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In rural areas, flood management is often achieved with large civic projects such as dams and 
levees. In contrast, the restoration of floodplain processes is done as a remediation or seen 
as a separate end. Restoring floodplain processes into the flood management toolbox will be 
essential for the health and safety of people living in flood prone areas. The Chehalis watershed 
of Southwestern Washington is indicative of the changing philosophy behind water management.  
This case study examines how restoration is being studied as a viable alternative to continued 
levee and dam construction. Previous research has focused on small-scale interventions or broad 
watershed-wide statistical aggregation of sites. There exists a gap in research towards the mid-
scale, reach-based, restoration. In this work, I quantify the reach-scale benefits of three floodplain 
restoration techniques: side channel creation, in-channel modifications, and flood-able basins. I 
use HEC-RAS modeling software to simulate the flood attenuation benefits of these interventions 
compared to a control landscape that emulates the South Fork of the Chehalis River. The resulting 
simulations show that the floodplain restoration strategies increase floodplain area inundation by 
38% and delay the passage of floodwater by 22-44%. These findings demonstrate that floodplain 
restoration techniques can be effective in floodplain management. They can not only hold water 
on the landscape but encourage processes such as groundwater recharge associated with inundated 
soils. When the tertiary benefits are considered, such as habitat creation and increased tourism, 
restorative floodplain management should be viewed as a viable alternative to traditional flood 
mitigation strategies.
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Floodplain Management
Floodplains are a confluence of many forces, including the conflict between human 

development and the natural environment. It is estimated that 13 million United States 
residents live within a designated flood hazard area (FEMA 2023; Crowell et al. 2010). This 
area is expected to expand on two fronts: human populations continue to grow, encroaching 
deeper into flood-prone areas, and the effects of climate change will expand flooding areas, 
frequency, and severity (OAR US EPA 2016; Mallakpour and Villarini 2015).

Flood management traditionally centers around artificial physical changes to the 
landscape. These take the form of engineered solutions such as levees, ditches, canals, 
weirs, and dams. Levees are earthen embankments that help protect cordoned areas from 
rising water levels. These embankments are made from earthen fill and require regular 
maintenance. Ditches, canals, and other diversionary structures help increase the flow 
capacity of a landscape. Their primary purpose is to transport floodwater to selected 
destinations. Dams and weirs are both used to regulate the flow of water. They capture and 
build up a reservoir upstream. They often feature gates that can release water at metered 
levels to optimize flow for downstream flood management systems. The engineered 
graywater solutions to flooding offer relief from flood damage to local areas, yet their use 
often comes with significant drawbacks.

These solutions are now under scrutiny as catastrophic failures in this infrastructure 
regularly result in massive amounts of loss (Freitag et al. 2009). Katrina, the costliest disaster 
in U.S. history, caused $161 billion dollars in damages (Knabb, Rhome, and Brown 2023). 
The 1993 Mississippi River floods caused $15-20 billion in damages, followed by the 2008 
floods which caused $9.6 billion dollars in damage (Freitag et al. 2009; US Army Corps of 
Engineers 2008). As seen with Katrina, these events frequently concentrate damages upon 
the marginalized within communities (Benevolenza and DeRigne 2019). Marginalized 
groups are not only at a higher risk of damages but are also more frequently subjected to 
this damage (Fielding 2012; Poussard et al. 2021).

Furthermore, the World Commission on Dams published a 2020 report calling for 
greater consideration to be given to the placement of dams and levees. They found that 
there is a great disparity between the displacement of harm caused by dam construction and 
the return of benefits (World Commission on Dams 2020). These factors include not only 
the human element but also the disruption to natural systems that frequently provide similar 
benefits to flood mitigation. Climate will have long-lasting effects on the hydrological 
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regimes seen in the Pacific Northwest. It will change the patterns of precipitation and 
temperature that dictate the time and quantity of water within the watersheds. As snow 
accumulates at high latitudes, the watershed that receives snowmelt accumulates a bank 
of water at high elevations. That snow develops through the winter months and then 
slowly releases as meltwater. Water from meltwater can slowly parse itself through the soil 
substrates, allowing for a steady release of moisture through the warm part of the year. This 
is accelerated by periods of warm rainfall or elevated temperatures. With climate change, 
the stream regimes that relied on snowmelt may feel the greatest effects of climate change. 
It is expected that elevated temperatures will reduce the quantity of snow accumulation 
throughout the Pacific Northwest. This will then shift the hydrological patterns from a 
snowmelt-dominated system towards a rain-dominated system. Climate change will cause 
a major fluctuation in flood patterns, though the exact result is unpredictable (Freitag et al. 
2009). This uncertainty requires floodplains to not only increase capacity to handle flood 
water but also be fundamentally resilient to disruptions.

The management of human response to these disruptions falls upon various political 
agencies. Their control involves a complex network of policies, regulations, and practices. 
They must also manage the human psychology associated with disruption. In a 2009 study, 
Healy and Malhotra found that public perception rewards disaster relief over disaster 
preparedness, encouraging elected officials to be responsive instead of proactive towards 
environmental dangers. This despite every dollar towards preparation and resilience 
being worth fifteen times that of response (Healy and Malhotra 2009). These forces are 
understandably at odds between encouraging and discouraging human settlement on 
floodplains. The Federal government subsidizes settlement in high-risk areas through 
The National Flood Insurance Program (NFIP). While requiring some modifications to 
structures to qualify, it nonetheless results in the development of neighborhoods that are 
sometimes leveled by flood events (Oliver 2017). The NFIP does, however, encourage state 
and local governments to enact regulations and plans for public safety. To qualify for NFIP, 
local governments often require setbacks from waterways, different building regulations 
within flood hazard zones, zoning regulations, and subsidies for desired behaviors (Freitag 
et al. 2009). While these are often effective, many urban areas continue to spread into 
floodplains, thus increasing the conflict between human development and natural cycles.

The two primary forms of floodwater management can be classified as grey and 
green infrastructure. Grey infrastructure is traditional stormwater and flood infrastructure 
in the built environment. These include levees, drains, pipes, dams, and other architectural-
based approaches. Green infrastructure contrasts with this. It calls for the creation of 
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ecologically based systems to replace, mimic, restore, or enhance existing infrastructure 
(ORD US EPA 2022). Alternatives to grey infrastructure solutions are increasingly being 
explored globally. A key emerging concept is that of harnessing the ability for nature-based 
systems to replace or complement existing management strategies. Nature-based solutions 
(NBS), as defined by the European Commission, are “solutions to societal challenges that 
are inspired and supported by nature… nature-based solutions must benefit biodiversity and 
support the delivery of a range of ecosystem services” (Directorate-General for Research and 
Innovation (European Commission) and Vojinovic 2020 p.5.). Designs featuring ecological 
systems as a central theme help realize a multitude of benefits from projects. They often 
provide improvements to water quality, air pollution, human health, habitat, aesthetics, 

Months

Low
Flow
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Flow

Typical Flow Regimes for the Pacifi c Northwest
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Adapted from Freitag 2009
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Snow
Rain and Snow

Warming Climate

Figure 15 - Flow Regimes
Flow regimes differ based on the source of the water. Snow holds water 
at high elevations and is then released slowly during preiods of melt. Rain 
flows out of the system much faster. A warming climate scenario would 
create more rain events earlier in the season compared to the common flow 
patterns seen in the past. 
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resilience, and recreational opportunities. The expansive and interwoven quality of natural 
systems allows for a multitude of benefits to be felt as side effects of their primary purpose.

The exploration of incorporating natural systems into design is often seen in small-
scale urban interventions. These interventions find opportunities in projects of limited scope 
to create regenerative landscapes that are multi-faceted in their benefits to the plural demands 
placed on urban space. Small interventions are also more easily funded by communities 
that do not wish to place importance on centralizing green solutions. They also mitigate 
the primary challenges felt by nature-based solutions, that of complexity. Just as they can 
provide a multitude of benefits, they are also challenging to implement correctly. They are 
highly location-specific and are not appropriate in all settings. Their effectiveness is also 
dispersed, so the immediate effects are hard to quantify (Directorate-General for Research 
and Innovation (European Commission) and Vojinovic 2020).

However, the recognition of the value of ecological services is growing. The world’s 
floodplains continue to be a focal point of research and economic evaluation (Chee 2004; 
Farber, Costanza, and Wilson 2002; Turner et al. 2000). Their flows of energy through 
water, nutrients, and sediment are foundational to many human and natural systems. They 
are understood to possess great value as habitat and are used by fish (Nakahashi et al. 2023; 
McKinney, Charpentier, and Wigand 2009), amphibians (Duke 2014), and birds (Gomez-
Sapiens, Soto-Montoya, and Hinojosa-Huerta 2013; Kitazawa et al. 2019). Wetlands 
have been explored for their ability to remove harmful contaminants. Their use has been 
encouraged to manage stormwater runoff pollution (Destandau, Imfeld, and Rozan 2013; 
Liquete et al. 2016), ambient pollution in waterways (Wu et al. 2020; Mitsch 1992), and 
as replacements for wastewater treatment (Hammer 1989; Mitsch 1992). Wetlands are 
critical sources of carbon sequestration. Despite only occupying 5-8% of the total land 
area, they store 30% of the total carbon held by soils (Nahlik and Fennessy 2016). With 
carbon emissions becoming a daily talking point, their importance cannot be overstated 
(Carr et al. 2018; Yoo et al. 2022; Zang 2019).

Recent discussions around the value of wilderness in human health have inevitably 
turned to the role of these important zones. Floodplains, which are subject to damaging 
flood events, are used as an example of how humans can increase their resilience through 
deepening connections to the natural environment (Sutton-Grier and Sandifer 2019). Public 
health proponents point out that watershed and wetland health is often overlooked when 
quantifying the benefits of wetlands (Dale and Connelly 2012; Horwitz and Finlayson 
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2011). Water is the most basic human need, so the health of ecosystems that rely on water 
is directly tied to human health (Cools et al. 2013).

The majority of large-scale NBS/RFP implementation has been done in the European 
Union. The Dutch serve as the archetype for these projects. Their riverine flood management 
strategies are innovative by necessity, as 60% of the Netherlands is subject to flood danger 
(Netherlands Water Partnership 2023). In 2001, a new policy was introduced by the Dutch 
government that shifted strategy from levees to “making more room for rivers” (Klijn et 
al. 2013). The result was 39 projects that centralized solutions that worked in concert with 
natural systems and spatial quality. These projects have already been successful in reducing 
flood damages and increasing ecological function (van Buuren 2019; Urry 2016).

The restoration of the Laojie River in Taoyuan, Taiwan, also serves as a landmark 
implementation. This 2011 project, which remediated 37 km of the Laojie river waterfront, 
is a successful large-scale restoration project. The project allowed the region to drastically 
reduce damages from the 2012 flood that ravaged the rest of the island. It reduced the 
amount of flood-prone land by 192,500 square meters, contributed to a 73% reduction in 
waterborne pollution, and revitalized the surrounding economy (Sustania 2018).

The Washington State Department of Ecology, working with engineering firm 
Natural Systems Design, apply these benefits to the concept of floodplain management in 
the Puget Sound. They use the term Restorative Flood Protection (RFP) in this application 
of NBS. In the 2019 Newaukum report, RFP is explained as reconnecting as much of the 
river as possible to the full extent of its floodplain. This will restore the natural system’s 

Figure 17 - Hutt River Restoration, The Netherlands
(Kay 2022)
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ability to slow, store, and filter floodwaters while also increasing habitat, improving water 
quality, and reconnecting fish and wildlife populations (Abbe et al. 2019). The Newaukum 
report quantifies the costs and benefits of NBS implementation, and their results suggest 
that these systems are cost-competitive with conventional gray infrastructure projects 
(Abbe et al. 2019).

