basin watershed. The goal of the RFP approach is to reduce flood stage in the
cities of Chehalis and Centralia. By adding roughness elements to the channel and floodplain the
model simulates the effect of the flood wave interacting with the restored landscape. The resulting
inundation areas and heights can then be compared to current conditions. The results indicate a
reduction of 0.4 feet along Airport Levee Way in Chehalis (Chehalis River Mile 71.49) for the 100-year
flood event. Reductions in stage in the Chehalis/Centralia area vary with specific location and flood
event.
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The hydraulic principle of the RFP approach is the establishment of temporary flood storage
throughout the natural watershed by adding vegetation and large wood to increase channel and
floodplain roughness. Hydraulic roughness is a measure of frictional resistance that water
experiences as it is routed through a channel and over the floodplain. Manning’s n-value is a
roughness coefficient determined empirically and is used extensively to predict flow velocities and
overall discharge. A higher manning’s n-value is representative of higher roughness throughout a
river system. The amount of roughness in a river system is directly related to the channel sediments,
the presence of boulders and large wood material, thalweg sinuosity and pool spacing, floodplain
vegetation, and hydrologic connectivity as discussed in previous sections.
Hydraulic modeling of the RFP approach utilized an existing HEC RAS computer model now being
used by FEMA and the Flood Authority, initially produced for the U.S. Army Corps of Engineers by a
consultant team comprised of Watershed Science & Engineering (WSE), WEST Consultants, and
Anchor QEA LLC. This HEC RAS model runs from approximately river mile (RM) 108 upstream of
Chehalis and Centralia, down to the mouth of the Chehalis River at Aberdeen and Grays Harbor. It is
also the same model currently under development by WSE to analyze the impacts of other
alternatives (local scale projects, flood retention facility, etc.) in the Chehalis Basin. Due to the
concurrent timing of all analyses, the version of the model NSD is working with is from early 2016.
WSE has stated that only minor revisions have been made since this time. This model is referred to as
the Flood Authority model, or FA model.
The existing Flood Authority model uses synthetic hydrographs that reflect discharges into the
Chehalis Basin. These hydrographs have been extensively calibrated (by WSE) based on current gage
data throughout the watershed and measured water surface elevations during large flood events in
recent years; specifically, the 1996, 2007, and 2009 flood events. Full documentation of the
calibration methods utilized by WSE is discussed in the hydraulic memorandum, “Chehalis Basin
Strategy: Reducing Flood Damage and Enhancing Aquatic Species – Development and Calibration of
Hydraulic Model”, July 2014. These synthetic hydrographs represent only one possible combination
of inflows for a particular atmospheric river event. Natural Systems Design (NSD) did not perform
additional calibration based on gage data throughout the basin. The matching of stage and discharge
at specific locations of overlap between the FA and NSD models is described in detail in Section
3.8.5.5.
The RFP treatment area would be comprised of regions upstream of the Flood Authority (FA) model
in addition to some reaches within the FA model. In order to quantify the effects of the RFP
approach on the synthetic hydrographs used in the FA HEC RAS model, additional HEC RAS models
were created by NSD for five upstream reaches. The HEC RAS models developed by NSD cover 63
miles of river length (cumulatively) in the South Fork of the Chehalis River, the Newaukum River,
Bunker Creek, and Elk Creek. The Newaukum River model includes the North and South Forks. The
Figure 3-51 shows the extents of the FA model and the integration of the separate NSD model
reaches.
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Figure 3-51. Flood Authority and NSD HEC RAS Model Extents
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Two conditions were evaluated to quantify the hydraulic effects of the restorative approach:
1.

Baseline (or existing) Condition

2. Restored channel, riparian, and floodplain condition, or the Roughened Condition
The NSD existing condition models were calibrated to closely match the FA model inflow
hydrographs and predicted water surfaces elevations to ensure continuity between the FA and NSD
models and the overlapping locations.
Changes in the NSD model outflow hydrographs due to the restorative approach were then input
into the FA model. The NSD outflow hydrographs from the RFP became the FA model inflow
hydrographs at the locations identified in Figure 3-51. Additionally, the roughness values (manning’s
n-values) assigned to areas within the restorative approach treatment area in the FA model (reaches
upstream of the confluence of the Chehalis and Newaukum rivers) were increased to reflect the
roughened condition. A basin-wide increase to roughness attenuates flood events; detaining more
water for longer periods of time on floodplains and in the channel network, reducing and delaying
the peak discharge of a storm event. This increases the elevation of the water surface, or stage
within the treatment area. Because water is stored and slowed in the upstream floodplain, the peak
stage is reduced downstream of the treatment area. Increasing roughness throughout the upper
portions of the watershed and to the tributary inflow hydrographs affects the overall storage
capacity of the basin, helping to mitigate the effects of flooding downstream along the I-5 corridor.
Simulated flows downstream of the treatment area predict the flood stage benefits to the
Chehalis/Centralia area and larger Chehalis watershed.

The restorative models utilized the time series of discharge values at different locations for a given
flood recurrence interval. These synthetic hydrographs (provided as a DSS file along with the FA
model) formed the basis of the inflows to the FA model and NSD models. The NSD models matched
the peak stage and discharge values for the existing conditions at the connection cross-sections in
both the FA model and NSD models. The same inflow hydrographs were applied to both the
roughened condition models, reflecting the RFP approach. Potential climate change scenarios are
not considered. Differing atmospheric river storm distributions were also not analyzed.

The United States Geological Society (USGS) estimates peak discharges based on regional regression
equations. These peak discharge values differed significantly from those estimated by and used in
the FA model, which was calibrated based on gage data where available. To our knowledge there has
not been an investigation explaining the difference other than the USGS approach is approximate.
The FA model utilized basin area to estimate peak discharges where gage data was not available,
scaling the synthetic hydrographs with multipliers. The methodology used for the NSD hydraulic
modeling was the same as that established by FA model to maintain continuity between the two
modeling efforts. The USGS StreamSTATS data provided site-specific basin areas as defined by the
NSD model extents and this was used to scale the NSD model reach hydrographs.

The synthetic hydrographs from the FA model were proportionally scaled based on basin area and
used as inflow hydrographs within the NSD models. Each tributary was assigned a relative basin area
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multiplier to relate expected basin discharges with other basins where USGS gages and flow data are
available. Specific model inflows are presented in Section 3.8.5.3, as relates to each model location.
At the overlapping cross-sections, or connection points, the peak stage and discharge between the
NSD outflow hydrographs and the FA model inflow hydrographs was adjusted to closely match.

The restoration of riparian vegetation and large wood to channels and floodplains was hydraulically
modeled as a change in roughness based on the ROVER analysis. The roughness value outputs from
the ROVER analysis were input directly as manning’s n values in the hydraulic models. These
roughness values were varied across the valley bottom, representing left and right floodplains and
the channel. The variances in roughness come from different vegetation and the inherent variation
between channel and floodplain roughness values. Roughness values will not only change across the
cross-section and also with discharge; there is a horizontal and vertical component to roughness. To
account for the change in roughness with vegetation height (or water depth), the flow roughness
factors in HEC RAS were used. Flow roughness factors are defined by a modification multiplier
assigned to the roughness at different discharges through a cross section. The flow roughness
factors were specific to each modeled reach.

The existing and restored channel conditions are described in-detail in previous sections. The
methods and costs for this channel and floodplain restoration are described in the following chapter
(PART 4 ). Section 3.4 goes into greater detail, describing the way in which the river and creek were
categorized into planning-level reaches in the basin into different geomorphic classes (valley
confined, incised with narrow floodplain, etc.), using available topographic data, such as LiDAR to
establish geomorphic characteristics such as bankfull width, floodplain width and channel slope for
each class of river reach. Section 3.5 describes the distribution of vegetation (riparian and floodplain)
based on a field observations and available spatial datasets such as land-use land-cover data and
aerial imagery.

Section 3.6 describes how the ROVER roughness values for the channel and floodplain were
determined for the existing conditions model and calibrated to reflect current hydraulic conditions.
The manning’s n values created by ROVER for the existing condition matched those values used in
the FA Model. These values ranged from n = 0.04 and 0.05 for the channel to n = 0.07 and 0.08 for
the floodplain (with the exception of the Newaukum River and Elk Creek).
Roughness values for the proposed RFP (or roughened condition) were higher than existing values
due to the proposed treatment actions. These manning’s n values ranged from n = 0.14 for the
channel to n = 0.18 to 0.21 for the floodplain. The quantitative values of roughness were developed
from conceptual descriptions of fully mature Pacific Northwest floodplain forests with dense
thickets of riparian vegetation flanking the river channels (see Section 3.6). The channels were
modeled as timber-filled channels with collections of fallen logs that span the channel and obstruct a
significant portion of the available flow area, similar to large historical log jams (see Section 3.6). The
RFP roughness values utilized represent the high range of what is considered feasible to engineer
within the channel and floodplain. The high range was chosen to evaluate the maximum area of
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impact and flood attenuation effect of the RFP as part of the PEIS. A sensitivity analysis on the effect
of roughness on flood attenuation is described in Section 3.8.5.7.

The roughness values computed from the existing conditions ROVER analysis predicted almost
identical roughness values as those used in the FA HEC RAS model. This is in line with the literature
and available engineering reference documents that have studied typical manning’s n values for
systems of this nature.
The proposed or roughened condition typically had roughness values approximately two to three
times those of the existing condition and were based on the site-specific output from ROVER.

The hydraulic analysis performed by NSD included some key assumptions and is based on the best
available data. Due to the large spatial and rural distribution of the modeling, the available
information varied in quantity and quality.

All NSD models were run in HEC RAS 5.0, the most recent version of HEC RAS. Conversely, the FA
modeling was done in HEC RAS 4.1 (the previous version). The FA model was also setup in a onedimensional capacity. Even though HEC RAS 5.0 does have two-dimensional capabilities, a onedimensional analysis was selected to reduce computation time and maintain continuity between the
two modeling approaches. A two-dimensional modeling approach would be appropriate to further
determine the exact local effects of the RFP in future design.

The NSD HEC RAS models use a composite LiDAR for the channel and floodplain topography. The
composite LiDAR for the NSD model area was available in 3-foot by 3-foot grid cells. Bridge and
culvert crossing effects were captured by changes in topography in conjunction with the cross
section location and orientation. Specific bridge and culvert elevation or opening data was not
available in most cases and not utilized. Due to the large scale of the project area, bathymetry data
was not available and the channel bottom within NSD model reaches is represented with available
LiDAR This commonly results in a slightly (1-2ft) higher channel bottom elevation due to the inability
of LiDAR to penetrate water. The actually difference between LiDAR channel elevations and
bathymetry will vary depending streamflow at the time of LiDAR acquisition and geomorphic
channel type (i.e. riffle or pool). The hydraulic effect of utilizing LiDAR in channel regions is to
overestimate (predict higher) water surface elevations for a given discharge. This effect is more
pronounced during low flows and diminishes during large magnitude floods when the floodplain
region conveys the majority of flood flows. Incorporation of channel bathymetry is anticipated to
occur during future analysis, as available.

The Flood Authority (FA) HEC RAS model Covers approximately 44 river miles within the RFP
treatment area and an additional 210 miles downstream of the treatment area, to the Pacific Ocean.
The FA model incorporates bridge crossing, culvert specifics, and storage areas, and is based on
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bathymetric data and utilizes a terrain file that is 12-foot by 12-foot grid cells. Maps of all the NSD and
FA modeled areas for each of the flood events are presented in Appendix E.

NSD has developed HEC RAS models covering 63 miles of river length (cumulatively) in the South
Fork of the Chehalis River, the Newaukum River, Bunker Creek, and Elk Creek. The Newaukum River
model includes the North and South Forks. The same model creation methodology was maintained
for all models. To initiate the HEC RAS models, all geometry was first created in GIS using HEC-Geo
RAS. HEC-Geo RAS is an interface developed to allow geometry creation in GIS that can then be
imported and modeled in HEC RAS.
The identification of priority modeled reaches was based primarily based on channel slope. Reaches
with a slope > 0.5 percent were excluded from this effort due to results from similar studies
indicating the effects of roughness being diminished in higher slope reaches (Anderson, 2006).

Cross-Section and Reach Characteristics
Cross-Section Spacing
The average spacing between cross sections is approximately 500- to 1000-ft. Additional cross
section are interpolated where necessary to increase run stability. The cross sections are placed
along the reach to capture the full hydraulic conveyance of the channel and floodplain and to
accurately reflect the open channel flow conditions along the reach. The spacing between cross
sections decreases near bridge crossings and appropriate expansion and contraction coefficients are
applied in order to model the topographic effects of abutments and road fill. The cross sections are
placed to fully capture the terrain changes throughout the reach.
Bank Stations
The bank stations have been defined in GIS based on channel mapping from LiDAR and aerial images.
Within the HEC RAS models, the exact bank station locations are adjusted and refined based upon
the specific topography of the cross section.
Reach Length
The reach lengths of the models vary. All stream and overbank centerlines have been defined in GIS
based on channel mapping from LiDAR. The downstream extent of the NSD model reaches was
determined by the extent of the FA model. Reaches that were already modeled in the FA model were
excluded from the NSD modeling effort. The upstream extent of the NSD model reaches ended at
locations where the stream increased in steepness, beyond an average 0.5% slope.
Table 3-22.

NSD Model Reach Average Cross-Section Spacing and Length.
REACH

AVERAGE CROSS-SECTION SPACING (FEET)

MODEL LENGTH (MILES)

1,115

14.5

North and South Fork Newaukum

812

31.7

Bunker Creek

419

9.0

Elk Creek

268

7.3

South Fork Chehalis

Total

62.5*

* Rounded to 63 miles
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Contraction and Expansion Coefficients
The contraction and expansion loss coefficients remain at default values throughout the model. At
road crossings/bridges the contraction and expansion loss coefficients are increased to 0.3 and 0.5
respectively. These coefficients account for additional turbulence the flow experiences as it is
constrained under a road crossing/bridge.
Ineffective Areas and Levees
Ineffective flow areas and levees are utilized in NSD model extents. Ineffective flow areas are
representative of areas that are inundated but do not convey water. Throughout the models, roads
typically act (and are identified) as levees. The ineffective flow areas and levees vary based on cross
section and different flow scenarios require different geometries because of this. The main focus is
to identify major ineffective flow areas and levee features and to maintain continuity of ineffective
flow area and levee activation along the reach. These tools were used to represent features where
appropriate. The RAS-Mapper depth file was used to confirm accurate identification from the crosssection settings to an aerial view of the inundated areas.
Storage areas
Storage areas were not utilized in NSD extents. In review of model output, there is the option to
develop new storage areas and to remove existing infrastructure (such as roads) that may act as
levees or other structures that facilitate the movement of water downstream. These potential
landscape modifications were not implemented at this level of design. Instead, the increased
roughness values for the proposed conditions represent the entirety of changes that would be made
to attenuate and re-distribute flows throughout the basin treatment area.