Floodplain management is a complex issue involving multiple factors such as 
human settlement, climate change, and the need for resilient solutions. Traditional gray 
infrastructure solutions have drawbacks and can result in catastrophic failures. Nature-
based solutions, or green infrastructure, are emerging as a promising approach to flood 
management. These solutions harness the benefits of ecological systems to provide multiple 
benefits such as improved water quality, habitat restoration, carbon sequestration, and 
human health. While the implementation of nature-based solutions can be challenging and 
site-specific, successful examples from around the world demonstrate their effectiveness in 
reducing flood damages and enhancing ecosystem function. The shift towards incorporating 

Figure 18 - Laojoie River Restoration, Taiwan
(Chou 2016)
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nature-based solutions in floodplain management is gaining traction, as seen in initiatives 
like Restorative Flood Protection (RFP) in Washington State.

The application of ecological design concepts to floodplain management, specifically 
fluvial agricultural landscapes, is the topic of this thesis. Previous research has concentrated 
on the aggregated effect of small-scale interventions. These interventions are the most 
common, as their implementation has the lowest cost, least maintenance, are less complex, 
easily studied, and often prioritized in urban areas (Directorate-General for Research and 
Innovation (European Commission) and Vojinovic 2020). Study of large interventions 
is limited. This project explores the flood mitigating impact of reach-scale nature-based 
interventions to floodplains.





21

﻿ | ﻿



Objectives
This thesis tests the flood mitigating potential of landscape alterations informed 

by restorative ecological practices and provides quantitative evidence of their benefits. Its 
objectives are: to analyze and assess an existing landscape for flood mitigating potential, to 
emulate this landscape within hydrological modeling software, to make alterations to this 
landscape within the simulation, and to evaluate the resulting data using relevant metrics to 
flood attenuation and ecological health.



23

﻿ | ﻿



24 McBride

Methodology
The project begins with the examination of the Chehalis Watershed flood management 

as a case study. The landscape of the Chehalis watershed is an archetype mirrored by much 
of the riverine land in Cascadia. The rivers cascade down the mountains and slow into 
the meandering fields of cropland that end only at the Pacific Ocean. The Puget Sound 
is characterized by large floodplains and marsh land situated between glacial drumlins. 
The Chehalis area also characterizes the metropolitan/agricultural/silvicultural nexus and 
therefore can be used to examine the typical human use of the area. The Chehalis Watershed 
has many characteristics that exemplify this area. This far-reaching applicability makes it 
an excellent area to study methods that can then be applied broadly. 

The Chehalis case study brings forward a proposal for alternative strategies to 
greywater solutions to floodplain management. The political management of flooding in 
the basin also serve as typical; the conflict continues between many interest groups. A 
recent report serves as an example of this and examines the conflict between grey and green 
management strategies.  Commissioned by the Chehalis Basin Strategy with the Department 
of Ecology, the report explores the feasibility of restoration-based solutions within the 
Newaukum drainage of the Chehalis River (Abbe et al. 2019). This proposal highlights the 
goals and feasibility of restorative floodplain solutions that inform this project’s trajectory. 
It also provides an in-depth analysis of the floodplain’s past and present. 

The results of this study are expanded upon in this paper. This project will quantify 
and explore the benefits of restorative landscape modifications. This requires discrete 
metrics to be defined and explored. To accomplish this, hydrological modeling of a landscape 
is used as a tool for evaluation. The Army Corps of Engineers Hydrologic Engineering 
Center’s River Analysis System (HEC-RAS) software is employed to this end (Hydrologic 
Engineering Center 2022). This software was first developed in 1995 and allows users to 
“perform one-dimensional steady flow hydraulics; one and two-dimensional unsteady flow 
river hydraulics calculations; quasi unsteady and full unsteady flow sediment transport-
mobile bed modeling; water temperature analysis; and generalized water quality modeling” 
(“Forward” G. W. Brunner, Ackerman, and Goodell 2023). The two-dimensional unsteady 

1 - Introduction
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river flow hydraulic modeling capability is used to compare and contrast the performance 
of water as it flows over a selected landscape.

  The first metric is flow. This is based on the cubic feet per second of flow at 
predetermined cross-section transects along the selected river reach at given points in 
time. With control over the amount of water input into the model, we can examine the 
time that it takes that water to move to the designated outlet of the simulated system. 
The second metric measures the total area of inundation beyond 0.1mm of surface depth. 
This metric is used to roughly quantify the ability of the landscape to engage with natural 
processes that require interaction with water. A comparison of the surface area will help 
to explore the differing health of a floodplain. While these metrics are highly simplified, 
their generality will benefit the anticipated outcomes of the project, which hopes to show a 
causal relationship in a highly controlled environment. 

The landscape selected is based on an actual reach of the Chehalis River tributary: 
the South Fork of the Chehalis River. This will allow for realistic parameters to be the 
baseline, as they are taken from actual phenomena from observations. The reach landscape 
simulation is calibrated for this project, and benchmark measurements are taken.  The 
results are then compared to the same flows through a modified landscape. This modified 
landscape embodies the suggested changes proposed within nature-based solutions. 
The goal of these modifications is to affect the changes to the flow rate and floodplain 
engagement and are informed by nature based and restorative practices. The landscape 
modifications are subjected to the same flow simulations as the unmodified landscape and 
data between these two treatments are compared to determine the results and effects of this 
terrain modification.  

The outcomes determine the effectiveness evaluation of the landscape modifications. 
If the flow of water at the outlet is moderated over a longer period with less volume of flow, 
then treatments were successful in holding the water on the landscape for longer. If the 
maximum surface area of the water is increased after the treatments, then the landscape 
within the simulation engages at a broader range than the control environment. These two 
metrics allow an assumption about the effectiveness of the modifications to the simulated 
landscape. With increased engagement with the landscape, ecological processes will 
increase and with increased attenuation, flood waters are alleviated downstream. 



Figure 26 - “The Origin of Methodology”
Artistic interpretation of methodological approaches.
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Chehalis River
The Chehalis River basin is currently undergoing a thorough review process to 

address the challenges posed by seasonal flooding. Recent and historical floods have 
prompted collaboration among lawmakers, engineers, and residents to find effective 
solutions. Since the 1900’s, grey retaining and defensive structures have been utilized to 
mitigate flood damage in the river valley. However, with the proposal for a new dam near Pe 
Ell, Washington, alternative ideas are being explored. The Aquatic Species Enhancement 
Plan (ASEP) and the Local Actions Non-Dam Alternative (LAND) proposals are part of 
ongoing efforts to assess the impact of a comprehensive flood mitigation plan across the 
entire watershed. These plans aim to improve habitat conditions and restore historical 
channel characteristics to promote habitat improvement and nature-based flood damage 
mitigation through green infrastructure. 

While the LAND and ASEP plans incorporate various tools to restore habitat and 
influence flows along the river corridor, it has become evident that restoration and habitat 
improvement alone will not fully address the flooding challenges in the valley (Abbe et 
al. 2019, WA. DoE 2023). It is increasingly recognized that a combination of traditional 
flood mitigation structures, strategies, and policies, along with environmentally restorative 
techniques, may offer the most effective solution for the Chehalis basin. Advocating 
this approach could mark a significant milestone in floodplain management strategies 
in the United States, as it harnesses natural processes to achieve desired outcomes. This 
comprehensive plan also necessitates changes in land use practices in the surrounding valley. 
Since approximately half of the developed land near the Chehalis River is located within a 
mile of the stream, engaging with landowners and stakeholders is crucial (Chehalis Flood 
Authority 2010). Much of this land is conventionally managed agricultural land, which 
exerts a substantial influence on water flow due to its extensive coverage of the floodplain.

Agricultural land often exacerbates flood damage issues by significantly altering 
natural processes and topography. Current outreach efforts regarding flood damage 
reduction in farmland focus on three main categories: products to protect production 
infrastructure against water damage, water conveyance products/techniques, and riparian 
buffers. However, this toolbox is limited, with only one option providing ecological 
improvements to the farm. Finding flood damage mitigation with nature based solutions 
that simultaneously enhance farm productivity would greatly facilitate compliance with 
government strategies aimed at reducing flood damage. 
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Chehalis Watershed 
The Chehalis watershed is located in Southwest Washington State and is the second 

largest watershed in the state, second only to the Columbia River basin. It covers an area of 
2,700 square miles and begins near Pe Ell, collecting over 3,300 linear miles of streams and 
rivers before flowing west into the Pacific Ocean at Grays Harbor (WA. Dpt. of Ecology, 
n.d.). The watershed is bounded by the Olympic Mountains to the north, the Deschutes River 
Basin to the east, and the Cowlitz River Basin to the south. It traverses three distinct eco-
regions: Cascade, Puget Lowland, and Coast Range. The outlet at Grays Harbor serves as an 
important estuary habitat (Harma 2023).

Within the basin, eight species are currently listed as threatened or endangered under 
the Federal Endangered Species Act (Harma 2023). The rivers in the basin support spawning 
chinook, chum, and coho salmon, while pink and sockeye salmon are rarely observed. 
Factors limiting salmon return include disruptions to stream morphology, physical barriers, 
and degraded water quality resulting from agriculture and industry. Logging activities have 
also impacted gravel beds, reducing their recharge and filtration capacity. Deforestation has 
led to streambed scouring, removing the necessary riffle and flow patterns for salmon. The 
Department of Fisheries hatchery on the Satsop River attempts to supplement the rivers’ fish 
populations, but the number of returning fish remains low, with fewer than 40 observed per 
year (WA. Dpt. of Ecology, n.d.).

The location of the Chehalis watershed has influenced human activities in the area. 
The City of Aberdeen, situated near the river’s outflow into the Pacific Ocean, relies on the 
river for industrial processing and shipping. The fertile floodplain soils support agricultural 
uses throughout the basin. Tributaries originating from steep hills descend to the river plain, 
with elevation ranging from approximately 400 feet to 1,500 feet in the mid-ranges. These 
areas have been extensively used for silviculture, similar to other parts of the coastal range.

The watershed’s proximity to major urban centers like Portland, Seattle, and surrounding 
cities has fueled development and maintained a stable population in the area, despite economic 
shifts. The watershed is home to over 200,000 residents and spans seven counties (Harma 
2023). However, the seasonal fluctuations in flow pose challenges to contemporary land 
users. In 2022, major flood events caused damages ranging from $13.7 to $20 million in 
Lewis, Thurston, and Grays Harbor counties alone. Although only 11 percent of the basin’s 
total land is developed, the development is concentrated along the river channel, placing 
human activities largely within the floodplain (Chehalis Flood Authority, 2010).
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Figure 34 - Map of the Chehalis Watershed 
(Washington State Department of Natural Resources)
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This map shows an area of Chehalis WA and the anticipated extent 
of flooding during a 100-year flood event. Substantial portions of 
the city are at risk for flood damage.

(FEMA 2006)
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Figure 37 - 1933 Chehalis Flooding

This photograph from an unknown author shows flooding of the 
Chehalis area.

(Chehalis Historical Museum)
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Flood Information
A flood, as defined by the Federal Emergency Management Agency, is the inundation 

of normally dry land with water (FEMA 2020). This generally corresponds to the level of 
water of a riverine system cresting the hydrologic floodplain, or the bankfull elevation. 
Flooding of the Chehalis River basin is a natural yearly occurrence. The seasonal shifts of 
the Pacific Northwest from summer drought to winter monsoon cause vast fluctuations in 
the flow of the river. The drastic, yet predictable, shift in flow leads to dynamic changes in 
the landscape.  This region of the Pacific Northwest undergoes a drought and monsoon cycle 
that helps shape the biological landscape. Chehalis demonstrates a drastic precipitation 
shift because of this. November, often the wettest month of the year, averages 8.4 inches 
of accumulated rainfall. Contrasting to this is July’s 0.8 inches on average (“Chehalis 

Climate” 2023). This causes a seasonal swelling in the watersheds. Normal summer flow 
for the Doty River gauge is 225 gallons per second. Normal non-floodstage winter flow for 
the nearby Porter gauge could be up to 57,000 gallons per second (Dept of Ecology 2023). 
The water year begins in October and ends in April, reflecting the end of the drought and 

Figure 38 - River Stages
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the start of the monsoons. Floods occur during the peak of the monsoon season through the 
winter.

Both the Cowlitz and Chehalis Nations have histories of cataclysmic floods in the 
area. The flood reported in Cowlitz history was so severe that only the peak of Lawelatla 
(St. Helens) remained visible above the water and was mistaken for a canoe. The Chehalis 
Nation relate their origin to a particular flood event, which caused a cathartic exchange 
of spirits between humans and animals (McDonald and Fund 2017). Flooding has been a 
recurrent thematic element in many of the stories and histories of the indigenous people in 
the area (Washington State Department of Ecology 2020). The seasonal flooding influenced 
local Native American migration and food sources. Often, summer grounds or camps were 
flooded by river waters during the wet season. This would cause a migration to higher 
grounds where other food sources were in season.

Witten records by Euro-American settlers also track floods in the basin. Newspaper 
articles from 1887 described a flood: “Between Centralia and Chehalis, nearly the whole 
country was under water” (McDonald and Fund 2017). Major floods of the early Euro-
American occupation of the area reported some loss of life, but primarily the disruptions 
were to railroad and livestock. As use and density of the area increased, so did the efforts 
taken to control the flooding and reduce damage. Concerted efforts began in 1931, when 
the Army Corps of Engineers released the first of three reports. These reports assessed 
the feasibility of flood management on the river. The Corps found flood control too costly 
to consider. It was only in 1954, with the installation of the new interstate highway, that 
large-scale construction on flood control was economically viable. The resulting 11 miles 
of levees, completed during with the highway’s construction, have not alleviated flood 
damage, but have been inundated with every major flood event in the area (Godwin 2020).

Major floods are those that, with statistical analysis, occur in 1% of all years. In 
the past 50 years, the Chehalis River has recorded floods of this magnitude in 1972, 1975, 
1986, 1990, 1996, 2007, 2009, and 2022. In the past twenty years, four 100-year floods 
have occurred (Poor 2008). Of these dates, 1996 and 2007 qualify as catastrophic, where 
water is flowing at more than 75,000 cfs. Catastrophic events are frequently labeled as “500 
year” storms. This implies that, in any given year, an event of this magnitude has a 0.2% 
chance of occurring. Philip Mote, out of the Office of Washington State Climatologist, 
draws into question designating these floods as “500 year”. He states that there is not 
enough known about the historical statistics of the past 500 years, and that there are too 
many assumptions about the hydrology of the area to make such a claim on their frequency 
(Mote 2008). Regardless, the trend of higher and more frequent floods is apparent. Nat 
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Kale with the Washington State Department of Ecology recently provides estimates using 
University of Washington Climate Impacts Group data (Chehalis Basin Strategy 2022; 
Sexton 2022). He offered that the basin currently experiences 14 major flood events a 
year. Under a moderate climate change scenario, that amount may increase to 33 by 2080. 
Additionally, the Chehalis basin will experience 25% more peak stream flows by 2080. 
This will culminate in the potential for major floods to have a 50% likelihood of occurring 
every year by the end of the century.
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Ecological Functionality and Restoration 
Benefits

The ecological benefits of restoring a floodplain ecosystem are extensive (Williams 
and Reeves 2006). The consequences of restoration can positively impact habitat, 
economic outcomes, recreation opportunities, flood mitigation and countless more 
features of their systemic connections. They are frequently difficult (but not impossible) to 
measure. Moreover, they are nearly impossible to capture in one metric. Using a monetary 
equivalency is one of the only languages we can use to express the value of an object 
(Matzek and Wilson 2021; Good 2020; McElwee 2017; Schröter et al. 2014; Benayas et 
al. 2009).  We can use fiat to compare it on the same metric to other disparate phenomena. 
There is benefit to this, as it provides an easily digestible and universal currency to the 
value of any one thing. The current value of a US dollar is widely understood on a global 
scale, easing the conversations around the cost/benefit analysis of ecological and economic 
factors. Application of US dollar language to natural phenomenon help to translate between 
the two value systems.

Ecological systems are inherently complex and interconnected. This is demonstrated 
frequently as continued research and observation uncovers new knowledge to explain the 
world. The benefits of ecological systems are not transactional or discernable in a point of 
sale. Urban ecologist Robert Costanza states: “A large part of the contributions to human 
welfare by ecosystem services are of a purely public goods nature. They accrue directly to 
humans without passing through the money economy at all. In many cases, people are not 
aware of them. Examples include clean air and water, soil formation, climate regulation, waste 
treatment, aesthetic values, and good health…”(Costanza et al. 1997 p.257).  Ecosystems 
shift constantly; they migrate, transform, and fluctuate based on immeasurable factors. In 
attempting to evaluate the broadest set of factors to assess benefits, Costanza conducted a 
comprehensive analysis of various biomes in a 1997 paper. He attempted to factor in the 
wide-ranging and often invisible benefits provided by ecosystems. For example, Lakes and 
Rivers were estimated to provide yearly benefits of $17,154.84 per hectare, Floodplains/
Swamps at $39,525.97, and Agricultural land at $185.72 per hectare (adjusted for USD 
2023) (Costanza et al., 1997).

Another challenge in assessing ecological benefits is the issue of scale (Apostol et al., 
2006). While the impact of planting a riparian buffer on water temperature is insignificant 
when measured on a small scale, the cumulative effect of restoration efforts across a 100-
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mile stream within a watershed may result in discernible changes. However, within this 
100-mile stretch, numerous other changes may have occurred, making it difficult to isolate 
the specific effects of the restoration. The complexity of riparian systems has long been 
a challenge, and it was only in the late 1990s that science acknowledged the linkages 
between terrestrial and aquatic systems after an ambitious experiment (Nakano, Miyasaka, 
and Kuhara, 1999). Shigeru Nakano isolated a segment of stream using greenhouse-style 
netting. The isolated sections reduced the number of surrounding inputs and outputs on the 
stream’s functions and allowed for simplification of tests to record results. In the context 
of the Chehalis River, the watershed is too large to isolate, so the economic effects of 
restoration may manifest as increased salmon recovery in Alaska.

Furthermore, the effects of habitat restoration may occur over a timescale that 
is difficult to quantify, control, or predict. Environmental changes operate on a longer 
timescale and are interconnected with larger events, making it challenging to isolate the 
specific benefits of restoration efforts. With climate change impacting the environment and 
human landscapes, quantifying environmental benefits from habitat restoration becomes 
even more complex. Aaron W. Jenkins’ 2010 paper incorporated estimates from speculative 
carbon regulations. Jenkins estimates the current value of wetland services at $70/hectare. 
But with future carbon sequestration government buybacks predicted giving $4.20 for a ton 
of carbon dioxide gas removed from the atmosphere, that figure increases to a speculative 
$1035/hectare (Jenkins et al. 2010). A wide range of speculative quantities. Possibly because 
of the above reasons, evaluation metrics of ecosystem benefits vary greatly. 

The  ecological benefits of restoring floodplain ecosystems are extensive and 
interconnected, influencing habitat, economics, recreation, flood mitigation, and more. 
However, these benefits are challenging to measure and capture in a single metric. By using 
monetary equivalencies, such as the US dollar, we can provide a universal language to 
express the value of ecological systems and facilitate cost-benefit analyses. Nevertheless, 
the complexity and scale of ecological systems pose significant challenges in quantifying 
and isolating the specific effects of restoration efforts. The impacts of habitat restoration may 
occur over long timescales and are intertwined with broader environmental changes, such 
as climate change. Despite these complexities, recognizing the invaluable contributions of 
ecosystems beyond the realm of transactional value is essential for fostering a sustainable 
and harmonious relationship between humans and the natural world. Continued research, 
observation, and interdisciplinary collaboration will be key to better understanding and 
appreciating the intricate benefits of floodplain restoration and ecological systems as a 
whole.
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Figure 43 - Fluvial Processess and Ecological Flood Mitigation
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Figure 45 - Ecological Functionality Example: Oxbow Formation 1

Oxbow Formation

An oxbow is a curving meander of a river and freqently 
results in a lake bearing the same name. These lakes offer 
excellent habitat, increase floodplain width, and also store 
water during seasonal floods.

Conditions

Oxbow formation is most common in flat areas that are 
rich in silt. The silt deposits when the water is calm, yet is 
still able to be swept away during periods of high flow.

Vegetation

Fast growing species that enjoy high sun and disturbance 
thrive in dynamic floodplains. Species such as Alnus rubra , 
Populus balsmifera, Rubus spectabilis, and Carex obnuta 
are common.
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Figure 47 - Ecological Functionality Example: Oxbow Formation 2

Dynamic Events

Periods of intense rain increase the erosive energies in the 
floodplain. While they often take tens of years to cycle, 
extrodrinary rain events will rapidly accelerate these shifts.

Silt Deposition and Erosion

As silt is removed from areas of high energy, it is deposited 
as water slows in pools. These areas of low energy allow 
the sediments in the water to drop

Primary Channel

The primary channel still serves as a thoroughfare 
for water, but water no longer flows through it without 
difficulty. 
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Figure 49 - Ecological Functionality Example: Oxbow Formation 3

Breaching a New Channel

Eventually, water will crest over the bank and follow the 
shortest path downhill. The breach widens as more water 
flows over and through it. Eventually, a new channel is 
formed.

Stable Banks

Stream banks lined with mature vegetation is more resistant 
to erosion. The roots of large trees hold soil in place. These 
banks do erode, however, and provide recruitment of large 
woody debris, a critical ingredient in river proceesses.

Marsh Lake

The flow through the side channel reduces drastically as 
the new channel matures. The flow of water may only 
reach this area during seasonal high flows. This change in 
hydrolic cycles causes a shift in the vegetation and habitat 
on the side channel. 
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Figure 51 - Ecological Functionality Example: Oxbow Formation 4

Oxbow Formation

This cycle will continue as long as the river is allowed to 
roam its floodplain. Often, it is triggered by land slides or 
a large tree falling into the channel. 

Vegetation Fills

The vegetation will continue to mature successionally. 
Eventually, large tree species adapted to wet conditions 
will take root. More often, however, the river will return to 
this section and remove many of the trees established here. 
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Figure 53 - Fluvial Processess and Ecological Flood Mitigation

Oxbow Formation on the South Fork of the Chehalis River

These series of satelite images show the formation of an 
Oxbow curve in the river. A series of major rain events occured 
between 2006 and 2008, causing the most dramatic shift.

1990 2006 2012
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Proposed Flood Management Strategies
Proposals are being examined by the local authorities to fund new systems of flood 

mitigation. These proposals are being led by the Washington State Department of Ecology’s 
Chehalis Basin Board and explore a broad range of strategies. The Chehalis Basin Board 
is a task force within the Department of Ecology and was formed in 2016 as an expansion 
of the Chehalis Basin Work Group (Chehalis Basin Strategy 2016). The Board represents a 
broad array of local interest groups ranging from government officials to tribal leaders and 
is responsible for soliciting and evaluating these proposals before their implementation.

Two primary proposals characterize the changing thought processes of flood 
management strategies. The first is a water retention dam and levee expansion, which 
illustrates the conventional paradigms in grey flood mitigation strategies. The grey 
infrastructure strategy is sponsored by the US Army Corps of Engineers and the Chehalis 
Basin Flood Control Zone District [sic]. The second, known as the LAND alternative, 
is an approach which integrates riparian restoration strategies with conventional, though 
less intensive, structures than the proposed dam. The LAND alternative, while including 
alternatives to heavy dam construction, still relies on the expansion of a large levy network. 
This alternative allots only a third of its $1.9 million budget towards direct restoration. 
Additional funds for larger land modifications fall under part of its conveyance budget, 
which accounts for another third of the cost. Direct funding towards levees are the final 
third of the budget (Dept of Ecology 2023). These funding allotments show that only a 
third of the budget for the greener alternative goes directly towards restorative practices 
that would alleviate the causes of flooding. A full two thirds of the mindset is driven by 
engineering solutions that would shift impacts elsewhere in the floodplain. 