Roughness: Baseline Model and RFP Model
Three roughness values are assigned across a typical cross section representing the left floodplain,
channel, and right floodplain. The baseline (or existing) condition is modeled with typical manning’s
n roughness values between 0.07 to 0.08 for left/right floodplain and 0.04 to 0.05 for the main
channel. These values are based on the ROVER analysis and are equivalent to the existing values in
the FA model.
The RFP (or roughened/proposed) condition includes manning’s n values as determined by the
ROVER analysis for a restored floodplain/channel. These values range from 0.18 to 0.21 for the
floodplain and 0.14 for the channel. Restored riparian and floodplain forest condition has a large
increase in n, representing an upper bound or maximum amount of roughness that could be
reasonably achieved. The RFP approach would require engineered structures as well as additional
vegetation along the reach, to generate the roughness as defined by ROVER. A full list of the reachspecific manning’s n values for both the existing and roughened condition NSD model runs is shown
below.
Table 3-23.

Manning’s n Values.
BASELINE (EXISTING)

RFP (ROUGHENED)

FLOODPLAIN

CHANNEL

FLOODPLAIN

CHANNEL

South Fork Chehalis

0.07

0.05

0.20

0.14

Newaukum

0.08

0.05

0.20

0.14

Bunker Creek

0.07

0.04

0.20

0.14
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BASELINE (EXISTING)

RFP (ROUGHENED)

FLOODPLAIN

CHANNEL

FLOODPLAIN

CHANNEL

Elk Creek

0.14

0.05/0.10

0.21

0.14

Mainstem Chehalis*

0.08

0.05

0.18

0.14

* Geometry in the FA Model

For the NSD RFP modeling, the last one to four cross-sections in all models typically transitioned back
to the existing conditions roughness to maintain model continuity and help to calibrate stage values.
The flow roughness factor Table is also used in the restored scenario to reflect the changes in
roughness that are concurrent with changes in discharge and stage, as varying by stage (vertical
variations). Flow roughness factors are defined by the plan file in HEC RAS and are applied to the
entire cross-section. In addition to the higher manning’s n values in the RFP, the flow roughness
factors shown in Table 3-24 were added to the roughened condition only (as determined by ROVER).
No flow roughness factors were used in the existing conditions.
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Table 3-24.

Flow Roughness Factors.

SOUTH FORK CHEHALIS
DISCHARGE
(CFS)
0
214
855
2,991
4,273
6,357
8,052
9,888
14,973
19,988

FLOW
ROUGHNESS
FACTOR
0.91
1.47
1.19
0.93
0.89
0.85
0.83
0.95
1.04
1.08
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NORTH & SOUTH FORK
NEWAUKUM
FLOW
DISCHARGE
ROUGHNESS
(CFS)
FACTOR
0
1
175
1.06
699
0.94
2,447
0.85
3,496
1
4,979
0.99
5,650
0.99
7,416
1.02
9,641
1.09
10,983
1.13

BUNKER CREEK
DISCHARGE
(CFS)
0
48
191
667
953
1,624
1,907
2,401
2,507
3,991

FLOW
ROUGHNESS
FACTOR
0.85
1.31
1.36
0.74
0.94
0.98
0.95
0.94
0.94
1

ELK CREEK
DISCHARGE
(CFS)
0
101
403
1,409
2,013
3,779
4,591
6,922
9,994
15,009

FLOW
ROUGHNESS
FACTOR
0.88
1.27
1.16
0.8
0.85
1.06
1.02
1
1.03
1.17

MAINSTEM
CHEHALIS
FLOW
DISCHARGE
ROUGHNES
(CFS)
S FACTOR
0
1
975
0.95
3,899
0.9
13,646
0.85
19,494
0.88
30,088
0.9
35,385
0.95
39,906
0.95
44,885
1
100,00
1
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Unsteady Flow Input
The same unsteady flow hydrographs are applied to both the baseline and roughened condition
models for each of the model locations and each storm event analyzed.
Upstream boundary condition: The inflow hydrograph at the upstream boundary cross section for
each of the models was based on the FA model synthetic hydrographs. The inflows are adjusted as a
function of drainage area. This approach matches the FA model approach. In all models, there is a
main flow hydrograph representative of the main channel. Larger tributaries are represented by
lateral inflow hydrographs where they enter the reach. A distributed uniform lateral inflow is also
applied along each reach to represent smaller tributaries and account for surface runoff. The uniform
hydrograph was the main tool used for calibration of stage and discharge of the outflow.
Downstream boundary condition: The downstream stage and flow levels were calibrated to closely
match FA model values and the downstream boundary condition was set to normal depth. The
normal depth at the last cross-section was set to the slope of the energy grade line at the
corresponding cross section in the FA model.

NSD developed four individual HEC RAS models outside of the extents of the FA model. They cover
reaches of the South Fork of the Chehalis, the South and North Forks of the Newaukum, Elk Creek,
and Bunker Creek. Rock Creek was previously included in the study area but has since been removed
from the RFP analysis. Rock Creek is too steep and confined to quantitatively attenuate flood
discharge or actively contribute to any reductions in peak flood stage. Site-specific characteristics
and hydrologic inputs are detailed for each model in the following sections. For each model location,
five different storm events were run. This included the 2-, 10-, 20-, 100-, and 500-year discharges for
both the existing and RFP models.
An index for each model location is shown in Figure 3-52.
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Figure 3-52. General index for NSD Model sub-basin locations.
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South Fork of the Chehalis River: Station 5.8 to 20.3
The South Fork Chehalis HEC RAS model runs from the uppermost cross section in the existing Flood
Authority model at station 5.8, south an additional 14.5 miles to station 20.3 (Figure 3-53). At that
point, the valley bottom begins to narrow and the river steepens in grade.

Figure 3-53. South Fork Chehalis Model Extents Note that the six cross-sections that were
interpolated within HEC RAS area not shown.
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The same inflow hydrograph from the Chehalis River near Doty that is used in the Flood Authority
model for the South Fork is applied to the NSD South Fork model (USGS Gage 12020000_NR Doty).
Table 3-25 provides the peak discharges associated with each flood event in the South Fork. The
basin area upstream of model extents is 27.4 sq. mi.. The reference hydrograph corresponds to a
drainage area of 113 sq. mi. on the Chehalis River at Doty. The relationship between these two areas
is 0.24; and that multiplier is applied to the synthetic hydrograph at the uppermost cross section in
the model. Along the full reach of the model, a uniform lateral inflow hydrograph is applied, allowing
to distribute the inflow uniformly along the river reach to represent smaller tributaries and surface
runoff entering the South Fork. Stillman Creek enters towards the downstream end of the model and
is represented with a lateral inflow.
Table 3-25.

South Fork Chehalis Basin Metrics, Stage, and Discharge.
DRAINAGE
AREA
(SQ. MI.)

MULTIPLIER

Q2 (CFS)

Q10
(CFS)

Q20
(CFS)

Q100
(CFS)

Q500
(CFS)

Chehalis River near Doty
(Reference)

113

1

9,938

18,760

23,014

34,800

50,088

Upstream Inflow

27.4

0.24

2,385

4,502

5,523

8,352

12,021

Uniform Lateral Inflow

N/A

Varies

2,634

5,440

6,099

9,222

12,272

Peak Outflow (Baseline)

48.7

0.43

4,273

8,067

9,896

14,964

21,538

Peak Outflow (RFP)

48.7

N/A

3,523

7,766

9,364

13,200

18,868

RM 5.84 Stage (ft)

N/A

N/A

255.8

257.9

258.6

260.3

262.0

Normal Depth Slope

N/A

N/A

0.0039

0.0036

0.0035

0.0014

0.0029

The Flood Authority model and the NSD model converged at NSD cross section 5548.338 and Flood
Authority cross section 5.84, shown in orange in Figure 3-53. The peak discharge (and stage) of the
existing, or baseline, condition NSD model was calibrated to match the Flood Authority flows at this
location for each flood. The stage and normal depth values are based on the peak Flood Authority
values at the matched cross section. For example, that stage at cross section 5548.338 (NSD) is equal
to that at cross section 5.84 (FA) to elevation 260.3 feet for the 100-year discharge.
Wildwood Road runs along a majority of the reach, dividing flows. Ideally, a two-dimensional model
would be a preferable way to represent the complex flow over this section. To approximate the
section in a one-dimensional capacity, permanent ineffective areas were used in the baseline model
to better represent the lower-flow scenarios over the floodplain.

Newaukum River - North Fork: Station 0 to 11.1 & South Fork: Station 0 to 20.6
The Newaukum River HEC RAS model runs upstream from the confluence of the north and south
forks approximately 11.1 and 20.6 miles respectively. In total, 31.7 river miles were included in the
Newaukum Model (Figure 3-54). The Newaukum river basin is currently one of the least disturbed
sub-basins of the Chehalis River Basin.
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Figure 3-54. North and South Fork Newaukum Model Extents Note that the four cross-sections
interpolated within HEC RAS area not shown.
A junction in the model joined the North and South Fork reaches. Approximately 300 feet of the
mainstem Newaukum is in the NSD model to overlap with the uppermost cross-section from the FA
model at river mile (RM) 10.63. This cross-section is shown in orange in Figure 3-54. Downstream of
RM 10.63 on the Newaukum is not included in the RFP treatment area because it is adjacent to
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Interstate 5. RFP treatment actions attenuate peak discharge but also increase stage and additional
flooding of I-5 is not desirable.
The North Fork of the Newaukum has two main tributaries represented with lateral inflow
hydrographs; Lucas Creek and the Middle Fork of the Newaukum River. The South Fork of the
Newaukum has only one lateral inflow to represent Kearney Creek. All inflows (with the exception of
the uniform lateral inflows) in the Newaukum are scaled from the Newaukum River USGS Gage
12025000_NR Chehalis. The uniform lateral inflows are based on the Skookumchuck River/Bucoda
Local USGS gage. Within the existing conditions model, discharges between the North and South
Forks for each flood event were calibrated to maintain the equivalent contributions for each reach;
52% of the discharge is from the North Fork and 48% is from the South Fork at the confluence.
Specific multipliers based on drainage area and the corresponding discharges for each reach are
shown in Table 3-26. The area upstream of the North Fork reach is 27.9 sq. mi. This is 0.18 of the
synthetic hydrograph that is associated with a drainage area of 155 sq. mi.. The area upstream of the
South Fork is 24.4 sq. mi., and has an associated 0.16 multiplier. The normal depth slopes and stages
are from RM 10.63 on the Newaukum River in the Flood Authority model and are used as the
boundary condition and for calibration. For example, during the 100-year flood, the peak stage and
discharge in both the NSD and FA models during the baseline run is 271.6 feet and14,015 cfs
respectively. The impacts of the RFP reduce that peak discharge to 12,279 (100-yr).
Table 3-26.

North and South Fork Newaukum Basin Metrics, Stage, and Discharge
DRAINAGE
AREA
(SQ. MI.)

MULTIPLIER

Q2
(CFS)

Q10
(CFS)

Q20
(CFS)

Q100
(CFS)

Q500
(CFS)

Upstream Inflow

27.9

0.18

1,184

1,686

1,919

2,523

3,274

Lucas Creek

16.6

0.11

724

1,030

1,173

1,542

2,001

Middle Fork
Newaukum

18.2

0.12

789

1,124

1,280

1,682

2,182

Uniform Lateral Inflow

N/A

Varies

1,116

1,437

1,909

2,094

2,730

Upstream Inflow

24.4

0.16

3,026

4,309

4,905

6,447

8,366

Kearney Creek

9.68

0.06

395

562

640

840

1,091

Uniform Lateral Inflow

N/A

Varies

2,155

3,011

3,330

4,363

5,861

Peak Outflow
(Baseline)

156

1.00

6,578

9,368

10,663

14,015

18,187

Peak Outflow (RFP)

156

N/A

6,041

7,818

8,830

12,279

16,496

RM 10.63 Stage (ft)

N/A

N/A

269.3

270.2

270.6

271.6

273.3

RM 10.63 EG Slope

N/A

N/A

0.0037

0.0044

0.0045

0.0045

0.0027

North Fork Inputs

South Fork Inputs

The South Fork of the Newaukum River had a larger capability to attenuate flows than the North
Fork because it has a wider alluvial valley bottom for a longer portion of the reach and is subject to
more overbank flows. There is also a longer reach of flatter channel slope available for restoration.
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Bunker Creek: Station 0 to 9.0
Bunker Creek is northwest of Adna in the Chehalis Basin and joins the mainstem Chehalis just
downstream of the confluence of the South Fork and mainstem Chehalis. Bunker Creek is the
smallest of the modeled drainage basins (Figure 3-55).

Figure 3-55. Bunker Creek Model Extents.
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Bunker Creek discharges into the mainstem Chehalis at a location in the FA model that is represented
by a storage area. Bunker Creek accounts for 58% of the inflow to Storage Area 85 in the FA Model.
Deep Creek also flows into Storage Area 85 but is not included in the Bunker Creek HEC RAS model.
Bunker Creek has only one tributary within this reach, Prairie Creek. As in the other models, there is a
uniform lateral inflow applied throughout the full reach of Bunker Creek. All of the inflows are scaled
from synthetic hydrographs developed from the Skookumchuck River / Bucoda Local USGS Gage.
The area upstream of the Bunker Creek model is 6.83 sq. mi.. This basin area is 0.14 of the full
Skookumchuck River/Bucoda drainage (49.9 sq. mi.) and the synthetic hydrograph at the inflow is
scaled appropriately. The full range of flood discharges is provided in Table 3-27.
Table 3-27.

Bunker Creek Basin Metrics, Stage, and Discharge.
DRAINAGE
AREA
(SQ. MI.)