Such strategies will have a substantial impact on the livelihood of those living 
and working in the watershed. If no action is taken, then flooding will persist at current 
levels and will become increasingly severe due to predicted climate change effects. With 
repeated damage exceeding the tens of millions of dollars and predictions of flood waters 
rising, action to alleviate these issues is a high priority (Office of Chehalis Basin 2018). 
Management of the watershed will determine the future flooding characteristics. A levee 
can block the erosive energy of water, but not dissipate this energy. If the energy and 
amount of water is maintained, then the only effect is the displacement of its impact. In 
an artificial system, the displacement then becomes a choice of where to send the impact. 

2 - Case Study
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Conventional tools can control displacement of these effects but not reduction. A dam can 
control the flow, but not the total amount of water that must be addressed. 

Flood Management and Social Justice
Marginalized communities have shouldered the burden of environmental degradation 

throughout the colonial history of the Pacific Northwest. This is a global phenomenon, as 
indigenous communities are frequently identified at being at the highest risk for damages 
from climate change (Laduzinsky 2019; “Conference on Indigenous Peoples and Climate 
Change” 2008; OAR US EPA 2022). These groups have felt this burden even as their 
agency over floodplains decreases. Indigenous peoples have managed the environment and 
floodplains since time immemorial and hold deep knowledge of natural systems and how 
humans can modify them (Mann 2006). 

A recent study of indigenous Nigerian flood control methods found that their 
methods were 63% effective in flood damage risk reduction (Obi et al. 2021). Studies 
like this help to highlight the legitimacy of indigenous responses to land management that 
run parallel to western science-based solutions. A study of Pacific Northwest indigenous 

Figure 57 - Levees on the Chehalis River
(Chehalis Basin Flood Control Zone District)
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opinions by Floodplains by Design interviewed tribal land managers. A prevalent theme 
to their interviews was that Western management centered around the protection of 
property, as opposed to the general health of the landscape or the cultural significance of 
human relationships with the river: “[the] respondents felt that [Floodplains by Design]’s 
grant program prioritized human property over salmon recovery, and thus resources are 
disproportionately allocated to those who have continued to develop in the floodplain, 
further degrading habitat” (Zimmerman 2022). 

Increasing urbanization and density of land use has made this choice a highly 
political issue for several reasons. The choice of harm displacement implies that there will 
be parties that benefit more than others. Likely, even, parties that suffer for the changes 
enacted in the floodplain. In the past, the negative externalities of dominant society’s choices 
have been absorbed by marginalized groups and the environment. A dam which disrupts 
national sovereignty, natural systems, and historical ties to the landscape would be judged 
as worthwhile because those affected do not hold value in the dominant social hierarchy 
(World Commission on Dams 2020). The proximity to urban centers places a spotlight on 
the politics of these decisions. It draws in diverse interest groups and subjects the project 
to scrutiny that a smaller or less expansive project may not feel. Increased political power 

Figure 58 - Restoration on the Chehalis
(Chehalis Basin Lead Entity)



59

2 - Case Study | Flood Management and Social Justice

given to marginalized groups by the relatively progressive Washington State government 
has allowed more agency to the natural world and Tribal Nations. 

The watershed’s future requires a confluence of voices in the outcomes of these 
new flood management strategies. The Chehalis River has historically been challenging 
in this sense—our conventional politics, outreach, and flood management strategies have 
been inherently biased. This has led to perpetual conflict between interest groups in the 
valley. If the conventional flood abatement strategies are those of harm displacement, then 
the only tools available to mitigate flooding are implemented with social bias. Expansion 
of the proposed restorative alternatives to the dam have a chance to disrupt these patterns. 
Restoration of floodplains must incorporate multiple voices and centralize the experiences 
of the indigenous keepers of the land (Zimmerman 2022; IUCN 2014; Robinson et al. 
2021). Within the Chehalis watershed, the Confederated Tribes of the Chehalis Reservation 
and the Quinault Indian Nation have already engaged in the dialogue of flood control. 
Empowering these communities to influence the outcomes of managing the Chehalis River 
is essential in a just outcome. 
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Proposed Flood Damage Reduction Project
With increased pressure on flood control infrastructure, the leading proposal to 

alleviate these issues is a series of grey infrastructure projects. The largest of these is a 
Flood Damage Reduction Project (FDRP) near the town of Pe Ell. This retention facility 
will store floodwater in a valley during periods of excessive rain. The water would be held 
behind a dam and accumulate up to 65,000 acre-feet of volume. The temporary reservoir 
would stretch 5 miles upstream, filling a drainage basin. Over the following month this 
water could be released at a determined rate, allowing a temporary abatement of the surge 
of stormwater down the valley. The structure itself would be 1,500 feet long and 270 feet 
high. When not in use, the facility would open conduits and allow the river to flow at 
standard volumes (Chehalis River Basin Flood Control Zone District 2019).

The dam would help mitigate events that are expected to occur at 7-year recurrence 
intervals. The rate of flow to trigger its use would be a measurement of 38,800 cubic feet per 
second at the Grand Mound river gauge. It would be able to release water at a rate of 6,500 

Figure 62 - Render of Proposed FDRP Near Pe Ell, WA
(WA DNR)
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cfs. when safe to do so, allowing for a drawdown of downstream surface water elevation. 
(Chehalis River Basin Flood Control Zone District 2019). The plan also incorporates a 
fish passage feature and expanded levees in other areas of the floodplain. The resulting 
dam and flood control projects would have significant benefits to flood damage reduction 
downstream. Estimates to the effects show significant positive improvement to flood 
attenuation throughout areas that previously had issues with flooding. With catastrophic 
flood scenarios, all the area downstream of Pe Ell to the confluence with South Fork of 
Chehalis would no longer inundate—a water depth reduction of up to 8’. Within the City 
of Chehalis areas that had previously been inundated in extreme scenarios would see water 
reduced by 3 to 5’. This would reduce the number of structures inundated from almost 
3,000 in the non-action alternative to 1,280 in the FDRP (WA Dpt. of Ecology 2020). These 
estimates are conclusive for the positive impacts that the project would have on the human 
environment. 

The construction of the retention dam, while providing benefits to downstream 
flood damage reduction, will cause significant ecological and cultural damage (WA Dpt. of 
Ecology 2023). As a requirement for considering the proposals, the project must undergo 
regulatory review. Federal law under the National Environmental Policy Act (NEPA) 
requires an environmental impact statement (EIS) to be prepared. The EIS contains a 

Figure 63 - Site of Proposed Dam Near Pe Ell, WA
(Crosscut)
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summary of the project, the anticipated environmental and cultural impact of the project, and 
possible alternatives. This process also accompanies a system of public review that can comment 
on the project and is concluded with the issuance of a Record of Decision that summarizes 
the agency’s decision and any modifications to the plan needed (US EPA 2013). The federal 
EIS for the dam project was completed by the U.S. Army Corps of Engineers. The state of 
Washington requires similar reporting under the State Environmental Policy Act (SEPA). This 
process is administered by the Washington State Department of Ecology. In February of 2020 
the SEPA draft environmental impact statement for the Flood Damage Reduction Project was 
released.  This plan outlined the project, potential impacts, and mentioned proposed alternatives 
as required by SEPA. Enumerated in the SEPA, the anticipated negative effects of the FDRP are 
as follows:

	∙ Removal of 90% of trees over 600 acres in the retention area.
	∙ Elimination of 11 acres of wetland, 333 acres of wetland buffer, 441 acres of 

stream buffers and 17 miles of streams.
	∙ Severe and lasting modification of the preceding 13.8 miles of Chehalis River 

headwaters.
	∙ Significant changes to sediment transport and substrate in the river. 
	∙ Significant negative impact on the aquatic species in the area through changes 

in water temperature (2° to 9° F), dissolved oxygen reduction, increased 
turbidity during storm events, reduction of suspended organics, and super 
nitrification of water.  

	∙ The construction of the concrete structure would emit 123,439 metric tons of 
greenhouse gasses (WA Dept. of Ecology 2020). That amount according to 
an EPA greenhouse gas emissions equivalencies calculator, would require an 
offset of two million trees allowed to grow for ten years (OAR US EPA 2015). 

	∙ Removal of recreation from almost 14 miles of the resulting landscape. 
	∙ Reduce opportunities for recreational fishing and hunting throughout the 

watershed. 
	∙ The inundation area would affect areas culturally sensitive to local tribes. 

Nine identified archaeological sites would come under stress from inundation, 
increased erosion, burial beneath sediment, and accelerated deterioration 
(Washington State Department of Ecology 2020).

The Chehalis River Basin Flood Control Zone District (CFCZD) will comply with the 
Washington State Department of Ecology requirement that there be no net loss of ecological 
function. Their strategy for compliance with this requirement is through remediation opportunities 
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throughout the watershed. In a memorandum on the topic, the CFCZD stated that “…
mitigation is technically feasible, and sufficient mitigation opportunities are available to 
mitigate for the anticipated project impact to aquatic and terrestrial habitats and species” 
(Kleinschmidt Group 2021 p.6). To do this, the CFCZD will: 

	∙ Reforest 924 acres of riparian buffer area. 
	∙ Conserve 100 acers of upland, implement 34 channel habitat 

enhancements.
	∙ Place 50 log structures.
	∙ Replace 5 barriers to fish movement. 

This assessment is based on judgements made to estimate the scope of interventions 
needed to achieve “ecological lift” in mitigation areas (Kleinschmidt Group 2021). 
Reviewing the accompanying documents, some concerns should be noted. The planting 
plan proposed by HDR Engineering relies heavily on the quick growing Alnus rubra to 
repopulate the deforested area behind the dam and in mitigation areas. Red Alder has 
benefited from human expansion. Previously localized to areas of geologic disturbance, 
alder often uses its ability to thrive in disturbed areas to benefit from logging activities. 
Studies have shown that overpopulation of Alnus species in the Pacific Northwest have led 
to a super nitrification of waters. This over nitrification is having adverse effects on riparian 
ecosystems (Rucker and Kangas 1974; Fidler and Miller 1994; Kovac, Pleizier, and Brauner 
2022). The use of Alnus deliberately as a replacement species for the mitigation efforts is 
an example of simplifying and reducing complex ecological systems- a practice which 
often leads to unintended consequences. The planting plan does not consider the potential 
for climate change to affect the growing conditions of the mitigation areas. The planting 
plan and plant selection is based on traditional “native plant restoration” ideals that have 
been used in the past decades. 

The proposal of this dam in 2019 created expected controversy. Proponents of the 
project believe that the immediate and direct benefits from its construction would provide 
safety and continuity to people living in the downstream area. They see the impacts of 
the construction as a necessary and acceptable tradeoff to ensure effective flood control 
measures. Proponents can point to the fact that only 10 spring salmon spawned in the area 
last year ergo, a 100% loss of salmon run would be 10 fish. (Godwin 2020). Opponents 
stress that the social, environmental, and financial costs of the project are not worth the 
benefits (Sexton 2022). Tribal members and representatives fear that the creation of the 
dam will cause irreparable cultural damage and continue the trend of alienation and 
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disenfranchisement that they have been subjected to for centuries (Zimmerman 2022; 
Quinalt Indian Nation 2022).

After increasing tension between groups, the Governor of Washington, Jay Inslee, 
issued a letter of direction to Laura Watson and Kelly Susewind, directors of the State 
Department of Ecology and Fish and Wildlife respectively. This ordered the halt to progress 
on the dam and an expansion of the scope of the project to incorporate more alternatives to 
the dam. Specifically, it required more involvement of Tribal agencies and partners (Inslee 
2020; Ryan 2020). With this order, the Chehalis Basin Strategy formed a sub-group called 
the Local Actions Non-Dam alternatives (LAND). This group’s goal was to develop a 
holistic approach to flood management in the watershed to provide a contrasting voice 
to the leading dam strategy. Key to the approach was a recommendation report from a 
Seattle based firm – Natural Systems Design (NSD). NSD explored the concept of using 
ecological systems to provide flood mitigation throughout the watershed. This culminated 
in the presentation of a 2019 report that imagined that resulting landscape and simulated 
it using hydrologic software (Abbe et al. 2019). The changes proposed to that plan were 
called restorative floodplain strategies. 
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2 - Case Study
Restorative Floodplain Solutions
In 2016, the Chehalis Basin Partnership contracted with the riparian restoration and 

engineering firm Natural Systems Design. The lead hydrological engineer for the firm, Timothy 
Abbe, and a team produced a strategy, named “the Newaukum Report”, for restoration-
based flood control through restoring ecosystem functionality throughout the watershed. The 
Restorative Flood Protection strategy, or RFP, was finalized in 2019 as part of the Advanced 
Feasibility Evaluation for the Chehalis Basin Strategy. This study evaluated the benefits of using 
RFP to solve issues of flooding within the basin.  Restorative Flood Protection, as defined by 
Abbe, is an alternative approach to flood damage reduction that seeks to connect as much land 
as possible to the natural processes of the original river’s floodplain. Its goals, as stated in the 
Advanced Feasibility Evaluation, are threefold: to eliminate future flood damages and liabilities 
for subject areas, to decrease and delay downstream flood peaks, and the restoration of aquatic 
and riparian habitat within the treatment area (Abbe et al. 2019). 

Ultimately, the study area of the Chehalis floodplain offered a disappointing outcome. It 
was found that the implementation of prescribed RFP techniques would only provide a reduction 
of 10-24% to annual flooding. Because of this, the RFP settled on two primary actions. The 
first action is the relocation of people and land use to higher ground. The second action is to 
restore the “natural hydraulic roughness and flood storage” of the valley. This will attenuate the 
speed of water returning through the watershed, reducing the acute height of the potential flood 
water (Abbe et al. 2019).  Ecosystems that are functioning in complex ways slow and use the 
water throughout its journey through the floodplain.  This works in the precise opposite way of 
conventional stormwater management, which seeks to convey the water as quickly as possible to 
its end point.

There are four engineered treatments proposed by the Newaukum Report in the Chehalis 
Basin. These elements work towards the goal of reducing peak inundation areas and slowing 
down floodwater. They achieve this by increasing the “roughness” of the landscape regarding the 
passage of water. Without obstructions, water passes through the landscape quickly, increasing its 
kinetic energy potential and reducing its time to contact the ground for infiltration. Slowing the 
flow of water throughout the watershed will allow more time for the dissipation of that water as it 
flushes through the streams, channels, and river basins.

Log Structures
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 Engineered log structures reintroduce large woody debris into the floodplain and 
stream channel. Recent practices have prioritized the removal of woody debris to increase 
channel throughput. When present, these logs perform many functions in the processes of the 
stream channel. As defined by the Stream Habitat Restoration Guidelines, large woody debris 
is considered by the state of Washington as having at least 10cm for 2m of their length (Cramer 
2012). The large woody debris creates a barrier within the flow of water. It shelters and provides 
refuge for creatures of all types. This barrier not only slows water but serves to catch and recruit 
additional barrier elements. The slowed water is forced downward by the obstruction and has 
much greater intrusion into the ground at these areas. This helps to promote a healthy hyporheic 
area by creating “lateral hydraulic gradients’’ and recharges the groundwater table (Abbe et al. 
2019).It also has the added benefit of cooling the water in the stream, which is artificially warm 
due to human interventions. Previous management of the watershed encouraged the removal of 
woody debris to aid the flow of water and navigability of the channel. This was brought about 
by logging, agriculture, splash damming, road building, urbanization, and flood control (Cramer 
2012). 

Grade Control Structures

Grade control structure, or incision treatments, seek to reestablish the historical floodplain 
braiding. These treatments are suggested to be used on areas like the Chehalis River basin that 
have had significant modification by humans. These modifications often concentrate the flow 
and create a scouring effect, trenching the river and discouraging meander (Cramer 2012). By 
placing sediment collecting structures across the span of the river, the incision present in the 
channel slowly fills with deposited materials. As it slows, water also backs up at these locations. 
This encourages overtopping of banks as the distance between the channel bottom and the bank 
edge decreases (Abbe 2016). The Stream Habitat Restoration Guidelines caution, however, that 
this approach is highly variable in its outcomes: “Structures are frequently designed and placed 
as fixed, static elements with outcomes that may achieve an initial function but that become 
inappropriate or even harmful to habitat as conditions change. This is particularly problematic 
given the continual successional changes that biological communities experience”.

Riparian Buffers

Reestablishing buffer areas of trees and shrubs along the river valley is important to 
continue to slow the flow of water along the drainage. Since the 1800’s, the Pacific Northwest has 
seen a 50-90% reduction in riparian habitat (Cramer 2012). This habitat offers critical benefits to 
ecosystems. As water rises, it inundates habitat that is usually dry. This habitat has a multitude 
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of obstructions that block, detain, and absorb flood water (Abbe et al. 2019). Floodplains, as 
they are used now, are largely devoid of thick growth. The mechanical farming methods used by 
American farmers preclude the rough tangle that would benefit flood mitigation efforts. Farms 
offer little to slow the flow of water during flood events. They present flat, large, open areas of 
very limited vegetation. At most, crops such as corn stalks provide some amount of slowing to 
waters. But most crop fields are fallow during the flooding months of winter. They offer bare soil 
to be swept away by floodwaters.  Buffers of riparian vegetation are generally thick and dense 
with woody stalks. Plants such as willow line banks of the pacific northwest thrive during flood 
events, which allow them to propagate from broken branches. Vegetation also serves to refresh 
log and other debris obstructions in the stream channels. Trees and fallen logs are carried into the 
stream channels, providing large woody debris.  Restoration efforts are likely to fail unless the 
underlying cause of the environmental degradation is removed (Cramer 2012).

To further address the issues of flooding to agriculture, RFP proposes a series of flood 
protective practices to be established in floodplains of the Chehalis. Floodwater removes 
sediment from the farms that are devoid of retaining vegetative roots. This causes extensive 
erosion and subsequent deposition of this sediment elsewhere. Many farms extensively use 
chemicals to promote crop success. These chemicals are also swept away by floodwater, causing 
negative side-effects to natural systems. RFP suggests that farms in flood-prone areas use crops 
with woody and resilient structures, laid out the crops in such a way as to provide protection to 
itself and the surrounding soil, and use plants that are adapted to inundation events (Abbe et al. 
2019). The study finds that the practice of agroforestry incorporates elements of flood-resilient 
agriculture design. Agroforests, it states, promotes the use of perennial crops, creates a vertical or 
layered structure of plant growth, and incorporates more than one crop type.

Critiques/Challenges

Revegetation efforts as described in the RFP are new to the practice of land management. In 
2011, Susan Wall conducted a review of 1,340 projects in the inland Pacific Northwest to determine 
how successful revegetation was to the goal of restoration. Wall confronted substantial difficulties 
in finishing the assessment. Only 11% of those projects actually monitored the resulting sites 
after implementation. And of these 151 cases that were monitored, only 36 of these projects were 
able to furnish the data to Wall. Wall was able to shift the study to find commonalities of success 
and failure between projects. She interviewed and discussed these projects with land managers. 
This resulted in several summary findings. Wall discovered that successful revegetation projects 
included a thorough assessment of the site conditions and subsequently appropriate plant selection. 
Factors such as herbivory, plant competition, moisture, erosion/flooding/scour, and coarse substrate 
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Figure 71 - In Stream Structure

An engineered obstruction is inserted in the stream. The 
logs or posts serve to create habitat and to slow the flow 
of water. They also serve to catch or “recruit” additional 
woody debris, increasing their effectiveness.
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Figure 72 - Slowing Flow

The structure obstructs and slows the flow of water, 
simulating the natural pooling that occurs in rivers. 
Sediment deposits on the stream bed as the water slows, 
reducing freeboard and ensuring increased floodplain 
interaction. 
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Figure 73 - Side Channel Creation

Engineered side channels allow for increased habitat and  
floodwater storage. They also increase the potential for 
marshland, one of the most carbon-dense and beneficial 
ecosystems. 
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contributed to the site conditions that needed to be considered before a planting inventory was 
developed. Furthermore, the interviews with practitioners resulted in a list of variables that they 
felt most contributed to success and failure. Those factors were: sufficient budget for vegetation 
installation, interdisciplinary approaches to the site plan, conducting an in-depth assessment of 
site conditions, integrating ecological concepts from past studies of revegetation, and taking a 
watershed scale approach to the revegetation (Wall 2011).

Basing their 2020 study on synthesis of fluvial modeling, Christos Theodoropoulos cautions 
against the current trajectory of river restoration. He sees that many efforts to design restoration 
projects use a “trial and error” approach. This, in his view, is doomed to failure and has substantial 
consequences due to the high cost of restoration projects. He found that benefits from restoration 
only occur with very specific species life stages, and only during near-dry flows in the river 
channel. The net positive benefits were small and deemed not worth the high costs of installation. 
Theodoropoulos suggests that implementing very restrained use of in-stream installations would 
produce better results. Additionally, these installations must be very specifically designed for target 
species. He implies that the high cost and specificity of these structures must be targeted towards 
species that will make the most impact to mitigate the future ecological impacts of climate change 
(Theodoropoulos et al. 2020).

Looking at the RFP in light of the advice from Wall, we can see that Abbe and the Chehalis 
Basin Restoration Plan must have taken these considerations seriously. The RFP conducted 
extensive interdisciplinary studies of the area, starting with background research into historical 
conditions. Multiple social factors, such as cultural heritage and contemporary land use were 
identified alongside traditional engineering site considerations. As stated previously, continual 
efforts in the basin reexamined the environment of the watershed due to the prevalence of flood 
damage. They took these assessments and compiled them into a comprehensive study of past 
conditions. Abbe and team found the previous geomorphology of the Chehalis River’s meander 
and analyzed the resulting historical changes of vegetation (Abbe et al. 2019). Included in the 
report is also the synthesis of this information into guidance for planting under various conditions. 
The guidance on planting advises location, soil types, and other growing conditions to optimize 
success in revegetation efforts.
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Overview
Testing of natural or ecologically based solutions to floodplain management has 

previously been limited to small scale interventions or region wide simulations. The 
European Commission found that more research into reach-scale projects would be 
beneficial to furthering nature-based solutions as common practice. Massive efforts are 
underway to find creative solutions to flooding in the Chehalis area. The 2019 Newaukum 
study found the effectiveness of nature-based solutions carried out in aggregate has some 
effect on mitigating low and moderate levels of flooding (Abbe et al. 2019). The Newaukum 
drainage, unlike the South Fork of the Chehalis, was notably more urbanized and had more 
stakeholders. Land managers will undoubtedly be looking for alternatives that provide 
similar benefits seen by the compounding small interventions proposed by Natural System 
Design. 