MULTIPLIER

Q2
(CFS)

Q10
(CFS)

Q20
(CFS)

Q100
(CFS)

Q500
(CFS)

49.9

1

1924

3,422

4,061

5,818

8,028

34

0.68

1308

2,327

2,770

3,956

5,459

Upstream Inflow

6.83

0.14

269

479

569

814

1,124

Prairie Creek

2.95

0.06

115

205

244

348

482

Uniform Lateral Inflow

N/A

Varies

510

907

1,056

1,559

2,087

Peak Outflow
(Baseline)

20.6

N/A

759

1,349

1,606

2,294

3,166

Peak Outflow (RFP)

20.6

N/A

725

1,223

1,426

2,106

2,887

Storage Area 85 Stage
(ft)

N/A

N/A

203.3*

206.5*

208.0

210.6

210.7

Normal Depth Slope

N/A

N/A

0.0040

0.0039

0.0020

N/A

N/A

Skookumchuck River
Bucoda Local
(Reference)
Lateral Inflow at SA 85
(Reference)

* Stage not matched

At the higher discharge events, the Bunker Creek model is back-watered by Storage Area 85 and the
energy gradeline slope becomes essentially zero. At these discharges, the stage can be matched to
the peak Storage Area stage. For instance, during the 100-year flood, the peak stage of Storage Area
85 is equal to the peak stage of the lowest NSD cross section at an elevation of 210.6 feet. However,
at lower discharges where Bunker Creek is still flowing into Storage Area 85 (and not back-watered),
there was no available stage data to match. To avoid the backwater effect on peak discharge, all
discharge calibration was done approximately a half mile upstream from the storage area (NSD
cross-section 7798.75). This is the upper cross-section shown in orange in Figure 3-55. The lower
orange cross-section (NSD cross-section 5199.83) overlaps with the extents of Storage Area 85, as
can also be seen in Figure 3-55.
Throughout the lower portion of the model, Bunker Creek Road affects the modeling. In some cases,
the road acts as an ineffective area; in others, it is not overtopped and acts as a levee. This area is
similar to Wildwood Road in the South Fork Chehalis and should receive further attention regarding
divided flows and ineffective area settings.
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Elk Creek: Station 0 to 7.3
Elk Creek is a medium sized tributary to the mainstem Chehalis River. Elk Creek drains to the east and
the confluence of Elk Creek and the mainstem Chehalis occurs at Doty. The upper portion of Elk
Creek had observed existing log jams and dense riparian vegetation and therefore had one of the
higher existing conditions manning’s n values. Elk Creek is represented as a lateral inflow in the FA
Model at cross-section 100.16 on the mainstem Chehalis. The Elk Creek HEC RAS model as prepared
by NSD runs from FA model cross-section 100.16 upstream for 7.3 miles (Figure 3-56).

Figure 3-56. Elk Creek Model Extents Note that cross-sections interpolated within HEC RAS area
not shown.
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The upstream inflow to Elk Creek was based on the FA Model inflow representing Elk Creek,
identified as the USGS Gage 120120000_NR Doty + 0.41 Ratio for Elk Creek. Within the NSD Elk Creek
model, there are three smaller tributaries represented as lateral inflows for Eight Creek, Nine Creek
and Deer Creek. Additionally, there is the uniform lateral inflow running the length of Elk Creek.
The area upstream of Elk Creek is 29.78 sq. mi.. In comparison to the drainage area of 113 sq. mi. for
the reference synthetic hydrograph, this gives a ratio of 0.26.
Table 3-28.

Elk Creek Basin Metrics, Stage, and Discharge.
DRAINAGE
AREA
(SQ. MI.)

MULTIPLIER

Q2
(CFS)

Q10
(CFS)

Q20
(CFS)

Q100
(CFS)

Q500
(CFS)

113

1

4,075

7,692

9,436

14,268

20,536

29.78
6.77
5.18
3.89
N/A
58.45
58.45
N/A

0.26
0.06
0.05
0.034
Varies
0.51
N/A
N/A

1,060
244
204
139
652
2,078
2,078
0.0015

2,000
462
385
262
1,308
3,923
3,594
0.0011

2,453
566
472
321
1,510
4,812
1,426
0.0010

3,710
856
713
485
2,283
7,276
6,450
0.0022

5,339
1,232
1,027
698
3,286
10,473
9,607
0.0010

Chehalis + 0.41 Elk Ratio
(Reference)
Upstream Inflow
Eight Creek
Nine Creek
Deer Creek
Uniform Lateral Inflow
Peak Outflow (Baseline)
Peak Outflow (RFP)
RS 100.16 EG Slope

Including the mainstem Chehalis as a lateral inflow to the model created instabilities due to the large
imbalance of discharges between Elk Creek and the Chehalis. Therefore, the Elk Creek model ends
just before reaching the mainstem Chehalis. Because of this, no matching for the stage can be
achieved and only discharge could be calibrated based on the peak discharge of the lateral inflow in
the FA model that is representative of Elk Creek. This is detailed in the “Outflow (Baseline)” row in
Table 3-28. The locations of the two cross-sections used for calibration are shown in Figure 3-56 and
are shown in orange.
There is an inline structure in the model that reflects the natural weir approximately 1.0 miles
upstream from the confluence with the mainstem Chehalis. It is approximately 15 feet high (Figure
3-57) (as shown from LiDAR; exact structure measurements were unknown). It is represented in the
model as a single channel-spanning vertical drop weir/embankment.
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Figure 3-57. Inline structure in Elk Creek.
This is the only structure present within the NSD modeling extents. Like all of the NSD modeling
reaches, no additional infrastructure or road crossing/bridge deck elevation information was used.
The upper portion (upper 6 miles) of Elk Creek is better suited to attenuate floods because the creek
becomes incised for the last mile, downstream of the weir. Downstream of the falls near RM 2, the
channel is deeply entrenched below the valley bottom surface (now terrace) as Elk Creek has cut
down in response to entrenchment and lowering of base level in the mainstem Chehalis River near
Doty. Upstream of the falls, the channel is less entrenched. The valley is generally unconfined, except
for two of areas of geologic confinement: one near Elk Creek RM 2 (bedrock falls upstream of Deer
Creek) and another short confined segment near Elk Creek RM 3 (confluence with Seven Creek). The
Elk Creek watershed is primarily utilized for commercial forest lands with a patchwork of numerous
timber harvests in recent decades. Residential and agricultural land use is generally limited to the
lower 2 miles. Parts of Elk Creek have relatively intact riparian zones, compared to many other subbasins in the area.

Unmodeled Reaches
There are four reaches that are included in the RFP treatment area that have not had HEC RAS
models developed. In order to accurately represent the effects of the RFP approach downstream in
Chehalis and Centralia due to the roughening of these reaches, the inflows of these reaches in the FA
model were modified. To quantify how the hydrographs of the unmodeled basins should be
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changed, the basin characteristics were determined for all of the Upper Chehalis smaller watersheds.
The metrics used to “match” the unmodeled reaches to modeled reaches included discharge,
contributing basin area, river slope, valley bottom width, incision and spatial proximity.
The four unmodeled reaches were Lake Creek, Deep Creek, the upper portions of Stearns Creek
(including Ripple Creek), and Stillman Creek. In total, this represents 33 miles of reach length as part
of the RFP approach. The majority of these reaches matched with Bunker Creek because the
Newaukum and South Fork Chehalis are larger river systems with bigger discharges (> 14,000 cubic
feet per second for the 100-year flood) and valley bottoms. Bunker Creek has a 100-year flood of
2,300 cfs. Elk Creek is the next smallest at 7,300 cfs. All four unmodeled reaches have 100-year floods
less than 5,500 cfs, averaging 3,200 cfs. Furthermore, the lower portions of Elk Creek are incised,
with flows rarely getting overbank, making it unique from the other reaches.
A comparable length is important in order to justify a comparable reduction in discharge. Available
reach length was identified as the portion of the reach flatter than 0.5 percent. The matching model
and available length of treatment is shown in Table 3-29. The Bunker Creek model had a treatment
length of 9.0 miles. Both Lake Creek and Stearns have more available mileage than Bunker Creek,
meaning that the potential reduction in the peak discharge is conservatively lower than could be
expected. Deep Creek has slightly less available treatment length, however additional treatment
actions could be implemented to achieve a comparable percent reduction in the peak discharge,
such as increasing channel sinuosity and effective length.
Stillman Creek was adjusted in the RFP approach based on results from the South Fork Chehalis. The
close proximity to (and tributary of) the South Fork of the Chehalis, contributed to the match
between the two reaches. Representing the RFP approach in this manner resulting in a reduction in
peak flows from the watershed of 11 %, or 615 cfs for the 100-year flood (5,468 cfs baseline, 4,853 cfs
RFP). Slope was determined to be an important factor in the ability of a reach to attenuate flood
discharge. However, based on slope alone, Stillman Creek has a relatively short available treatment
length of 2.8 miles, compared with the 14.5 miles of treatment length available in the South Fork of
the Chehalis. 2.8 miles upstream from the Stillman/South Fork confluence, Stillman Creek steepens
from <0.2% slope to >0.6%.
Based upon relevant research and modeling performed in steep sub-reaches, the approach utilized
to represent the RFP effects above RM2.8 could over represent flood reduction benefits of the RFP
approach. Adjusting the treatment length to just the lower 2.8miles results in a reduction of 2%, or
120 cfs for the 100-year flood (5,468 cfs baseline, 5,348 cfs RFP) would modify the peak discharge on
a percentage-reduction-per-mile basis. Due to the small difference between the different approaches
and the relative small proportion of discharge to total discharge within the mainstream Chehalis
River, the effects of the RFP approach were represented using an approach similar to other
unmodeled basins for the PEIS. During future phases, Stillman Creek needs to be explicitly modeled
to more accurately represent the effects of the RFP within the watershed.
Table 3-29.

Unmodeled Reach Characteristics.

NO HEC RAS MODEL

MODELED MATCH

AVAILABLE TREATMENT
LENGTH (MILES)

VALLEY BOTTOM AREA
(ACRES)

Lake Creek

Bunker Creek

12.3

1,110

Deep Creek

Bunker Creek

6.4

376

Stearns Creek

Bunker Creek

11.4

765

Stillman Creek

South Fork Chehalis

2.8

417
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NO HEC RAS MODEL

MODELED MATCH
Total

AVAILABLE TREATMENT
LENGTH (MILES)

VALLEY BOTTOM AREA
(ACRES)

32.9

2,668

For purposes of quantifying inundation area impacts in the treatment area, the full valley bottom
area of the unmodeled reaches has (conservatively) been considered to be the treatment area. This
is an upper-bound on the estimated area of impact, translating to an upper-bound estimate of
construction costs as well.
The output hydrographs of the matched reach was scaled based on discharge. Each flood event was
attenuated to a different degree. For the 2-year flood event, Bunker Creek reduced peak discharges
by 4%. For the 100-year flood event, peak discharges were reduced by 8.1 percent. The same
reductions were applied to the Lake Creek hydrograph for each corresponding flood event.
Equivalent shifts of the hydrograph based on the RFP approach effects at Bunker Creek were applied
to Lake Creek.
An example of how this was applied to Lake Creek (gray/black), based on the Bunker Creek (blues)
modeling result, is shown for the 100-yr hydrograph (Figure 3-58). Lake Creek is approximately 1.4
times as large (in terms of peak discharge) as Bunker Creek.

Figure 3-58. Comparative RFP Approach Effects on Unmodeled reaches: Lake Creek and Bunker
Creek, 100-year Flood.
Both Deep Creek and Stearns were shifted and diffused in this same way because they matched with
Bunker Creek as well.
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Deep Creek is approximately 0.6 times the size of Bunker Creek. Deep Creek (blue) and Bunker Creek
(black) together comprise approximately 94% of the inflow to a storage area (Storage Area #85,
green) in the FA model. These two reaches are represented by one inflow hydrograph in the FA
model. The remaining 6% of the inflow is not modified. Below is the hydrograph showing this
relationship (Figure 3-59).

Figure 3-59. Comparative RFP Approach Effects on Unmodeled Reaches: Deep Creek and Bunker
Creek, as a portion of Storage Area #85 Inflow, 100-year Flood
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The tributaries to Stearns Creek (upper Stearns Creek and Ripple Creek) also matched with Bunker
Creek and is 1.3 times as large as Bunker Creek. The relative shift of the cumulative hydrograph of
Stearns is shown in Figure 3-60.

Figure 3-60. Comparative RFP Approach Effects on Unmodeled Reaches: Stearns Creek and Bunker
Creek, 100-year Flood.
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Stillman Creek (black/gray) matched with the South Fork Chehalis, giving the following hydrograph.
The South Fork Chehalis (blue/light blue) model showed a reduction of 11.2% of the peak discharge
during the 100-year flood due to restorative actions (Figure 3-61). Stillman is approximately one third
the size of the South Fork Chehalis in terms of peak discharge.

Figure 3-61. Comparative RFP Approach Effects on Unmodeled Reaches: Stillman Creek and South
Fork Chehalis, 100-year Flood
In total, seven inflows to the FA model were modified due to the RFP roughening effects,
representative of nine reaches; Elk Creek, Newaukum River (North and South Forks), South Fork
Chehalis, Stillman Creek, Lake Creek, Stearns Creek and Storage Area 85 inflow (Bunker Creek and
Deep Creek).

The NSD modeling results from the RFP measures show an ability to attenuate peak flood discharges
in the treatment area, thereby reducing flood stages downstream. The degree to which the
measures reduce flooding and discharge vary and are site-specific. In total, an average reduction of
approximately 11% in peak discharge was seen in the models for events greater than the 10-year
flood.

Peak Discharge
Five different discharges were run for all the models. The 2-, 10-, 20-, 100-, and 500-year flood events.
The floods were attenuated and reduced in varying site-specific ways. RFP effects are highly
dependent on the overbank flow interaction with the channel and local infrastructure features, such
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as roads running adjacent to the reach. The peak discharge through the cross section furthest
downstream was determined as the metric against which the RFP roughening would be measured.
A full summary of the existing peak discharges at the most downstream cross section, in comparison
to the RFP peak discharges, is presented in Table 3-30.
The change in the peak of the hydrograph is important as it correlates to a reduction in the peak
downstream stages. A summary of all percent reductions of peak discharge identifies the North and
South Forks of the Newaukum and the South Fork of the Chehalis as having the greatest capacity to
attenuate discharge. This is because both rivers have larger floodplains and the additional
roughening elements are able to activate floodplains that, under baseline conditions, were not
utilized for temporary flood storage.
At lower floods (less than the 100-year event), the reduction of peak discharge as a result of
roughening was more variable and specific to local structures/land features. For the majority of the
models, the 2-year flood stayed within the banks of the channel. A full map of the inundated areas is
provided in Appendix E.
Table 3-30.