The South Fork of the Chehalis near Boistford is a good candidate to explore 
aspects of the ultimate solution and examine under-explored reach-scale interventions. As 
part of a larger watershed, the South Fork of the Chehalis offers a landscape that is not 
urbanized and has relatively few parcel owners. Its land use is vital, though not immutable 
by government incentives.  Through careful and deliberate analysis, interventions can be 
strategically placed to optimize their performance. As opposed to greywater interventions, 
which seek to control the landscape, nature-based solutions must be responsive to current, 
past, and future conditions. Various strategies for uncovering the essential characteristics of 
the landscape will be explored. These phenomena and processes will inform the subjective 
and objective creation of a site model to simulate the landscape’s response to changes. 

This thesis models the Southern Extent of the South Fork of the Chehalis and 
institutes landscape modifications at a reach wide scale. It discusses the concepts learned 
from the analysis of the site and subsequent observation of data. Finally, it synthesizes this 
analysis into succinct and tangible results. It shows that these modifications are effective 
in providing flood mitigation through attenuating peak flow, and that they increase the 
interaction between soil and water – thus increasing natural processes that benefit floodwater 
reduction.

The testing of natural or ecologically based solutions for floodplain management has 
traditionally been limited to small-scale interventions or regional simulations. However, 
the European Commission recognizes the need for research on reach-scale projects to 
advance nature-based solutions as common practice. In the Chehalis area, significant 
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efforts are underway to find innovative flood management solutions. The 2019 Newaukum 
study demonstrated that aggregated nature-based solutions have some effectiveness in 
mitigating low and moderate levels of flooding. The study examined the larger watershed 
and tributaries, even breaking the areas into reach sections. The reach-level breakdown was 
limited to the Newaukum drainage area.  Land managers in the region are likely seeking 
alternatives throughout the watershed that can provide similar benefits to the cumulative 
effect of smaller interventions proposed by Natural System Design on the Newaukum 
(Abbe et al. 2019).

The South Fork of the Chehalis, particularly 
near Boistford, presents an opportunity to 
explore various reach-scale 
interventions and aspects of 
future solutions. Compared to 
the more urbanized Newaukum 
drainage, the South Fork of 
the Chehalis has relatively 
fewer parcel owners and is less 
developed. Less divergent interest 
in the area provides more latitude 
for interventions. Although 
land use can be influenced by 
government incentives, it is 
crucial to carefully analyze the 
landscape and strategically place 
interventions to optimize their 
performance. Conflicting properties 
may conflict with this. Nature-based 
solutions, unlike traditional greywater 
interventions, must be adaptable to 
current, past, and future conditions. 

This project will the fundamental 
characteristics of the landscape through various 
strategies and processes, informing the creation of a site 
model to simulate the landscape’s response to changes. 
I focus here on modeling the Southern Extent of the 
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South Fork of the Chehalis and implementing landscape modifications at a reach-wide 
scale. I then explore the insights gained from the site analysis and data observations, 
synthesizing them into concise and tangible results. The findings demonstrate that these 
modifications effectively mitigate flooding by attenuating peak flow and enhancing the 
interaction between soil and water, thereby promoting natural processes that contribute to 
floodwater reduction. By presenting these outcomes, the thesis contributes to the broader 
understanding and implementation of nature-based solutions for floodplain management 
on a reach scale.
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Site Selection and Characteristics
The South Fork site was selected to use as a case study for the implementation of 

various green flood mitigation properties. This reach would serve to provide a practical 
backdrop for the theoretical implementation of the solutions. Reach selection was important. 
An appropriate site would be vital to the project’s methodological framework. Building on 
previous reports (LAND 2023, Abbe et al. 2019), the project aims to explore the feasibility 
and impact of green alternatives. By selecting a site with generalizing qualities, the findings 
can be extrapolated to other sites within the region. Additionally, the chosen site should 
be practical for implementing these strategies and possess favorable characteristics for 
restoration. It must exhibit generalizability to similar sites in the watershed while satisfying 
a set of specific criteria: 

Free of Major Constraints

The site must not have any unusual or major constraints. Throughout the watershed, 
the river passes through, around, and under countless reminders of the impact of the built 
environment. All of these things must be considered for their necessity to the current 
environment. Both for the structures and systems that now rely on them and for the political 
or social importance of the features. Other features, such as a driveway, do not carry such 
high costs and are more mutable.

Agriculture is Significant

Agriculture should be abundant and typical of regional practices. Site selection is 
contingent on the presence and quantity of agricultural development. Green strategies require 
the space to grow and flourish, which is provided by the wide open spaces of agriculture. 
Additionally, the current farming practices feature crops that provide little benefit to the 
watershed’s roughness and ability to slow the flow of flood water. The South Fork of the 
Chehalis River features a floodplain that is primarily used for agricultural purposes. Less 
than 25% of its flow is forested, with the majority being occupied by agriculture or turf 
(Abbe 2016). 

Practical for Implementation of Design Strategies

The site must also be practical in size, scope and qualities that would allow for 
implementation of green strategies. The reach a total of 1033 acers in area. It runs for 
18,520 ft. along the valley bottom with an average width of 2000ft. This ample width 
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allows for several property parcels to be active in the floodplain, allowing several options 
for property acquisition for future planning and strategy implementation.

Stream Gauges Available

Stream gauge information must be available for study and use. To quantify the data 
used for hydrological simulations, sufficient historical measurements are necessary.  The 
United States Geological Survey and Washington State Department of Ecology operate and 
monitor 29 stream gauges within the Chehalis River Basin. This limits the reach selection 
for the monitoring study to reaches that have measurable flow inputs. The station at the 
South Fork of the Chehalis River near Wildwood, WA has been active since 1996 and data 
easily available online. This river gauge captures the flow from the Southern reaches of 
the South Fork of the Chehalis River and enters an agricultural reach at approximately the 
location of the town of Wildwood.

Accessible

Wildwood road runs the length of the reach, often paralleling the river course. This 
road would provide moderate difficulty to relocate. It services residents, agriculture, and 
provides a major southern connection to Washington State Highway 506. Most of the 
surrounding hillsides are used for silviculture, and having access to the road is important to 
resource extraction at various times.

Landscape Heavily Modified by Humans

The Chehalis River and its tributaries border a major metropolitan area in Washington. 
Major human developments envelope it throughout and major roads parallels its flow. Some 
of these artefacts, such as I-5, possess a lot of political and economic inertia. In a report 
estimating the costs of I-5 closure during flood events, it was estimated that I-5’s economic 
value to the region is $1.1 million dollars a day (Hallenbeck, Goodchild, and Drescher 
2014; “Technical Advisory Group Meeting 6 Summary” 2021).

History of Floodplain Conditions

The Chehalis River, and its flooding, is present in several indigenous oral history 
accounts (McDonald and Fund 2017). The South Fork of the Chehalis was surveyed by 
the General Land Office during the major surveying of the area. Investigating reports and 
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Figure 84 - Scenes from the South Fork of the Chehalis River - Near Wildwood WA. 
(GOOGLE STREET VIEW)
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surveys from 1874 provides information on the character of the landscape at the time. The 
reports indicate many areas of marsh and an active floodplain (Berry 1874). 

Not in a Previously Simulated Area

The 2019 report created by Natural Systems Design thoroughly simulated flood 
conditions throughout the Chehalis River basin. More detailed simulations were created of 
the Newaukum drainage system (Abbe et al. 2019). These detailed simulations included 
tests of landscape modifications that have inspired this project. Continued simulation of the 
Newaukum drainage system would provide diminished return.

Subject to Seasonal Flooding and Typical Qualities of Pacific Northwest 
Floodplain

The Chehalis River receives rainfall typical of the climate in which it is situated. 
It is comparable in character to many of its tributaries of similar orders. Additionally, the 
qualities are all general and typical for many of the rivers throughout the lowland Salish 
Sea.

Site Challenges

Despite meeting the requirements for several of the features, the site still had some 
qualities that will add challenge to the project. First, the average bank height is 12.1 ft. This 
indicates that the river is highly scoured due to concentrated flow in an established channel. 
The strategy to convey water as quickly as possible through a landscape causes that water 
to be concentrated into a specific channel. This channel gets a disproportionate amount of 
force exerted upon it from all this water. Over time, sediment is removed, and the river is 
entrenched into a deep channel. Most of the substrate below the river is exposed bedrock 
due to these forces. This does much to decrease the channel roughness. The majority of the 
South Fork Chehalis is scoured to this extent.

At 12ft. below the flood plain, a great elevation that must be overcome if the water is 
to make contact with the surrounding areas. The bankfull height of the stream is 4.6ft, leaving 
7.5ft of freeboard to the floodplain in most locations. This is problematic for restorative 
practices, as it limits the treatment sites to those that are at specifically low areas. If that is 
not possible, then the creation of sediment beds through various means would be needed 
to decrease the difference in height between the floodplain and the channel bottom. This 
level of incision requires significant excavation to invite water into floodable areas. This 
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level of incision also is indicative of a space that could be drastically improved by incision 
techniques that reduce bank confinement.

The location of the stream gauge at Wildwood is good for parsing out the flow rates 
at the mid-range area. The major drawback to the reach, however, is that there is not another 
stream gauge between the lower extents of the reach and the next major confluence. The 
next stream gauge is located after the South Fork of the Chehalis and the main Chehalis 
river meet near Millburn, WA. This limits the ability to calibrate the flow measurements 
against real time data or comparable realistic flow measurements. 

Figure 86 -  USGS Stream Gague 12020900 Near Wildwood WA

Seasonal flow recordings for Wildwood, WA 2009-2023. Predicted quantities in 
yellow. (USGS)
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(USGS)
(L) Figure 88 - USGS Topographic Map of South Fork of the Chehalis River
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Site Exploration
A landscape’s natural inclination is to express itself as a manifestation of the 

systems that influence it. An area subjected to seasonal wetness will have specific types 
of soil, vegetation, geology, and so on. An area that is on a steep hillside will have deep 
rooted vegetation, small streams, and its vegetation will be highly influenced by its aspect. 
Landscape is always in flux, so these characteristics and attributes are subject to change, 
often in the form of long cycles. Humans, however, can interrupt, isolate, and overpower 
these relationships.

Information of past conditions is vital to the planning for future land use (Williams 
and Reeves 2006; Cramer 2012). For example, if a developer wants to build a shopping 
mall, they must figure out what kind of soil conditions would be right for that land use. 
Shopping malls enjoy a high soil acidity content and therefore are frequently located on top 
of historical bogs with peat deposits. These deposits could have been built over centuries 
while a wetland was developing dense mats of moss and vegetation. If the land conditions 
are not immediately apparent, this knowledge may be gleaned from several sources. The 
investigation of the South Fork of the Chehalis requires investigation into the conditions. 
Implementing design strategies centered around natural systems requires a deep knowledge 
of surrounding conditions. These conditions on every scale are expressed on the landscape 
and will have tangible effects on outcomes to any intervention. 

General Land Office Surveys

Historical records can often inform restoration decisions (Williams and Reeves 
2006; Cramer 2012). An excellent source of information comes from the United State’s 
Government’s General Land Office (GLO). The GLO was created in 1812 with the design 
to survey public lands owned by the Federal Government. The end objective was to take 
stock of the parcels owned by the Federal Government and sell them to smaller interests 
or agencies. Within 200 years the GLO created survey maps that spanned 1.5 billion acres 
(“Beyond Land Surveys” 2015). These maps show many areas of the West before major 
European-American occupation. At this time, the landscape was not yet modified by an 
industrialized force, and was under the stewardship of the native American tribes who 
managed the resources. These tribes used techniques that were often less invasive then their 
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European-American counterparts and the landscape is more likely to express a naturalistic 
affectation because of this.

To create the GLO maps, surveyors would start from a known point and create a 
measured grid, marked with stakes. They would then measure and mark the boundaries 
of the area and begin documenting its layout. The surveyors would then walk transects 
across the area, connecting the grid intersections to one another at one mile between 
intersections. As they walked, they would document the notable features of the terrain. 
These centered around natural resources such as streams, trees, mineral deposits, and more. 
Once a comprehensive survey of the landscape was completed, they would then document 
the results and produce a measured and certified map (“About the Public Land Survey 
System” n.d.).