Summary of Percent Reduction in Peak Discharge of NSD HEC RAS Models.
% REDUCTION IN PEAK DISCHARGE SUMMARY
2 YEAR

10 YEAR

20 YEAR

100 YEAR

500 YEAR

SF Chehalis

16%

3%

7%

11%

14%

Newaukum

7%

16%

16%

12%

11%

Bunker Creek

4%

8%

11%

8%

10%

Elk Creek

0%

8%

11%

11%

8%

Average

7%

9%

11%

11%

11%

Outflow Hydrographs
The hydrographs of the outflow discharges for each event show how this reduction occurs at an
hourly timestep and the arch of the storm. Only the 10-year and 100-year discharges are shown in
Figure 3-62 to Figure 3-65; however, the 2, 20, and 500-year have similar shapes for each model. The
outflow hydrographs are a product of the FA model synthetic hydrographs being routed through the
NSD model areas. The RFP hydrographs became the new inflows to the RFP version of the FA Model.
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Figure 3-62. Elk Creek Baseline and RFP Hydrographs as Input to FA Model Cross-Section 100.16: 10yr and 100yr

Figure 3-63. Newaukum River Baseline and RFP Hydrographs as Input to FA Model Cross-Section
10.63: 10-yr and 100yr.
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Figure 3-64. Bunker Creek Baseline and RFP Hydrographs as Input to FA Model Storage Area 85: 10yr and 100yr.

Figure 3-65. South Fork Chehalis Baseline and RFP Hydrographs as Input to FA Model CrossSection 5.84: 10-yr and 100-yr.
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For all instances, the gray lines represent the existing conditions NSD model outflows and match the
peak discharges of the FA model inflows at that location. The black lines represent the RFP approach
discharges. To reflect the RFP approach effects in the FA HEC RAS model, the hydrograph resulting
from the roughened model run was input to the FA model instead of the original hydrograph.
A more detailed analysis regarding how the timing and compounding effects of all the hydrographs
as they converge in Chehalis and Centralia is recommended for future phases to evaluate the
advantages or disadvantages of roughening certain reaches.

Inundation Areas
The inundated areas were created within the HEC RAS Mapper, based on water surface elevations as
determined by the cross sections in the model. RAS Mapper interpolates the water surface elevation
between cross sections up and downstream and includes levee elements when mapping. The water
surface elevations are then projected onto a terrain. The simulated water surface elevation for all of
the model runs were used in both the economic and structure impact analysis. The extent of the
mapping is also the basis for differing treatment plans, delineating the greenway footprint, or the
full extents that would be necessary for roughening to be applied.
Appendix E provides maps of the modeled areas for each flood event during the existing conditions
and proposed RFP. The inundated acreage for each model is shown below in addition to the change
in area for each of the NSD models. Because roughening increases stage, throughout the RFP
treatment area, more acreage would be inundated at the benefit of downstream reduction in
inundated acreage. The acreage numbers are entirely dependent on the length of the reach in the
model. The relative change area between the existing and RFP model runs helps to highlight the
capacity to which a model can activate and utilize the floodplain.
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Table 3-31.

Peak Discharge (cfs) at Reach Outflow
2 YEAR

10 YEAR

20 YEAR

100 YEAR

500 YEAR

EXISTING

RFP

%∆

EXISTING

RFP

%∆

EXISTING

RFP

%∆

EXISTING

RFP

%∆

EXISTING

RFP

%∆

SF Chehalis

4,201

3,523

-16%

7,976

7,766

-3%

10,067

9,364

-7%

15,076

13,381

-11%

21,921

18,868

-14%

Newaukum

6,470

6,041

-7%

9,257

7,818

-16%

10,466

8,830

-16%

13,957

12,279

-12%

18,466

16,496

-11%

754

725

-4%

1,332

1,223

-8%

1,605

1,426

-11%

2,290

2,106

-8%

3,211

2,887

-10%

2,070

2,080

-0%

3,909

3,594

-8%

4,733

4,214

-11%

7,245

6,450

-11%

10,391

9,607

-8%

Bunker
Creek
Elk Creek

Table 3-32.

Inundated Area (acres).
2 YEAR

10 YEAR

20 YEAR

100 YEAR

500 YEAR

EXISTING

RFP

∆

EXISTING

RFP

∆

EXISTING

RFP

∆

EXISTING

RFP

∆

EXISTING

RFP

∆

SF Chehalis

602

1398

796

1182

1821

639

1285

1871

586

1,750

2,090

340

1986

2262

276

Newaukum

1039

1943

904

1369

2445

1,076

1448

2583

1,135

1684

3043

1,359

2181

3509

1,328

Bunker
Creek

200

406

206

295

609

314

313

637

324

528

724

196

593

757

164

Elk Creek

115

181

66

192

285

93

216

336

120

281

424

143

364

547

183

1,956

3,928

1,972

3,038

5,160

2,122

3,262

5,427

2,165

4,243

6,282

2,039

5,124

7,075

1,951
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The largest increase in inundation area, on a percentage basis, occurred at the lowest flows. At the 2year flood event between the existing and roughened conditions, an increase of 100% was typical of
the models. At the 500-year flood event, the increases in area were closer to 35%. The intermediate
flows fell in between these percentages.

Purpose
Compared with typical hydraulic analyses utilizing Manning’s n, the analysis completed as part of the
RFP utilizes a high or rough set of n values. To evaluate the sensitivity of different manning’s n values
on the potential to reduce peak discharge, a more in-depth sensitivity analysis of different manning’s
n values was performed for the South Fork Chehalis model during the 100-year flood event.
For the sensitivity analysis, a total of five additional model runs were analyzed with manning’s n
values ranging from 0.09 to 0.17 for the floodplain and 0.065 to 0.12 for the channel. The same model
geometry and unsteady flow files were used throughout all model runs.

Results
The results of this analysis show that roughness has an effect on the peak discharge attenuation. The
roughness values and corresponding peak reductions for the for the South Fork Chehalis model
during the 100-year flood are shown in Table 3-33 and Figure 3-66. The sensitivity of model results to
manning’s n suggest future phases should refine the modeling approach to improve the
representation of the RFP and it’s intended effects.
Table 3-33.

South Fork Chehalis HEC RAS Model Results: Roughness Sensitivity Analysis
FLOODPLAIN

CHANNEL

REDUCTION

ROVER

0.20

0.14

11.2%

Sensitivity Run 1

0.17

0.12

10.6%

Sensitivity Run 4

0.155

0.11

9.2%

Sensitivity Run 2

0.14

0.1

7.9%

Sensitivity Run 3

0.11

0.08

7.3%

Sensitivity Run 5

0.09

0.065

4.4%

Baseline

0.07

0.05

0.0%

As expected, the largest reduction in peak flow attenuation is achieved with the initial ROVER output
(and highest manning’s n values) of 0.20 for the floodplain and 0.14 for the channel. Only increasing
the roughness to 0.09/0.065 for the floodplain/channel has a relatively low effect on the reduction of
discharge, of 4.4 percent. At lower discharges where flows stay within the banks for the most part, it
is predicted that the channel roughness would have a larger impact on the reduction of the peak
discharger. During the 100-year discharge (as modeled for the Sensitivity Analysis), the valley bottom
is, at times, fully inundated, giving the floodplain roughness value more importance.
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Figure 3-66. Manning’s n Value Sensitivity Analysis on the South Fork of the Chehalis
These results show the peak discharge reductions from the ROVER manning’s n values fall along the
expected trend line as projected by the lower roughness value model runs.

Purpose
The RFP’s hydraulic modeling methodology uses a uniform Manning’s n in the channel and in the
floodplain longitudinally along the reach to represent all contributions to roughness; including
contributions from vegetation, surface irregularity, variations in shape and size of channel and
floodplain, and obstructions. To test the sensitivity of applying a uniform roughness method in the
RFP, an in-channel blocked obstruction analysis was conducted on the South Fork Chehalis model
during the 100-year flood event, in conjunction with a lower channel roughness value.
The South Fork Chehalis Blocked Obstruction analysis model is one-dimensional (as are all other
modeling efforts at this point); during future phases a two-dimensional model is recommended to
more accurately quantify site-specific roughness and hydraulic effects. Because of the onedimensionality of the model, the current approach utilizes a continuous high roughness in the
floodplain and channel throughout the RFP extent. During future phases of analysis, it is anticipated
that achieving the higher roughness value will only be necessary at discrete locations that can be
determined through two-dimensional modeling efforts. Certain areas will dominate the effects of
roughness. Dense vegetation belts act in a similar way when planed across the flow path of a flood.
Strategic vegetation types and designs, coupled with engineered reinforcement where necessary,
enable us to implement tightly specified flow controls that enable temporary detention, mitigating
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downstream floods without locking up arable land. Instead, areas subject to flood inundation are
better known and can be controlled and managed appropriately.

Modeling Inputs and Results
HEC RAS allows users to install blocked obstructions in model cross section. Blocked obstructions
reduce the total available conveyance within a given cross section by removing area available for
conveying flow, forcing streamflow to other, higher elevations within the cross-section. For this
analysis, additional cross sections were interpolated at a minimum spacing of approximately 100 feet
and blocked obstructions were installed on average every 1,115 feet. The obstructions were present
in the model for between 150 and 200 feet downstream. The obstructions were given a top elevation
equivalent with the top of bank, and extended into the channel for around 70% of the channel crosssectional area. The bank that the obstruction protruded from alternated throughout the model.
Figure 3-67 shows a typical section from the HEC RAS model utilizing a block obstruction. The 100year water surface for the RFP is shown for spatial reference. The red dots are the bank station
delineations.

Elevation (ft)

South Fork Chehalis
Blocked Obstructions
Sta. 71275

Obstruction

Station (ft)

Figure 3-67. South Fork Chehalis Blocked Obstruction Analysis, Typical Cross-Section
High channel roughness values of n = 0.14 were only applied at the cross sections with in-channel
obstructions, and lower channel roughness values of n = 0.07 were applied at all other cross sections
(without in-channel obstructions). Uniform floodplain roughness values of n = 0.20 were applied to
all cross sections. All manning’s n values reflect the results from the ROVER analysis (described in
section 3.6.7.1), with varying types and amounts of large wood and vegetation present in the crosssection.
The baseline, or existing conditions manning’s n value of 0.07 was used for the floodplain and n=
0.05 was used for the channel roughness value. The hydrology for both the baseline, uniformly
roughened/RFP model and blocked obstruction model of South Fork Chehalis is presented in Section
3.8.5.5, and is the same for all models.
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The uniform roughness methodology used for the RFP model shows an 11% reduction in peak
discharge, as discussed in Section 3.8.5.6. The baseline South Fork Chehalis model peak discharge is
15,076 cfs. The uniform roughening for the 100-year flood produced a peak discharge of 13,381 cfs. In
comparison, the blocked obstruction model reduces the peak discharge by 9% from the baseline
model run. The blocked obstruction analysis produced a 100-year flood peak of 13,721 cfs. Between
the uniform roughness model and the blocked obstruction model, there is a difference of 340 cfs, or
2.5%, and therefore the uniform roughness methodology was determined sufficient for modeling the
RFP throughout the study area.
Table 3-34 compares the peak reduction of the uniform roughness method to the in-channel
obstruction method for the South Fork Chehalis model during the 100-year flood. The results of this
analysis show that installing in-channel obstructions results in a similar effect on the peak discharge
attenuation. During future phases of analysis, a two-dimensional model of the RFP areas will be
utilized to identify specific locations that are necessary to achieve an equivalent roughness as
modeled in the current approach.
Table 3-34

South Fork Chehalis HEC RAS Model Results: In-Channel Blocked Obstructions
FLOODPLAIN

CHANNEL

PEAK DISCHARGE
(CFS)

REDUCTION

Baseline

0.07

0.05

15,076

0%

Uniform Roughening (RFP)

0.20

0.14

13,381

11%

In-Channel Blocked Obstructions

0.20

0.07/0.14

13,721

9%

MODEL RUN

Baseline Flood Authority Model Run
No changes were made to the current Flood Authority model runs of the baseline or existing
condition, as provided to NSD by WSE. The entirety of Flood Authority model version included in this
analysis was in HEC RAS 4.1 and included no two-dimensional areas. This version has recently been
superseded by WSE, but the RFP has yet to be evaluated using the more recent modeling efforts.
The baseline input files used as a comparison for depth and area impacts of the Flood Authority
model area is shown in Table 3-35.
Table 3-35.

Flood Authority Baseline Model Inputs.

PLAN

GEOMETRY

UNSTEADY FLOW

500 Year Updated
Baseline Model

Chehalis River Baseline 2014 with MTB

Baseline 500 Year WSE Updated
Doty

100 Year Updated
Baseline Model

Chehalis River Baseline 2014 with MTB

Baseline 100 Year WSE Updated
Doty

20 Year Updated Baseline
Model

Chehalis River Baseline 2014 with MTB

Baseline 20 Year WSE Updated Doty

10 Year Updated Baseline
Model

Chehalis River Baseline 2014 with MTB

Baseline 10 Year WSE Updated Doty

2 Year Updated Baseline
Model

Chehalis River Baseline 2014 with MTB

Baseline 2 Year WSE Updated Doty
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The model inundation areas for the baseline conditions are included for reference in the RFP
approach inundation areas mapbook Appendix E.
The Flood Authority model covers a much larger extent than any of the NSD models. The model
includes bridge elevation information and other existing infrastructure. The model extends from the
Upper Chehalis down to the Pacific Ocean/Aberdeen including the cities of Chehalis/Centralia. A full
map is shown in Figure 3-68.
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Figure 3-68. Flood Authority Model Extents. (Elliot and Karpack, 2014) Memorandum “Chehalis
Basin Strategy: Reducing Flood Damage and Enhancing Aquatic Species Development and Calibration of Hydraulic Model”.
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Restorative Flood Protection (RFP) Approach Flood Authority Model Run
The RFP approach incorporated three main changes to the inputs of the baseline FA HEC RAS model.
These were:
1.

Changes to the inflow hydrograph reflecting upstream RFP treatments (described in section
3.8.5.4),

2. Roughening (increased manning’s n values) within the FA model geometry and
3. The addition of associated flow roughness factors to the roughened reaches.
The RFP approach FA model inflows were based on the output from the NSD HEC RAS model subbasins. The resulting percentage of reduction in the peak discharge for each of the NSD HEC RAS
models represents the peak reduction/diffusion that can be achieved by the restored scenario. The
inflows were modified at the six cross-sections and one storage area shown in Table 3-36 for all
floods. The hydrographs that replaced the original synthetic hydrographs are the same as the
outflow hydrographs from the NSD HEC RAS models shown in Figure 3-62 through Figure 3-65.
Locations of these where the inflows were changed are shown in Figure 3-69 and described in Table
3-36 (below).
Table 3-36.

Locations of Inflow Changes within the Flood Authority Model

RIVER & REACH
Chehalis Reach 1
Newaukum
Reach 6
South Fork
Chehalis Reach 2
South Fork
Chehalis Reach 2
South Fork
Chehalis Reach 2
Stearns Creek
Reach 4
Storage Area
#85, Adjacent to
Chehalis Reach 3

FA MODEL
RIVER
STATION
100.16

Lateral Inflow

Elk Creek

10.63

Flow Hydrograph

Newaukum River

5.84

Flow Hydrograph

5.8

Lateral Inflow

South Fork of the
Chehalis
Stillman Creek

1.24

Lateral Inflow

Lake Creek

4.62

Flow Hydrograph

Stearns Creek

Storage
Area #85

Lateral Inflow

Bunker Creek
and Deep Creek
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HYDROGRAPH
TYPE

TRIBUTARY/NSD
MODEL

ORIGINAL SYNTHETIC HYDROGRAPH
CHEHALIS RIVER: 12020000_NR DOTY
0.41 RATIO FOR ELK CREEK
NEWAUKUM RIVER: 12025000_NR
CHEHALIS
CHEHALIS RIVER: 12020000_NR DOTY
SF CHEHALIS RIVER: 12020800_NR
WILDWOOD
SKOOKUMCHUCK RIVER: BUCODA
LOCAL
SKOOKUMCHUCK RIVER: BUCODA
LOCAL
SKOOKUMCHUCK RIVER: BUCODA
LOCAL
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Figure 3-69. Flood Authority Model Extents with Roughened Reaches Identified
In the geometry file, the roughness was increased to values based on the ROVER analysis. In total,
five additional reaches were roughened, as identified in Figure 3-69. This included 35 miles of the
mainstem Chehalis River (Reaches 1, 3, and 5), 6 miles of the South Fork Chehalis (Reach 2), 5 miles of
Stearns Creek (Reach 4). ROVER determined the mainstem Chehalis RFP manning’s n values to be
0.18 and 0.08 for the floodplain and channel respectively. The roughness in the lower portion of the
South Fork Chehalis was increased to the same values as in the NSD South Fork Chehalis model. The
roughness in Stearns Creek was set to 0.20 and 0.14 for the floodplain and channel respectively.
The associated flow roughness factors (also from ROVER) were applied to the five FA model reaches
that were roughened to incorporate the vertical changes in roughness. In total, the RFP concept was
applied to 140 miles of river, of which 44 miles are modeled in the FA model, 63 miles are within the
NSD models and 33 miles are contained in the unmodeled reaches. The mainstem of the Newaukum
was specifically excluded from the RFP treatment area to reduce impacts to Interstate 5.
The changes to the inflow hydrographs, roughness values, and flow roughness factors are able to
reduce the peak flood stage at the confluence with the Newaukum by over one foot and at the
Airport Levee in Chehalis by a little less than half a foot during the 100-year flood. A full list of crosssections from the FA model baseline and RFP approach water surface elevation predictions for all
floods is shown in Table 3-37.
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Table 3-37.

Flood Authority Modeling Results: Predicted Water Surface Elevations for the Baseline and RFP model runs (NAVD).

DESCRIPTION

RIVER MILE

Curtis Store (on South
Fork)
Downstream of South
Fork
Near Adna
Labree Road
(Newaukum)
Newaukum Confluence
Along Airport Levee

Table 3-37.

2 YEAR FLOOD
BASELINE
CHANGE
RFP
MODEL
(FT)

10 YEAR FLOOD
BASELINE
CHANGE
RFP
MODEL
(FT)

1.81

225.0

228.6

3.6

227.8

231.8

4.0

86.42

208.1

213.4

5.3

213.9

220.5

6.6

80.23

187.6

190.5

2.9

193.5

195.1

1.6

4.11

203.9

203.6

-0.2

205.2

204.7

-0.5

75.2

178.6

177.0

-1.6

182.4

181.5

71.49

171.8

171.4

-0.4

175.7

175.7

-0.9
No
Change

Continued:

DESCRIPTION

RIVER MILE

Curtis Store (on South
Fork)
Downstream of South
Fork
Near Adna
Labree Road
(Newaukum)
Newaukum Confluence
Along Airport Levee
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20 YEAR FLOOD
BASELINE
CHANGE
RFP
MODEL
(FT)

100 YEAR FLOOD
BASELINE
CHANGE
RFP
MODEL
(FT)

500 YEAR FLOOD
BASELINE
CHANGE
RFP
MODEL
(FT)

1.81

228.6

233.4

4.8

232.0

237.6

5.6

236.6

243.2

6.6

86.42

216.1

223.0

6.9

222.2

227.9

5.7

226.5

232.8

6.3

80.23

194.8

196.5

1.7

197.5

198.0

0.5

198.7

199.0

0.3

4.11

205.6

205.1

-0.5

206.4

206.1

-0.3

206.7

206.7

0.0

75.2
71.49

183.3
177.7

182.3
177.4

-1.1
-0.3

185.2
180.5

184.1
180.1

-1.0
-0.4

186.9
183.4

185.8
182.9

-1.0
-0.4
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The most pronounced benefits of the RFP are apparent directly downstream of the Newaukum
Confluence, where a 1.0-foot reduction occurs during both the 100-yr flood and the 500-yr flood.
The RFP approach will need to be revised to limit any raise at Grand Mound during the lower flow
discharges in particular. The hydraulics throughout this portion of the reach are difficult to accurately
predict using the model. The reach is composed of numerous lateral weirs and storage areas that are
meant to approximate two-dimensional flow and the overall flow characteristics present in this very
developed section of the reach. Additionally, the effects of the RFP on the timing of the arrival of the
peak discharges from upstream tributaries could be working to amplify the flood waves rather than
disperse them. Determination of the exact mechanisms through with the flood wave propagates
based different atmospheric river events and specific reach roughening will require further analysis.
The peak discharge for all floods both within and downstream of the RFP treatment area is also
reduced as a function of the flood attenuation and diffusion throughout the upper reaches.
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Table 3-38.

Flood Authority Modeling Results: Predicted Discharge for the Baseline and RFP model runs (cfs)

DESCRIPTION

RIVER
MILE

2 YEAR FLOOD

10 YEAR FLOOD

Labree Road (Newaukum)

4.11

BASELINE
MODEL
6,369

6,019

CHANGE
(FT)
-5%

BASELINE
MODEL
8,959

7,798

CHANGE
(FT)
-13%

Newaukum Confluence

75.2

22,646

20,260

-11%

34,219

29,649

-13%

Along Airport Levee

71.49

21,654

20,073

-7%

36,465

34,174

-6%

RFP

RFP

Table 3-38. Continued.
DESCRIPTION

RIVER
MILE

20 YEAR FLOOD

100 YEAR FLOOD

Labree Road (Newaukum)

4.11

BASELINE
MODEL
9,928

Newaukum Confluence

75.2

36,668

31,767

-13%

38,348

34,479

-10%

38,825

34,518

-11%

Along Airport Levee

71.49

44,075

40,598

-8%

61,101

56,768

-7%

68,926

65,303

-5%
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8,739

CHANGE
(FT)
-12%

BASELINE
MODEL
12,214

500 YEAR FLOOD

RFP

11,309

CHANGE
(FT)
-7%

BASELINE
MODEL
13,293

13,291

CHANGE
(FT)
0%

RFP

RFP
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Figure 3-70 and Figure 3-71 show the stage levels (NAVD, feet) and associated flow hydrographs
through RM 75.2 at the Newaukum Confluence during the 100-year flood for both the baseline and
RFP approach.

Figure 3-70. Flood Authority Model, Newaukum Confluence, RM 75.2: 100yr Flood Stage.

Figure 3-71. Flood Authority Model, Newaukum Confluence, RM 75.2: 100yr Flood Discharge
Upper Chehalis River Watershed
September 26, 2016
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As the peak of the flood wave progresses downstream, the reduction effects become less
pronounced as additional tributaries join the mainstem. The largest relative effect in reduction of
discharge occurs during the 10-year and 20-year floods at the Newaukum Confluence, reducing
discharges by 13 percent. During these same two events, the discharge along Airport Levee Road is
reduced by 13 percent and 12 percent respectively.
The inundation areas within the RFP treatment area (Reaches 1 - 5 in the FA model) saw an increase
in total flooded area. This treatment area is referred to as the “upstream” portion of the model. The
downstream portion of the model has a comparative reduction in flooded area between the baseline
and RFP approach. Over the entire Chehalis Basin, the RFP approach increases inundation area
between 1 and 6 percent, depending on the flood. However, these additional areas that are
inundated are typically less populated and developed than the downstream areas that are seeing the
reduction in flooding. Acreages of the baseline and RFP FA model results are shown in Table 3-39.
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Table 3-39.

Flood Authority Model Inundation Areas (Acres): Baseline and RFP Approach.

FLOOD RECURRENCE
INTERVAL
2
10
20
100
500

Table 3-40.

UPSTREAM
3,067
6,168
7,677
10,294
11,834

BASELINE
DOWNSTREAM
37,626
47,348
50,126
56,629
61,373

RESTORATIVE FLOOD PROTECTION
UPSTREAM
DOWNSTREAM
TOTAL
5,192
36,586
41,778
9,538
46,832
56,370
10,195
48,423
58,617
12,175
55,815
67,990
13,057
60,860
73,917

TOTAL
40,693
53,516
57,804
66,923
73,207

UPSTREAM
2,125
3,370
2,517
1,881
1,223

DIFFERENCE
DOWNSTREAM
-1,040
-516
-1,704
-815
-513

NET
1,085
2,854
814
1,067
710

Inundation Area Summary: FA and NSD Models for the 100 year Flood.
INUNDATED AREA (ACRES)
RIVER

Areas of
Increased
Flooding

Areas of
Decreased
Flooding
Total

RIVER REACH
LENGTH (MILES)

100-YEAR FLOOD

Elk Creek

7

280

RESTORATIVE
FLOOD
PROTECTION
425

North Fork and South Fork Newaukum

32

1,685

3,045

1,360

Bunker Creek

9

530

725

195

South Fork Chehalis

21

3,495

4,175

680

Stillman Creek

3

350

415

65

Lake Creek

12

810

1,110

300

Deep Creek

6

275

375

100

Main Stem Chehalis and Stearns Creek

50

9,105

10,850

1,745

City of Chehalis downstream to the
Pacific Ocean

207

56,630

55,815

-815

347

73,160

76,935

3,775
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The inundation areas during the 100-year flood for both the FA model extents and the NSD Model
reaches area shown in Table 3-40. During the 100-year flood, 815 acres in Chehalis and Centralia are
no longer being inundated.

The hydraulic modeling in HEC RAS 4.1 and 5.0 has shown that the RFP approach has the capability to
reduce flood stages and impacts in the cities of Chehalis and Centralia. During the 100-year flood at
the Newaukum Confluence, the flood stage is reduced 1.0 feet; along the airport levee road, the
flood stage is reduced 0.4 feet. In combination with the removal of all structures within the 100-year
floodplain in the treatment area, these flood reductions provide quantifiable benefits to structures
and infrastructure in Chehalis and Centralia. Future refinement of the RFP treatment area will help to
maximize benefits to Chehalis and Centralia throughout all flood events.

Translating Modeling Results to Conceptual Design
Similar to wind shelter belts, the vast majority of the hydraulic effect imposed by roughness can
occur within a relatively small area extending orthogonally across the floodplain. Since adding
roughness elements between these “strips” provides a diminishing return on the cumulative
hydraulic effect, the concept design focused on a practical, economic approach. The preliminary
high-level 1-D modeling assumed uniform roughness.
For the hydraulic modeling described in Section 3.8, the roughness factor, such as Manning’s n,
assigned to a river reach represents the effective resistance to flow over that reach. As stated in the
ROVER modeling assumptions (see Section 3.6), the roughness values for the restoration case were
estimated for the highest density vegetation distributed continuously along the cross-section (i.e.
orthogonal to the flow direction). For the preliminary 1-D modeling analysis this estimated roughness
was applied uniformly along each reach rather than configuring sections of high and low roughness.
Uniform distribution of roughness values is a common modeling practice when performing reach and
watershed scale hydraulic modeling. For example, a single high value of Manning’s n would be used
for a reach comprising a series of pools and rapids.
However, well-established principles in fluid mechanics indicate that implementation of intervals of
high roughness strips (i.e., floodplain wood) along with extensive planting throughout the floodplain
could achieve similar results as those predicted in the 1-D model. During future phases, a more
detailed 2-D modeling platform can be used to test the efficacy and refine the location, frequency,
and structural characteristics of roughness strips.
Energy losses in natural river systems can be either distributed approximately evenly along a reach or
occur in discrete hydraulic locations. One example of the latter is a river with sections of rapids
separated by long, flatwater pools. In such rivers, the flow resistance is determined by energy loss
through the rapids with very little loss (or roughness) contributed by flow through the pools.
Similarly, very high resistance can be caused when dense large wood accumulations or vegetation is
aligned perpendicular to the direction of flow either within the channel and/or across a floodplain
surface, respectively. This is the case both in channels where debris dams occur (Abbe and
Montgomery, 2003b) and along floodplain hedgerows and fence paddock boundaries where smaller
entrained wood debris accumulates during a flood, resulting in substantial backing up of water as
porosity decreases (Nicholas and Mitchell, 2002; Poole et al., 2002; Thorne et al., 1996). Field and
flume studies alike demonstrate that very high flow resistance occurs where a large proportion of
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the cross sectional area of the flow path is vegetated in continuous belts or cordons (e.g. Coon,
1998; Petryk and Bosmajian, 1975; Righetti and Armanini, 2002; and Temple, 1999).
These effects have also been demonstrated in simulation models. Fread (1991) conducted numerical
tests using a 1-D flow routing simulation on a lowland river where a segment of the reach was
assigned either an elevated or depressed roughness coefficient (±20%). The results of the
investigation are shown in Figure 3-72 for elevated roughness (depressed roughness gives a
symmetrical result, mirrored around zero stage), and demonstrate substantial changes in stage (i.e.,
maximum deviation of 2 ft over a base of 20 ft, a change of around 10%). These model results are also
supported by the work of Romanowicz et al. (1996), which demonstrates that reach-wise flow
characteristics are most changed by conditions at a flow constriction, and least affected by average
roughness over the floodplain. Thus, local regions of high roughness extending continuously in a
direction perpendicular to flow can act as substantial flow controls.