The reports completed by Natural Systems Design for the Washington Department 
of Natural Resources features GLO reports in an early draft (Abbe 2016). Their report 
transcribes the notes, which are often pixelated and difficult to read. The South Fork of the 
Chehalis occupies two townships on maps created by the GLO surveyors between 1873-
1874. The surveyors recorded several observations on the area, including that “The South 
Fork is a beautiful stream of crystal clear water averaging about 100 links [66 ft.] in width 
and from 6 to 18 in. of depth in shoals during September, which is the month of lowest 
water. The stream is capable of floating saw logs during nine months of the year” (Berry 
1874). Additional comments noted that the timber, which is represented by white on the 
map, was 88% conifer. The river valley was said to be excellent for cultivation, and coal 
deposits were noticed on a sandstone outcropping (Berry 1874; Abbe 2016).  

Relative Elevation Modeling

To further visualize the selected reach, I utilized a process of representation called 
Relative Elevation Modeling (REM). In this style of visualization, the elevation baseline 
is determined by the height of the water above the floodplain at any given point. This is 
indicated in another term used to define them: “height above river” representations. This 
differs from traditional depictions of landforms which are usually depicted in relation to 
elevation above sea level. This immobile baseline contrasts landforms against the relative 
height of surrounding areas, but cannot adapt to the subtle changes in topography on a 
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smaller scale. The river, being on a persistent grade, is continually sampled in REM for 
elevation to reevaluate the relief representation of the surrounding area.  

REMs are an excellent tool for uncovering fluvial processes and historical 
geomorphology. A leading proponent of the technique, Daniel Coe, cartographer with 
the Washington State Division of Geology and Earth Sciences states: “subtle elevation 
changes in relation to the river surface enable the delineation of fluvial features that would 
otherwise have been difficult to discern using photos or a DEM (digital elevation model)” 
(Coe 2016). Using the REM, the South Fork of the Chehalis River’s character comes into 
more focus. We are able to see where the stream’s meander has taken it over time. This 
is influenced by soil conditions, terrain height, water flow, natural obstacles, and human 
interference. Because we an infer the cause of previous deviations, we are able to gain 
insight as to the influences on the flow patterns of the river in a specific location. 

The digital elevation model allows us to see straight sections of the river contrasted 
with winding areas.  Its line is consolidated, and the coloration of the stream is solid. This 
indicates that there is little geomorphic deviation in the surrounding bed relative to the water 
height. Much of the South Fork of the Chehalis is deeply incised in this way. Because of the 
incision, this is a typical representation of many rivers. Additionally, the land surrounding 
the river has been tilled, graded, and manipulated for human use. This often erases evidence 
of the subtle changes in topography we see in meanders. Evidence of meandering shows 
that the river has been there in the past, and is indicative of specific fluvial soil types, 
lower elevation, and lower elevations. These areas are valuable for restoration due to these 
qualities. Evidence of past ecosystems indicates that there is potential for the insertion of 
similar ecological communities. 

The Chehalis River, coincidentally, is the subject and catalyst for initial REM 
mapping techniques. The extensive surveying and mapping in response to the flooding 
of the area has poured resources into the data collection and representation of the area 
(Slaughter and Hubert 2014; Olson et al. 2014). The Chehalis is also near the state’s center 
for geologic information, The Washington Division of Geology and Earth Resources 
in Olympia. These two factors have lead to an abundance of information available for 
the Chehalis Basin. Washington State’s LIDAR database is bolstered by this effort. The 
Chehalis Basin Strategy has enlisted professionals to gather and use this information to 



Figure 93 - Relative Elevation 
Model

South Fork Chehalis
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Figure 94 - 11N-03W GLO 
Survey Map of the South Fork 

of the Chehalis River
(James T. Berry 1875)
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Figure85 - 2’ Topography Lines

These contour lines were extracted from a DEM so do not correspond to sea level 
benchmarks. They are useful, however, for illustrating the reach’s topography.
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help understand the nature of flooding issues in the basin. This has produced many of the 
reports used throughout the paper. 

To create the REM of the South Fork of the Chehalis, I followed the process as 
described by the Daniel Coe (Coe 2017). This process used GIS data to process elevation 
models. The data from this mapping and other aspects of this thesis are collected from 
public data sources such as Federal and State Agencies, Lewis County. The primary LIDAR 
source for the area is the 2017 Southwest Washington Foothills survey. I used the Quantum 
GIS program to modify the data collected from public sources (QGIS Dev Team 2022, 
n.d.). 

The process of creating a REM model of the floodplain was time intensive and 
laborious in comparison to traditional mapping techniques, which provide ready-made 
examples. Of the several methods to create REM’s, I chose to use the Inverse Distance 
Weighted (IDW) method. This method weighs sample points with reducing value as it 
gets further away from a specified point. In this case, the specified point is the river’s 
water surface elevation at any given point. Taking the elevation data, I created a IDW 
interpolation of that DEM for every 1 meter distance of the river’s flow, tracing its path 
manually for the entire length of the area (Macho 2018; Jurgiel 2022). I then extracted the 
elevation data from each of those points for the IDW interpolation. Using a comparison 
of the elevation data produced by the IDW interpolation and the existing DEM data, I 
was able to layer and construct a visualization of the relative elevation of the channel as it 
moved through the landscape (Coe 2017). 
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Modeling with HEC-RAS

Simulation Landscape Generation

To measure the flow of water through the site, I utilize the HEC-RAS (Hydrologic 
Engineering Center-Hydrologic River Analysis System) software from the U.S. Army Corps 
of Engineers (Hydrologic Engineering Center 2022). This software uses input parameters 
such as elevation, channel width, flow rates, and Manning’s coefficients to simulate the flow 
of liquid water through a simulated environment. By running these simulations, I determine 
the base level flow of existing conditions and then compare that flow level to green flood 
solutions and modifications to the environment. If the flow is attenuated through increased 
holding capacity of the reach, it would be indicative of successful flood mitigation properties 
by the implemented strategies. The area of the model covered or inundated by flood water 
visualizes the interactions between the water and soil. These natural processes are assumed 
to occur throughout the floodplain, though in real situations, their effectiveness would be 
strongly tied to environmental conditions. Those environmental conditions only strongly 
affect the developed areas of the site, which are negligible for this level of accuracy. 

To generate the model, HEC-RAS requires data inputs and parameters to create the 
terrain simulation. The base of this representation is the digital elevation model that depicts 
the elevation of the terrain in two dimensional format, the same information used to create 
the REM. The HEC-RAS software interprets the terrain data from imported DEM files 
and uses it for the base of the simulated flows. Height interpolation maps provide a layer 
of elevation information for the program to use as a parameter. A boundary is established 
around the subject area to further specify the area of computation. 

The program develops a mesh overlay on top of this computation area. To create the 
mesh, a geometry calculation uses elevation data and Manning coefficients for its baseline 
models.   Refining this to come closer to actual site conditions takes iterative modifications. 
The mesh is aligned with the surface topography to increase its accuracy. The HEC-RAS 
program uses polygon geometry similar to GIS programs to communicate these “breaks” 
in topography and mesh. Polylines are drawn over any notable site features. These include 
stream banks, stream centerlines, ditches, forest edges, walls, buildings, road prisms, 
ramps, etc. The aligned mesh better represented the landscape and increased the fidelity of 



0.015 Roadway

0.090 Moderate Vegetation

0.040 Turf or Pasture

0.160 Dense Forest

Difficult Flow

Easy Flow

0.100 Urban Obstructions

Figure 99 - Manning’s Values
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the calculation cells. Without refining this layer, the model would generate less accurate 
and slower results. 

Manning’s Values

The software requires the specification of zonal parameters for its calculations. These 
zones inform the calculations used by the mesh layer. One of the most important layers of 
information is the Manning’s Value (n). This value represents the level of landscape friction 
that water encounters as it flows over the site. The values here are derived from several 
sources related to hydrologic simulation and engineering (Cippa 2022; “Manning’s n 
Values” n.d.; Brunner, Ackerman, and Goodell 2023; Karpack and Butler 2019). I selected 
the values from these sources that most closely resembled the landscape of the simulated 
reach. High n numbers, such as 0.9n, represent areas of almost impenetrable friction. These 
are typically buildings, walls, and water-blocking infrastructure. Most values of the metric 



Figure 100 - Vertical Changes in Roughness

0.025 n Banks and herbaceous weeds

0.080 n Tree trunks, no under story

0.160 n Upper branches

0.090 n Dense woody shrub

0.120 n Aquatic vegetation

(L) Manning’s values are based on the friction 
that water encounters as it moves across the 
landscape. Dense areas of forest offer greater 
resistence than open agricultural fields.

(R) This value also changes with flood stage 
and water depth. Trees, for example, have low 
n values for a grove of trunks. Their canopies 
have much higher n values. 
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are below 0.5n.  Areas with dense woody stems, such as thickets of willow along stream banks, 
receive high numbers: 0.2n. Mowed lawns would receive negligible values such as 0.01n. 

Previous simulations of the Chehalis generalized the n values of the floodplain. They 
attributed a general value to each bank that summarized the conditions on each side (Karpack 
and Butler 2019; Elliot and Karpack 2014; Elliot, Tschetter, and Karpack 2019). This provided 
economy for the large-scale simulations or tests, but did not allow for high resolution accuracy 
for site conditions. For the purposes of this study, I create a zonal arrangement of n values 
initially based on the US Multi-Resolution Land Characteristics (MRLC) data set (United 
States Geological Survey 2009). This dataset attributes categories to landscape features based 
on satellite data. It then creates a group of inferences from this data, such as the general 
characteristics of vegetation on agricultural land versus that of roadway. The MRLC data set 
served as a foundation for further calibration and honing of the n value layer. From there I 
used various survey inputs such as soil conditions, building information, bank information, and 
satellite imagery to compose a more finely tuned layer. I compared the base layer provided by 
the MRLC to the data provided by other sources. I then made a judgement as to what category 



Manning’s n values adapted from: USFS 
Corvallis Forestry Sciences Laboratory; 
Karpack and Butler 2019; Elliot, 
Tschetter, and Karpack 2019

0.080  Medium Development
0.090  Woody Wetland
0.100  High Density Development
0.120  Emergent Wetland
0.140  Coniferous Forest
0.140  Mixed Forest
0.160  Deciduous Forest

0.035  SF Chehalis Channel
0.040  Light Shrub
0.040  Light Development
0.040  Pasture/Cultivated Crops
0.040  Barren Land/Clearcut
0.055  Grassland
0.066  No Data, Average

Figure 101 - Manning’s n Values on the 
South Fork of the Chehalis

A depiction of the USGS Land 
Use Dataset from 2019. These 
polygons were imported into the 
model and assigned n values. This 
provided a base for the tuning of 
future variables.

101

3 - Hydrologic Modeling | Modeling with HEC-RAS



Figure 102 - Land Use and Roughness

Height and coloration of this rendering correspond to the n values 
attributed to the area. The aireal image is overlaid to provide 
context.
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Conifer Forest

Woody Wetland

Deciduous Forest

Figure 103 - Relative n Values

This graphic depicts the relative values and total 
land coverage of various land types used in the 
model.
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Figure 105 - Representation of 
Vertical Zone Vegetation Complexity
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of n value I should attribute to the landscape. The result was a high-accuracy patchwork of polygons 
that accurately represent the site conditions throughout the landscape. 