Figure 3-72. Sensitivity of stage to a discrete zone of increased roughness (after Fread, 1991, p.430)
From these studies it is clear that very high effective roughness can be achieved by belts of dense
vegetation extending across the floodplain coupled with significant wood accumulations positioned
within the river channel. In addition, the roughness of vegetated floodplain belts could be
immediately augmented with a phased approach that includes installation of wood flood fencing.
The addition of flood fencing would introduce immediate flood attenuation elements in specific
floodplain locations.
In summary, roughness belts or strips represent a practical and economic design approach while also
enabling continued potential agricultural use of a proportion of the floodplain (See Section 4).
Channel and floodplain RFP actions may be designed using reach scale 2-D modeling to strategically
locate both vegetation belts and wood roughness elements along modeled flow pathways to attain
maximum reach-scale roughness conditions. This type of configuration is analogous to the planting
of wind shelter belts where lateral lines of trees are able to reduce average wind speeds just as wood
accumulations in discrete locations dissipate the energy of flowing water (Figure 3-73).
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Figure 3-73. Lateral lines of trees providing wind protection for crops (left); an accumulation of
wood dissipating flow energy in a stream (right).
The basic process by which modeling was done and the sequence in developing a preliminary design
concept is illustrated in Figure 3-74.
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Figure 3-74. Top window (“model”) illustrates the basic 1-D model used for the RFP that was built
to be consistent with the Flood Authority model. The middle window (“local model”)
illustrates a 1-D test case scenario that was done for the RFP that produced similar
results as the general model (top window). The bottom window (“concept”)
illustrates the practical approach to applying fluid mechanics theory to achieve same
hydraulic effect at lower cost.
Upper Chehalis River Watershed
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Figure 3-73 illustrates side views of a different floodplain surfaces and their conceptual effects on
flow depth, flow velocities, and energy loss. In each case, the slope of the channel and the discharge
being transported through the channel are the same. Each scenario has different roughness
conditions to illustrate the influence of these elements on flow depth and velocity. Pink shows water
level, black arrows show velocity and turbulence. These arrows illustrate three hydraulic cases:
 long and straight arrow = fast flow
 short and curved arrow = gentle swirling flow
 longer curved arrows = high velocity and turbulence zones
The dominant current condition in the Chehalis watershed, low roughness, with smooth and fast
channels and floodplains transporting water quickly downstream. The middle image shows what
might happen if the channel and floodplain were roughened equally everywhere, deeper and slower
water. This is also most representative of how the RFP was evaluated in the current modeling
efforts. The last image illustrates what may happen if roughness elements where strategically placed
in intermittent strips through the treatment area. These bands represent an economical and
strategic use of floodplain roughness elements, such as floodplain fences, dense vegetation, and
channel-spanning engineered log structures to create conditions where floodwaters are slowed and
stored on the floodplain, without having to treat the entire floodplain and channel. This last scenario,
the bottom image, is the direction in which the RFP approach anticipated to proceed during future
phases. This illustration represents reach and site-specific restorative design that creates the desired
hydraulic effect with the least amount of material, facilitating a broader array of land uses, such as
growing perennial crops, tree farms and recreation (see Part 4 for more details about next steps).
The figure below illustrates the last point of the above modeling process flow chart. Strategically
placed strips of vegetation and woody debris can be used to create hydraulic patterns that are
similar to uniform roughness but with much less material.
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Figure 3-75. Illustration of three different states of river. Present condition of smooth unobstructed
condition (1). Hypothetical condition of uniform roughness everywhere (2) and periodic
high roughness (3). Preliminary modeling and fluid dynamic theory indicate that
conditions (2) and (3) produce similar effects.
Upper Chehalis River Watershed
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RESTORATIVE FLOOD PROTECTION FEASIBILITY
CONCEPT
River and floodplain restoration areas were identified at a broad scale that has been shown to
reduce flooding in the cities of Centralia and Chehalis, Washington (see Geomorphic Conditions
Assessment Chapter). The geomorphic conditions of wide low gradient alluvial valley bottoms offer
the greatest opportunity for roughness to have a significant effect on retaining and slowing
floodwaters. This analysis provided a preliminary, high-level means of identifying potential valley
segments within the Upper Chehalis where flood peak attenuation would be possible. The scientific
literature and our modeling efforts have shown that flood attenuation results are most significant in
the lowest gradient channels where flood flows inundate a wide area, thus systems like the South
Fork Newaukum and South Fork Chehalis provide the greatest potential for downstream flood
reduction benefits. It should be noted that additional analysis of steeper gradient streams and forest
practices could increase the potential flood attenuation of areas currently not within the RFP
treatment area. Channel segments such as the mainstem Chehalis from the South Fork confluence
up to Pe Ell were included in the model but don’t have as a significant effect since the channel is so
entrenched (i.e., incised) in this area. This may be example where higher resolution modeling can be
used to focus on certain areas and eliminate others. It is critical to understand that flood attenuation
benefits of the RFP are cumulative, so a larger the treatment provides a larger downstream flood
reduction. In the results of our analysis, we present the relative percent reduction in downstream
peak flows of each sub-basin treatment area, providing an approximate sensitivity analysis to the
relative effects each area has. While these preliminary results detail the effects from particular subbasins within the treatment area, more detailed modeling is needed to refine and identify which
portions of the treatment areas provide the greatest benefit. This will highlight areas where the RFP
is most effective and other areas that could be treated in the ASRP instead of the RFP, thereby
reducing RFP costs. In assessing the RFP, existing flood hazards are being evaluated for the first
time in many of the treatment areas such as the South and North Fork Newaukum, Bunker Creek and
the Upper South Fork Chehalis. The results are showing that many landowners are currently
susceptible to flood damages. The RFP is the only alternative offering a strategy to evaluate impacts
associated with incremental restoration and climate change, but most importantly, a means of
helping at-risk landowners move out of harm’s way.
In the geomorphology section, historical landscape changes are described that have isolated river
channels from their floodplains, primarily in the form of channel incision (due to wood removal,
splash damming, increased peak flows from uplands, channel straightening) and secondarily from
road and levee construction.
The RFP proposes a suite of restoration actions that would work to re-connect these stranded rivers
to the adjacent floodplain and to restore floodplain plant communities to enhance flood water peak
attenuation (See Floodplain Vegetation Chapter). Engineered large wood structures on the
floodplain, riverbank and in the channels would work to reconnect the river channel to its adjacent
floodplain, mimicking natural processes. It is anticipated that nature will take over with large wood
recruitment and river channel formation, floodplain reconnection and other geomorphic and
ecological responses in the long-term. The primary focus of the RFP is flood peak attenuation and
not restoration. Relative to total stream length of the Upper Chehalis channel network, the RFP only
focuses on the lowest gradient segments, which account for a small portion of the total length of the
stream network, but a relatively large area since it includes most of the network with floodplains.
Upper Chehalis River Watershed
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Much of the perennial channel network, outside the RFP treatment area, has been historically
impacted, particularly with regards to a loss of mature riparian vegetation and in-stream wood
material. Thus, restoration actions are warranted in a much larger area then identified in the RFP,
but restoration of those areas are not anticipated to provide significant flood peak attenuation due
to their steep channel slope. Restoration in the areas upstream of the RFP areas would largely
consist of wood placement and increasing beaver populations, actions which will store more water
during periods of low flow but not likely to influence extreme flood events.

Identify Potential Sites
Figure 4-1 shows the potential areas that are suitable for RFP actions. These actions may be applied
to almost any river or stream, but this assessment focuses on areas within the Chehalis watershed
upstream from the Newaukum River confluence with the Chehalis River. Most of the major stream
channels and floodplains in this area, approximately 140 miles of the former and 21,000 acres of the
later, are potential RFP treatment locations. The most suitable areas, shown in dark green on Figure
4-1, are areas where the river channel has a slope of less than 0.5 percent. Computer modeling, like
that described in Chapter 7, shows the greatest response to roughness actions, as described in
Chapter 6, for river sections with these low slopes. Detailed analysis has shown that in steep
channels, or channels with slopes greater than 1 percent, dense vegetation is only half as effective in
reducing the average flow speed compared to channels with a mild slope (Anderson, 2006a). For this
reason, river slope is the primary criterion for determining the suitability of the RFP actions. A
detailed analysis of criteria for determining suitability of areas for the RFP actions is presented in
Chapter 4, Geomorphic Conditions Assessment.
In the upper Chehalis River watershed, land uses range across valleys and hills from managed forest
to farming in a hybrid patch-work landscape. Farms are located on both the floodplain, adjacent to
the river, and on the high terraces above the current floodplain. Similarly, managed forest and
riparian corridors are on the hillsides and along the riverbanks, respectively. While the floodplain is
mostly unforested and the hills are mostly forested, many places that do not follow this trend (see
Figure 4-2).
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Figure 4-1.

Potential areas that are suitable for RFP actions, based on the above preliminary technical assessment. These areas are also
referred to as RFP treatment areas and primarily consist of low gradient (<0.01) channels with wide floodplains.
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Figure 4-2.

Example of current land uses, including managed forest, farmed terraces, and floodplain. The South Fork Chehalis River is
on the left and main stem Chehalis River is on the right, with Bunker Creek at the top of the image.
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Figure 4-4 illustrates how the RFP actions would alter a hypothetical river reach. In Figure 4-3, the
floodplain area is primarily un-vegetated and the river channel is a single, straight reach with little
wood. Conversely, Figure 4-4, the restored condition, shows the following changes:
 The active river corridor up to the 10-year flood inundation area has been almost completely
converted to mature floodplain forest. In some locations, the 10-year event already poses a
significant hazard to landowners. The RFP actions would increase the magnitude and
frequency of floodplain inundation, thereby increasing flood depth and extent in areas that
currently flood and re-engaging floodplains that have been disconnected from the river.
 Extensive addition of channel spanning large wood to the channel has prompted evolution of
a more meandering river pattern, with some additional channels forming. This increase in
channel length works to lower the overall channel gradient, slowing the water flow, and
creating new off-channel wetlands for additional water storage.
 These off-channel wetlands and additional channels afford increased aquatic species habitat
diversity and quality.
 Lastly, some farmland within the 100-year floodplain but outside the 10-year floodplain has
been retained, whereas other parts of the floodplain have been purchased from willing farm
owners and other private landowners or landowners have agreed to have a conservation
easement placed on a portion of their land. This voluntary shift in land use is a critical
element of the RFP.
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Figure 4-3.

Example of Hypothetical Location with Typical Current Channel and Floodplain Conditions. Note: Example of a hypothetical
location where the river has been somewhat straightened, in an incised condition, deforested, and disengaged from the
floodplain.
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Figure 4-4.

Conceptual Drawing of “greenway” created by Restorative Flood Protection Action in a Hypothetical River Valley. Note:
Conceptual drawing of restorative flood protection action area in a hypothetical river valley, with mature floodplain forest
in the 2- to 10-year floodplain and a mixture of agriculture and restored floodplain forest in the 100-year floodplain.
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Restoration actions are briefly described below, beginning with in-channel actions and extending out
into the floodplain. Together, these actions would slow the flow of water down the river valley,
protecting downstream communities from a wide range of flood events while restoring and
protecting aquatic habitat and other ecosystem benefits within the treatment area.

Proposed Restoration Design Elements/Concepts
The density and placement of the installed in-channel wood would vary by site, and designed to
mimic natural wood and maximize the hydraulic effect. Particular locations for in-channel wood
installations will be chosen based on additional site assessments that would include more detailed
modeling and in-depth field verification of modeling conditions and results.
There are several examples of recent projects utilizing in-channel wood installations to re-engage
incised rivers and streams with the floodplain. For example, a recently completed project (fall 2015)
on the South Fork Nooksack River included channel-spanning engineered log jams (see Figure 4-5)
installed in three locations along a mile-long reach. These jams went from riverbank to riverbank and
extended up onto the floodplain to the edge of the floodplain forest. In this example, the logjams
were located in shallow water on the riffles of the river. In another small creek example, Ellsworth
Creek, wood was installed as a lattice across the creek channel, continuing into the floodplain forest
(see Figure 4-7). The treatment length was about three times the channel width, or about 150 feet of
wood for a 50-foot wide creek channel. In rivers, engineered logjams may take many forms, but will
occupy large portions of the channel at sites where they will have the most beneficial effect. In small
streams, it is possible that a single large tree will be enough to perform the function of slowing water
and enhancing the flood frequency of the adjacent bank and floodplain. This immediate increase in
water elevations and the frequency of overbank inundation would have a cascade of effects on the
plant communities, fish habitat, and hydrology, diversifying and enhancing both terrestrial and
aquatic habitat. Examples of RFP in-channel wood installation options are shown in Figure 4-8.
For examples shown in Figure 4-8, the in-channel wood design options vary with desired effect. The
deflector logjam at the edge of a river channel works to divert flows and the energy of the river from
the banks back into the middle of the channel, similar to the pins in a pinball machine. Mid-channel
logjams on an island or bar promote island formation and help to maintain multi-threaded channels.
Multiple longer channels help to slow water velocities with increased friction and relatively lower
water volumes passing through the split channels. As mentioned in earlier constructed examples,
channel-spanning logjams work to push water up onto the floodplain and promote side-channel
formation and/or re-engagement; channel spanning trees in streams work to perform a similar
function in smaller channels. As with all of the design options presented in Figure 4-8 through Figure
4-10, in-channel wood loading options are intended to be used in conjunction with additional design
work in the riparian corridor and floodplain.
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Figure 4-5.

South Fork Nooksack River In-Channel Engineered logjam example partially completed. The completed structure occupied
100% of channel width and extended 4 to 12 ft. in height. Large rock was used as stabilizing ballast along with driven piles
with cable lashing (visible in left center of image). Flow is from left to right. Image by Gabe Zender, 2015.
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Figure 4-6.

South Fork Nooksack River In-Channel Wood Installation Example one-year post construction after approximately three
peak flows exceeding bankfull. Secondary side channel in right bank visible to right. Flow is from right to left. Notes:
Image by Leif Embertson, 2016.
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Figure 4-7.

Ellsworth Creek In-Channel Wood Installation Example. Flow is from bottom to top. Project raised low-flow water
elevations about three feet upstream of the structure. Notes: Image by Mike (Rocky) Hrachovec, 2010.
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Figure 4-8.

In-Channel Restorative Flood Protection Example Design Options. Notes: Graphic examples of restorative flood protection
options for increasing in-channel wood, re-engaging side channels and other restorative actions.
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Figure 4-9.

Engineered Floodplain Restorative Flood Protection Example Design Options. Notes: Graphic examples of restorative flood
protection options for engineering the floodplain to have roughness factors similar to a mature floodplain forest, as well as
re-engage or create side channel, swale, and other changes in floodplain surface. All piles will be driven to depth well below
bottom of the channel.
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Figure 4-10. Miscellaneous Restorative Flood Protection Example Design Options. Notes: Graphic examples of restorative flood
protection options for reducing channel confinement, increasing channel length, and storing water in and on the floodplain
surface. All piles will be driven to depth well below bottom of the channel.
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Planting scrub-shrub thickets of willows, red-twig dogwood, black twinnberry, red alder, and black
cottonwood on the river and streambanks will slow stream flow along the channel margins by
creating more turbulence and energy dissipation. This strategic type of planting reduces floodwater
velocity and adds a significant level of flood protection within 5 years of installation. Revegetating
riverbanks and planting riparian floodplain forests is a restoration action that may be applied
immediately and at a broad scale. The immediate flood attenuation impact and extent of riparian
vegetation surface roughness may be further enhanced by adding floodplain fencing and in-channel
wood (see section above).

Several actions are required to slow water movement over the floodplain (Figure 4-9). Floodplain
wood matrices, or triangles of logs held in-place by log piles or boulder ballast, may be installed in
rows perpendicular to the flow of water in such a way that they work like in-channel wood to rack up
smaller wood and impede the flow of water. The overall form of these matrices is very similar to the
channel spanning logjam example shown in Figure 4-5 of a previous section. These matrices are built
of dead or live trees. If posts are used to anchor the matrices to the ground, these posts are buried
half in and half out of the ground. Live cottonwood posts are sometimes used as they often sprout
new stems in brushy clumps, suckering, from the base of the trunks, enhancing floodplain forest
development.
Floodplain wood matrices are often combined with shrubs, black cottonwood, Sitka spruce, western
red cedar and red alder plantings to create forest groves providing both surface roughness and to
serve as future sources of large wood to both the floodplain surface and adjacent channel.
In addition to floodplain roughness consisting of piles and log matrices, changes in floodplain
topography such as longitudinal berms and mounds may be constructed to store and direct
overbank flood flows and create low areas that could transition into wetlands or similar features.

A mature floodplain forest, as existed historically throughout much of the Chehalis Watershed, is
envisioned for much of the restored floodplain areas. A mature valley forest (Figure 4-11) will take
time to re-establish. However, active management of the actions described above will accelerate the
establishment of a mixed conifer / hardwood floodplain forest, similar to what was there historically.
Forest community will be comprised of Douglas fir and western red cedar in the higher terraces and
black cottonwood, Sitka spruce, big-leaf maple, Oregon ash and red alder on the lower elevation
surfaces (see Figure 4-9).
Floodplain vegetation planting design and success depends on a site-specific assessment of a range
of factors including but not limited to: inundation frequency of planting area, soil moisture regime,
existing plant species, plant condition, planting depth, time of planting, sequence of planting,
weather, ground preparation, and age of seedlings. Riparian revegetation in western Washington is
very successful when designed and implemented correctly. The focus will be to get as much stem
density and tree size as quickly as possible in a manner that ensures a native forest is established that
can be sustained over the long-term.
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Project planting will generally occur in a two-phase or successional sequence. The first phase may
consist of live stakes of pioneer scrub-shrub species such as willow, dogwood, Douglas fir and
cottonwood that grow quickly, with deep roots and flexible stems and canopy. These species may
survive seasonal inundation and moving water. The second phase of planting would take place
several years after the first phase, and would consist of species that are more typical of mature
floodplain forest, such as shade tolerant western red cedar, Sitka spruce, big leaf maple, and other
understory forest species. The first phase of plantings protects the second phase plantings
sheltering these trees from both full sun exposure and flood scouring by providing surface
roughness slowing the flow of water. This phased successional planting approach works to create
healthy floodplain forest in a relatively short period of time (years rather than decades) by utilizing
plant species natural history characteristics and emulating natural forest successional processes.
In addition to this planting design approach, a standard contractual performance specification for
plant survival is recommended. This type of specification requires plant replacement if more than a
set percentage of plants die in an established period. For example, if there were more than 20% plant
mortality in a year, the contractor would be responsible for replacing the plants in-kind. This plant
establishment period will be extended over time to ensure success (e.g., 10 years). Selected
contractors will be required to set bond to ensure performance metrics are achieved.
For example, it is typical in such a bond to require any dead, diseased or dying plants to be replaced
within the first year, achieve minimum plant survival of 85% after 5 years based on plant count. This
is sometimes further augmented by measuring coverage and assuming a minimum areal coverage
achieved by the plants as an option to plant counts. If plant count is used, it is typically measured in
select representative plots, rather than all plants. Therefore, a simple specification could be as
follows: At one year following plant installation, any dead, diseased or dying plants shall be replaced
in kind or substituted with a similar native plant better suited to the localized ground conditions.
Monitoring shall be performed at years 1, 3, and 5 to determine plant survival using representative
plots comprising up to 5% of the total planted area. A minimum plant survival of 85% shall be attained
at 5 years after installation.
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Figure 4-11.

Image of mature floodplain forest on the Queets River illustrating roughness
extending from ground level upward throughout depth of any flood. Photo by Kevin
Fetherston.

In-channel wood placement and vegetation management are used not only to slow water down, but
also to create pools, enhance soil generation, and enhance the movement of water from the ground,
through plants and into the atmosphere (a process called evapotranspiration). There are a suite of
additional actions, including (see Figure 4-9 and Figure 4-10):
 Impoundments. Ponds and emergent wetland marshes created by low dams and beaver
ponds would temporarily store water, and through careful management of forests may
promote the vertical transport of water from the ground to the atmosphere. These
processes ultimately may help create mesic forest soils and the moister microclimate
associated with old-growth forests.
 Upland road removal. Reducing the dense network of forest roads would help slow water
down, since the roads act as smooth conveyance channels in flood events; water runoff rates
are increased on their relatively smooth, compacted surfaces.
 Floodplain barrier removal. Removal of road and railroad grades, and levees would also help
to create a more hydraulically connected riverine landscape. Roads within floodplain surfaces
may act as a levee, inhibiting the flow of water across the landscape.
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 Re-engage former river meanders and oxbows, increasing channel sinuosity and length, see
Figure 4-10.
 Grade to restore wetland complexes, and other river or floodplain features that have been
filled or disconnected.
 Manage uplands for hydrologic maturity, increasing groundwater infiltration, healthy soil
development, and decreasing surface runoff.
RFP actions would measurably reduce flood damages. However, within the framework of the PEIS,
of which this assessment was a part, it is it is not clear whether the ‘other potential actions’, such as
additional levees and culvert replacements, would be pursued, and, if pursued, what the suite of
these additional actions would accomplish. So far, the RFP has been analyzed as a stand-alone
action. One important comparison to note is that the ASRP, as it currently is proposed could
potentially make local flooding and erosion more severe. This action works very similarly to the RFP
in that it includes introducing in-stream structures and riparian vegetation, however, as far as the
authors of this report know, the ASRP is not proposed on scale that would reduce downstream
flooding like the RFP.

Land use changes within the Restorative Flood Protection treatment areas will extend over 21,000
acres of floodplain. These changes would be most significant within river “greenways” or “river
management zones” within which all willing human residents and structures would be displaced.
This highest impact zone is estimated to be about 16,000 acres. This work can be done as a
patchwork, with each project evaluated for impacts and benefits. In some cases, restoration actions
shall have to wait until all the properties within the area of influence are acquired. The RFP cannot be
implemented without the willing support from many private and public landowners.
Restorative flood projection actions will be incompatible with residential and some other existing
land uses, such as mowed pasture, particularly in areas adjacent to the river. An integral part of this
alternative is to provide the assistance needed to help property owners and residents adapt.
Adaptation strategies include the following:
 Stay-in-place assistance – This may include flood proofing, elevation of structures, farm pads,
or relocation of homes and structures to more upland portions of the same parcel
 Buy-outs – In some cases, property owners may prefer a simple buy-out option for their
property
 Conservation easements – Permanent conservation easements may be used to compensate
property owners for lost use of land. This could be combined with stay-in-place assistance or
be a strategy for land parcels without structures
 Relocation support to upland areas – A preliminary assessment indicates that relocation of
agricultural operations to upland areas could be a viable option in many areas of the
watershed. Results of the preliminary assessment are described in more detail below, but
have not yet been vetted with local agricultural experts.
 Support for Conversion to Compatible Cropping, such as agroforestry (see below)
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Under the proposed RFP, the riparian area and 10-year floodplain roughness will be restored using
both engineered wood structures and vegetation restoration. Scrub shrub riparian corridors will be
planted while mixed conifer and hardwood forests restored to the 10-year floodplain and select
riparian sites. Outside these areas, current valley bottom agricultural lands and non-forested areas
could be converted to innovative biofuel agroforestry feedstock operations in support of biofuel and
industrial chemical production. Intensive research is currently underway in a 40-million dollar effort
aimed at developing a Pacific Northwest hardwood based biofuels program.
Advanced Hardwood Biofuels Northwest (AHB), led by the University of Washington, is developing
the technology to prepare the Pacific Northwest for development of a biofuels industry using
agroforestry grown hardwoods (poplars and willows) as feedstocks for gasoline and aviation fuels
and industrial chemical production. AHB is a program funded by the USDA National Institute of Food
and Agriculture. It is a consortium of six universities and two industrial partners conducting research
on developing methods of growing and converting hybrid poplars into bio based chemicals and
liquid biofuels (http://hardwoodbiofuels.org). Poplars and willows may be used as the primary
feedstock grown as short-rotation perennial woody crops, harvested on three to six year rotations.
The woody crops are grown at high stem densities of 1,500-5,700 trees per acre creating significant
floodplain surface roughness. An integrated agroforestry restorative flood protection agricultural
landscape system design may be developed that would provide both an agricultural cash product
while at the same time providing flood protection benefits.
The design of short rotation biofuel agroforestry operations could be strategically implemented at
the reach and river segment scales, using 2-D hydraulic modeling to design a mosaic of agroforestry
roughness elements that would integrate both maximum floodplain hydraulic roughness features
with short-term harvest rotations (Figure 4-3). LWM structures, floodplain fences, could be also
utilized to create additional roughness elements. Together, flood protection and agroforestry could
be developed in areas that currently support only agricultural hay production. Therefore, RFP
measures would add to the economic sustainability of the Chehalis basin agricultural community.

Conservation easements are a well-established mechanism to compensate landowners for use of
land. In some areas, conservation easements are increasingly employed at a large scale. In a recent
2011 article by Ann Robinson of the Iowa Natural Heritage Foundation, 196 farmers in Iowa received
federal and state funding to permanently retire farming rights to approximately 21,000 acres of
cultivated fields. This easement program was inspired by a major flood in 2008 that resulted in
statewide losses of $8-10 billion. There was so much interest in the program, that only 1 in 5
interested farmers could be funded. When landowners weren’t interested in owning property
without its farming rights, the Iowa Natural Heritage Foundation purchased the land (Robinson,
2011).

In another example, the national non-profit group, The Nature Conservancy, assisted the US Fish and
Wildlife Service with the acquisition of a large farm, called Mollicy Farms, adjacent to the Upper
Ouachita National Wildlife Refuge in Louisiana. Together, these two areas provide and restore more
than 25 sq. mi. of former floodplain forest back to the Oachita River. As a part of this project, more
than three million bald cypress, oak and other local floodplain forest tree species were planted on
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almost 11,000 acres of the refuge to restore the floodplain forest. As the floodplain forest begins to
regrow and flood again, the US Fish and Wildlife Service has observed bird use, especially waterfowl
and wading birds, have come back to Mollicy Farms in great numbers (Conservancy, 2016).

After flooding three out of four consecutive years, combined with heavy rains in the lush Winooki
Intervale Valley, near Burlington, Vermont, two young farmers utilized kickstarter to leverage
$25,000 to help them move to higher ground in the high meadows of Plainfield, Vermont.
Determined to farm “through hell and high water, through the economic recession and through
personal crisis”, this couple has pulled it off. As of August 2016, they are half-way through their
second season on the new farm, that has held up to 4 inches of rain in one day (
https://www.kickstarter.com/projects/tamarackhollow/get-this-farm-off-the-floodplain)
At a larger scale, FEMA and the state of Kentucky invested $1.3 million in property buy-outs in
Shepardsville, Kentucky. Since the area was purchased there has been four major floods, three 100year floods and one 500-year flood from 1999 – 2011, and the project has more than paid for itself in
emergency services and rebuilding costs. A similar pattern has been see in Baker County, Georgia,
where nearly $2 million in property damages were saved with a $745,000 buy-out by FEMA and the
state (Polefka, 2013).

The RFP offers tremendous opportunity for establishing mitigation banks that can be an important
economic benefit to the local community and state. The RFP also will result in large-scale carbon
sequestration that could be used for carbon trading and offsetting impact of future development
within the state.

Concept Cost Estimate
This section was developed to describe assumptions and to support a preliminary cost estimate for
the restorative flood protection alternative (RFP). These costs have been calculated in current
dollars ($2016) and include the expected life of the project, timing of impacts, schedule, approximate
direct project costs, annual monitoring costs, and adaptive management costs for post-construction
100-year study period. A detailed description of the RFP can be found in former sections of this
report. However, to summarize, the RFP is an integrated flood management approach that will
reduce flood peaks downstream of the Newaukum River confluence by restoring the natural flood
buffering capacity of a healthy upper watershed. The restoration of natural conditions such as
floodplain forests and increased in-stream wood will work to attenuate flooding downstream, while
improving water quality, water supply, carbon sequestration and support healthy fish and wildlife
populations. The RFP provides comprehensive flood management throughout the Upper Chehalis
River watershed. It addresses contributory effects from chronic flooding in the South Fork Chehalis
River, Newaukum River and other tributaries.
It is important to recognize the RFP is intended to function into perpetuity and there will be no
replacement costs associated with traditional flood protection measures such as levees, floodwalls
or impoundments. The RFP benefits will continue to accrue indefinitely. Preliminary cost estimates
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did not consider the significant savings that could be realized through mitigation banking and carbon
credits, or the economic stimulus the project will have on new development within Lewis County.

The RFP restores natural processes that are self-sustaining and last into perpetuity getting better
over time with respect to downstream benefits. Engineered elements of the RFP will provide the
desired effects while floodplain forests mature and gradually assume the same functions. After 100
years when traditional flood protection approaches will need to be replaced, the habitat and flood
reduction benefits of the RFP will still be increasing. Ongoing monitoring and periodic maintenance
or repairs are accounted for in the monitoring and adaptive management costs, respectively, see
below.

The construction period is assumed to last 10-years, with no maturation period. Full flood protection
benefits are assumed to begin as soon as construction is complete. Furthermore, the RFP will be
engineered and designed to grow and evolve over time. There is no estimated end to the life of
improvement. Rather, the RFP is predicted to last in perpetuity, with an initial 10-20-year period of
adaptive maintenance and repairs. This adaptive management cost is predicted to be higher in the
first decade post-construction, tapering as the RFP actions adjust and grow in-place.

The total direct project cost estimate includes values for the following:
1.

Estimated easement and relocation/buy-out costs,

2. RFP construction costs,
3. Washington State sales tax (8.7% of RFP construction costs),
4. Administrative and Engineering fees such as permitting, planning, land acquisition
coordination, project management, engineering, and construction management assistance
(10% of RFP construction costs),
5. Monitoring (1% of RFP construction costs),
6. Adaptive management (2.5% of RFP construction costs)
A detailed approach for each of these costs is provided below. Due to the preliminary nature of the
RFP at the time this cost estimate was developed, the cost of relocating or improving infrastructure,
such as roads, railroad, and utilities has not been included. These costs will be captured as this
project is further developed at the reach and site-scales.

The relocation or buy-out costs for willing sellers were calculated for parcels in both the 10-year RFP
floodplain and the 100-year. Parcels that have their centroid, or the center of the parcel area, within
the floodplain were assumed to be candidates for relocation or buy-out as part of the RFP greenway,
and fully restored as functional floodplains with healthy river and stream channels. There are about
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98o and 1740 parcels in the 10-year and 100-year floodplains, respectively. The 100-year parcel
number and cost includes the 10-year parcels.

Buy-out estimate:
The average value placed on these parcels by the 2011 Lewis County assessor’s office was about
$105,350 per parcel, including both land and improvements such as homes and structures. The
average value per parcel was determined by querying the total number and value of impacted
parcels. Removal of improved structures in this area was assumed to cost about $12,000 per parcel
(see Appendix G of the 2012 Aquatic Species Enhancement Plan). The purchase and demolition costs
of these parcels was estimated at about $118,000 per parcel. This unit cost assumes that all the
parcels have structures. However, many parcels do not have improved structures. In addition to this
over-estimate, structure impacts were also calculated by EES in a separate analysis, which is not
included in this report. Flood easements are also a good option to consider for working with
landowners to restore the floodplain while they maintain ownership and would reduce acquisition
costs. This option was not explored in this cost estimate because was difficult to determine how
many easements would be acquired and it was deemed important to provide a robust estimate for
the cost of this important design element. The total buy-out cost likely over-estimates the expense
of the proposed change in land ownership and is a good placeholder for a variety of different
scenarios.

Relocation cost estimate:
The relocation costs were set at a $150-$300 million placeholder, depending on the scale of the area,
10-year or 100-year floodplain. This placeholder value will be further researched by a landuse/development expert in the reach and site scale planning and design phase. These values are
conservative and intended for preliminary planning-level purposes. The total willing seller relocation
or buy-out costs were estimated to be approximately $265 to $505 million, depending on if the area
encompasses just the 10-year RFP floodplain or both the 10 and 100-year RFP floodplains. As the
project proceeds to reach and site-scale analysis and design, these costs and treatment areas shall be
refined.
Table 4-1.
ITEM #

1
2

Restorative Flood Protection (RFP) buy-out and relocation costs.
ITEM
DESCRIPTION

QUANTITY
10-YEAR
FLOODPLAIN
ONLY

QUANTITY 10
& 100-YEAR
FLOOD-PLAIN
COMBINED

980
1

Buy-outs in
floodplain
Relocation
(see Note)

UNIT

UNIT
PRICE ($)

AMOUNT ($)
10-YEAR
FLOODPLAIN
ONLY

AMOUNT ($)
10 & 100-YEAR
FLOODPLAIN
COMBINED

1740

EA

$118,000

$115 million

$205 million

1

LS

$150 million

$300 million

$265 million

$505 million

$300
million
Totals

Note: Relocation costs are a placeholder and require further enhancement by land use/development expert. All floodplain extents come
from modeled restorative flood protection alternative results (NSD, 2016).

In-channel engineered logjams and wood installation was estimated based on real-world projects
that have been recently constructed on Hurst Creek and the South Fork Nooksack River. These
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projects represent the smaller channels, less than 60-feet wide, and the larger channels that are
greater than 60-feet wide and, respectively.
The unit cost per mile for the smaller channels was estimated to be about $750,000 per mile,
including labor and materials. To restore all of the smaller channels in the RFP treatment area, about
40 miles of channel, the cost is approximately $30 million.
The larger channels were estimated to have five channel spanning logjams per mile, with a unit cost
of $250,000 per logjam; this translates to a cost of $1,250,000 per mile. Restoration of the 110 miles
of larger channel in the RFP treatment area would cost about $137.5 million.

The RFP includes managing the 10-year floodplain and parts of the 100-year floodplain as a greenway.
The area of this greenway is largely comprised of restored floodplain. Short-term restorative
floodplain actions include adding woody debris to the floodplain surface, planting dense floodplain
forest, and flood-proofing or relocating structures and other land uses to higher ground (see Section
4.3.4 for estimated relocation/buy-out costs).

Floodplain Area
There are about 13,500 acres of 10-year floodplain in the RFP, including 2500 acres of un-modeled
alluvial valley bottom, and an additional 6,000 acres in the 100-year floodplain. These areas do not
include the wetted channel area, which is about 2,000 acres. As mentioned, the 10-year floodplain
acreage area includes four alluvial valley bottom areas that were not hydraulically modeled, Deep
Creek, Stillman Creek, Lake Creek, and the upper part of Stearns Creek. These un-modeled areas
represent floodplains of different elevations, beyond the 500-year inundation area, and likely
includes terraces that will never see floodwaters. This larger area was used with the intention of
being conservative and inclusive in the cost estimate.

Currently Forested Floodplain Area:
Furthermore, 1,100 acres of 100-year floodplain are currently forested, with greater than 75% canopy
cover (NLCD, 2011). These forested floodplain areas may not need to be restored, however, since this
is less than 5% of the floodplain area, these areas were included in the floodplain planting and wood
installation cost estimate.

Floodplain Area Restoration Cost Estimate:
Assuming the floodplain is available for restoration (see Section 4.3.4 for estimated land use change
costs) the cost estimate included all of the 10 and 100-year floodplain area, 19,500 acres. About 80%
of this area will be densely planted, about 15,600 acres. A unit planting cost of $8,000 per acre was
estimated based on the constructed cost of five projects ranged from $2k to $20k per acre. The rest
of the floodplain area, 20%, is either currently forested or shall be engineered with floodplain
roughness woody debris installations, sometimes called ‘floodplain matrices’. These floodplain
roughness elements are an extension of the channel-spanning engineered logjams. These floodplain
wood installations work to not only provide a roughened floodplain surface to impede floodplain
waters, they also work to maintain in-channel wood roughens as the river moves and meanders
across the floodplain. The cost of this floodplain wood is the highest cost in the constructed cost
estimate. The unit cost was based on the following assumptions:
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 The matrices will span the 100-year floodplain,
 They will only be installed in the larger channels (110 miles of channel >60 ft),
 They will be installed at the same frequency as the channel spanning ELJs, five strips per mile,
with an average area of five acres, and a unit cost of $150,000 per acre, or $750,000 per strip.
Using the above assumptions, it was estimated that about 550 floodplain roughness strips would
cost $412 million.
Detailed acreages and unit costs are summarized in Table 4-2, below.
Table 4-2.

Restorative Flood Protection Alternative (RFP) estimated planning-level construction
costs

ITEM #

ITEM DESCRIPTION

1

3

In-stream restoration for
streams with width less
than 60'
In-stream restoration for
streams with width greater
than 60'
Floodplain wood installation

4

Floodplain planting

2

MI

UNIT PRICE
($)
$750,000

AMOUNT ($)
(SEE NOTE)
$30 million

110

MI

$1,225,000

$138 million

550

EA

$750,000

$412 million

15,609

AC

$8,000

$125 million

QUANTITY
(SEE NOTE)
40

UNIT

Construction Sub-Total

$705 million

5

WA State Taxes

8.7%

*

$61 million

6

10.0%

*

$71 million

7

Planning, Land Acquisition
and other Administrative
Tasks, Permitting, Project
Management, Engineering
Monitoring

1.0%

*

$7 million

8

Adaptive Management

2.5%

*

$17 million

Total Estimated Construction Cost

$861 million

Note: All quantities rounded to the nearest unit of 10, and the unit price and amounts rounded to nearest $1000. Floodplain wood
installation and planting items are for both 10 and 100-year RFP floodplains. Items marked with an asterisk (*) in the unit column are
calculated as a percent of the construction sub-total.

Sales tax was calculated at 8.7% of RFP construction costs, $61 million. This value does not include
easements, buy-outs or relocation costs (see previous section). It also does not include planning,
design, project management, construction management, monitoring, or adaptive management costs
(see below).

Administrative costs by agencies for permitting, planning, land acquisition coordination, and project
management, as well as engineering, and construction management assistance fees were calculated
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as 10% of RFP construction costs, $70 million. Like the state sales tax, this percentage was calculated
from only the in-channel and floodplain work.

The RFP shall be monitored for the entire 100-year study period. Costs include data collection and
periodic reporting-out of results. Monitoring is important to ensure that the integrity of the project is
maintained in a dynamic context of rivers, floodplains, and climate. One percent (1%) of RFP
construction costs was used to estimate these costs, totaling $7 million.

Adaptive management, or unforeseen repair or adjustment of parts of the RFP, will likely be needed
more at the beginning of the project and taper over time. For example, within the first ten to 20
years after the project being built, it is estimated that about 50% of this budget will be spent as the
river, sediment and other dynamic natural processes adjust to the new conditions. Work may need to
be done to accommodate these natural adjustments. This adjustment will likely reduce over time, as
a dynamic equilibrium is restored. The rest of the adaptive management budget is slated for the
remaining 80 years of the assessment period, for any needed repairs or adjustments to
infrastructure or the greenway. These adaptive management costs were estimated to be about 2.5%
of RFP construction costs, totaling $17 million. Similar to taxes, administrative and engineering fees,
and monitoring, these costs were calculated from the construction activities only.

Conclusions and Implementation Approach
The Restorative Flood Protection (RFP) approach is in the early stages of planning and design. This
report presents a thorough literature review of the scientific basis for the concept of flood
protection by nature (see Part 2) and the technical work that was done to determine if the concept
of flood protection by nature has merit in the Chehalis watershed, (see Part 3). While this assessment
has shown that there is a sound scientific basis and numerous flood protection, economic, and
ecological benefits from RFP actions. Even so, support from the local landowners and stakeholders is
critical to implementation and success.
The RFP is in the process of developing a restorative flood protection master plan. This plan includes
the following steps:
1.

Defining a restorative flood protection treatment area at a basin-scale, using hydraulic
models and geomorphic characterization (done in this assessment for watershed above
Chehalis),

2. Identifying, characterizing, and refining flood benefit and treatment intensity at a reach
scale,
3. Developing a conceptual reach-scale design that is vetted by the local stakeholders
4. Identifying local partners, including land owners willing to collaborate on natural flood
protection projects
The integrated restorative flood protection approach, shown below, begins with the master plan
development process, described above. This process will involve numerous public meetings and
outreach with local landowners and businesses.
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This first step helps to screen the RFP treatment area, identified in this assessment, for reaches and
locations where the RFP will be most successful from a scientific basis. After that, local landowners
can assist as design and planning partners to help refine the scientific assessment and make the
design more site specific and functional for the future of the local landowners. In addition to this
partnership, this outreach effort will serve as a venue for community members to learn from experts
and experts to learn from locals. For example, local landowners know the areas that already flood
frequently and where the fishing is good. This is critical information for natural flood protection
design.
Once sites are identified, the RFP design team will work individually with local landowners to
determine what restorative design elements are appropriate to the site, which also foster natural
flood protection processes. These processes include seasonal inundation and slowing floodwaters.
At this point, a site scale hydraulic model will be used to test different design solutions and optimize
landowner and RFP design goals.
These site-scale designs will also be integrated into a bigger model, to measure the cumulative
effects of individual reaches and sites on downstream flood protection. The effects of upland
hydrologic effects will also be integrated as this time. This modeling effort is an iterative process
from the site scale to the sub-basin scale and back.
Once conceptual designs are determined, and implementation plan will be developed to determine
the compensation package for landowners and the construction sequence for which project will
happen when.
As projects are constructed, they will be managed and monitored in an adaptive way to ensure that
they are performing as expected, or better.
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Figure 4-12. General illustration of the integrated restorative flood protection approach.
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