Next, fields of flow are defined to specify areas for simulation. For the initial trial and calibration 
of the landscape, I use the simplest form of mesh creation, which is an automated process within 
the software. It produces a uniform layer that is only influenced by terrain height. Later iterations 
will refine this layer with ‘break’ lines. Flow parameters and geographic locations are defined. Line 
boundaries are drawn and given attributes of an entrance for water and an outflow for water. The 
inflow requires information about the time of flow simulation and the cubic feet per second flow 
rate at any given time. For the flow rate, data was taken from the USGS stream gauge at Wildwood, 
Washington (“USGS Current Conditions for USGS 12020800” Various). Other data inputs for the 
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model included manual entry of channel geometries and bank lines, stream bed 
sediment characteristics, soil infiltration rates, evapotransmission rates, bridges, 
culverts, landscape features, buildings, wind, precipitation, and model input flow rates. 
These came from several sources, such as GIS layers from Lewis County, Washington 
State, and the Federal Government. The completed model reached an expansive level 
of complexity and became increasingly unstable as more layers were added. Though 
this also increased its accuracy. The stopping point came from the implementation of 
precipitation on the model, which caused calculations to be created for the entire area 
of the simulation. This caused the simulation speeds to severely decrease and was 
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abandoned. The models are not simulated with precipitation, only flow rates inferred from 
that precipitation. 

Establishing Sampling Cross Section Nodes

	 Cross sections are used within the program to achieve multiple ends. They 
are used by HEC-RAS calculating algorithms to interpolate terrain conditions between 
given transects. The elevation is established on any given cross section and used as a terrain 
benchmark for these calculations. They are also used as checkpoints to gather data as it 
is calculated along the flow. This data is available in a wider and more accessible range 
than data collected across the general area of the model. In addition to the cross sections 
established to create the model, certain checkpoints are specified to act in a comparative 
capacity. This was started at series B, test 6 as the model was determined subjectively to 
have fidelity enough to start to make numerical measurements. 

In total eight cross sections were selected for closer examination. The cross sections 
were determined by the primary objective of collecting comparable data, but secondary 
qualities such as the features they captured was also considered. The sections used for 
interpolating terrain data are limited to a transect of approximately 1000ft. across the 
flood plain and perpendicular to the river flow. To capture additional data, secondary cross 
sections that spanned the breadth of the floodplain perpendicular to the channel were also 
created. This wider section will allow visualization of flow data beyond the immediate area 
of the channel and help to capture secondary channels and interesting characteristics of the 
floodplain. 

Starting upstream, cross sections were named by their sequence and relative station 
to the study area. For example, “XS 4 W” is at station 39281. It is 6800ft. in length and runs 
across the drainage valley and up into a side channel for about 2000ft. of its length. The 
trajectory was selected because it crosses the main channel at a bridge location, which acts 
as a bottleneck to water movement. It also crosses the secondary channels of Cedar creek 
in four locations, allowing for visualizations of flow coming from that tributary.

“XS 1 W” and “XS 2” cross the channel at the southern end of the study reach zone. 
They are selected due to the simple, unbraided nature of the channel. They are slightly set 
back from the areas that spawn the flow, to allow some area to smooth out any irregularities 
generated from the flow creation by the software. The initial benchmarks will help for 



Figure 108 - Layers of Information
(TL) - Establishing centerline polygon based on satellite data.
(TR) - Tuning the centerline with LIDAR data
(BL) - Establishing sections for calculation and observation
(BR) - Developing a calculation mesh
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Figure - 110 Monitoring Cross Sections
This harlequin map displays cross sections established for benchmark measurements. 
These cross sections will remain the same for both the modified and unmodified 
landscapes. This will provide continuity for metrics gathered from them. 
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comparison for input vs output through the model. The two cross sections differ very little 
in placement, and their only variation is in their width.

“XS 3” captures an interesting feature at station 46581. It moves roughly SW to NE 
across the channel and then enters soil being fragmented and wasted by water flow. The 
cross section bisects an oxbow that is actively being created and will result in interesting 
information.

“XS 4 W” is the longest cross section at 6820ft. in length. It crosses the South Fork 
Chehalis at the location of a private road, which uses a road span to cross between two 
ramped embankments. It then follows the drive to the intersection with Wildwood Road.  
From there it continues NE up the Cedar Creek drainage. Cedar creek is a major tributary 
of the South Fork Chehalis, draining eight square miles of hillside to the river’s East. The 
transect crosses the creek in four locations as it meanders down the hill. 

“XS 5” and “XS 6 W” cross at the midpoint of the study area and will provide a 
middle checkpoint for flow monitoring. “XS 5” was placed at a point that crosses an old 
oxbow on the river’s West flank. It then crosses the undulating path of Sears Creek to the 
East of the channel. It ends within the prism for Wildwood Road. “XS 6 W” captures a 
bottleneck at a road crossing. This will hopefully provide a consistent and consolidated 
flow output for measurement.

The study area exits to the North with “XS 7” and “XS 8”. The two cross sections 
capture an area set back about 500ft. from the study boundary to reduce abnormalities 
associated with computation edges. The cross sections also try to capture areas of 
consolidated channel width. 

Calibration Outcomes

The result of the creation of the simulated South Fork of The Chehalis within the 
modeling program HEC-RAS was exciting. The river behaved as it was subjectively 
supposed to. The flow rates of input roughly matched the anticipated rates of flooding. 
To objectively assess the performance of the model it is compared to realistic or historic 
indicators. If the flow of the water in cubic feet per second roughly matched the stage, or 
height of the river as recorded at similar rates, then it is assumed that the model has sufficient 
accuracy. As stated previously, there are no ideal stream gauges to measure this numerically. 
Instead, I rely on maps drafted by the National Flood Insurance program. These maps 
indicate areas that are prone to flooding and subsequently assign different insurance rates 
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and requirements to properties in those areas. One of the key benchmarks that the National 
Flood Insurance maps use is the 100-year flood mark. I compared the location of the 100-
year floodplain delineation to the inundation extent within the simulation (FEMA FIRM 
Map No. 530102 0440, 1981). Once the simulation’s inundation reached the geographic 
location indicated to be the 100-year flood stage by the Insurance maps, I noted the amount 
of water being introduced into the model at that time. 

The calibration or baseline model reached 100-year flood stage when a rate of 7,200 
cfs. of flow was introduced for prolonged periods. I used this as an origin for the subsequent 
rates of flow to test the models. The model tests were performed in five trials that will be 
carried out with the unmodified and modified model landscape. The trials were four fixed 
rate flows and one simulated water year. The fixed rate flows all performed with similar 
patterns. The models would start at an arbitrary date, as the duration of the flow was the only 
important temporal metric. Starting with a preexisting flow of 200 cfs. for three days (not 
recorded in results), the flow would then increase over a period of two weeks to the top flow 
rate. Once hitting the top flow rate, the flow would taper back to 200 cfs. over the course of 
one week. The simulations were a total of three weeks long. The flow rates would throttle 
consistently, but the amount that the flow rate had to change would determine the rate of 
this change. The increase from 200 cfs. to the top rate of 1,000 cfs. would have a slower 
increase than the ramp up to 15,000 cfs. This was necessary for practical implementation 
of the simulations. 

The second type of trial is the simulated 2020-2021 water year. Using actual data 
recorded from the Wildwood, WA stream gauge, I use the input to create a flow model that 
is updated hourly within the simulation (“USGS Current Conditions for USGS 12020800”). 
This simulation ran from October 1st, 2020 to April 30, 2021. Within this data, the flow rate 
is typical for an average year for the reach. The flow rate sees steady increases through the 
fall, and steady decreases during the spring. The rates are most dynamic during the winter. 
On January 2nd, a rain event caused a brief peak of 5,500 cfs. Again on January 13, the 
stream gauge recorded 4,000 and 5,800 cfs. spikes for a few hours. 

The tests of these types of flow data place the models under two different stressors. 
The fixed rate flows will primarily test the capacity of the system to hold volumes of water. 
They also can create unrealistic scenarios to explore the extremes of performance. The flow 
parameters based on the water year, however, simulate a longer and steadier scenario. This 
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demonstrates the extent to which the water spreads across the landscape. This type also 
shows in more detail the ability of the landscape to convey the water as it decreases. 



1,000 cfs

5,000 cfs

10,000 cfs

15,000 cfsModel Flow Plans

Figure 114a - Fixed Rate Flow Hydrographs
This graph depicts the flow rate of the fixed rate test inputs. The 
quantity of water increases for fourteen days, hits a peak, then 
decreases over a week.

Figure 114b - Realistic Rate Flow Hydrographs
This graph depicts the flow rate of the realistic flow rate scenarios. 
This rate is derived from the October 2020-April 2021 water 
year. The flow input recorded at the Wildwood stream gague is 
input into the model at hourly integers. 
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Benchmark Unmodified Flow Results

Figure 115- Area Inundated
Comparison of area inundated during fixed rate flows. October 
15 represents approximately half of the maximum flow. E.g. the 
flow for 5000 cfs. max is at 2500 cfs. at the time of this sample.
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Figure 116 - Fixed Rate Depth Profile
Depth at peak flows for fixed rate tests. On this chart, the left 
side is North or downstream. The lines represent the water depth 
above center channel at different rates of flow. 
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Figure 118 - Sections - Rate of Flow and Depth Comparisons
Cross sections illustrate the rate of water flow and their depth. 
Sections compare 10000cfs. (L) and 5000cfs. (R) test flows. Middle 
cross section is approximately the same geographic location.
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Figure 119- Water Surface Elevation
Water surface elevation (above sea level) for realistic water year 
at XC 8. Note the close similarity to the input cfs levels (Fig. 106b), 
indicating little floodwater attenuation.



120 McBride

Figure 120 - Channel Depth Profile
Depth of water on landscape at peak flow for realistic water 
year tests. On this chart, left side is North/Downstream. 
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Figure 121- Extend Inundated at 7,000 cfs.
Total surface area inundated by >0.01 ft. of water at 7000 cfs. 
flow rate. Taken from 10,000 cfs. fixed rate test. This is at the 
cusp of becoming a 100-year flood event, which happens at 
7,200 cfs. on this model.
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Figure 122 - Extent Inundated During 2020-2021 Water Year
Total surface area inundated by >0.01 ft. of water during the 
realistic flow tests. 
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Intervention Typology
To make the interventions, decisions were made as to what their forms and shapes 

could be. A major source of inspiration for this project is the 2015 renaturalization of the River 
Aire in Geneva by Atelier Descombes Rampini. The project on the Aire River reestablished 
a natural flow process. The designers chose to initiate the restoration by cutting polygonal 
geometric forms into the streambed, which eroded over time into organic forms. Within the 
first year, only remnants of the initial design persisted in the landscape (Atelier Descombes 
Rampini 2015). While this was an artful use of natural process, my interventions needed 

3 - Hydrologic Modeling
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to have immediate results based on probable end-form functions. The  interventions needed to have 
organic appearances and be immediately mature in their morphology. Similar projects, such as the 
1999-2006 restoration sites on Whatcom Creek by the City of Bellingham (Forester 2010), devised 
similar forms to those used here. The designers of this restoration project used natural forms such as 
holding basins and arcs to form its language. While it wasn’t guided by geometric aesthetics to the 
same extent as the ADR site, it sets a precedent for this project. The interventions there take shape 
using natural forms for their inspiration. River geomorphology often has a fluid, sinuous, curling 

Figure 124 - Examples of Restoration Sites

(T) Whatcom/Cemetary Creek Confluence 
Restoration Project (City of Bellingham 1999)

(B) River Aïre, Geneva  (ADR 2015)

(USGS, Google)
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Figure 125- Primary Intervention Site Locations
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shape. This leads to the oxbows, bends, thalwegs, braids, and other evolving features. These 
are the shapes that were influential in the creation of the interventions. These shapes are 
proven, by their existence within the physical landscape, to be effective in the processes 
and goals that this project seeks to replicate. While engineered forms may produce different 
results, they are not thoroughly evaluated due to time limitations. 

The tools used in the creation of the landscape have a large impact on their appearance 
and function (Hansen 2011). The interventions are be inherently artificial, and therefore 
influenced by human process and technology. The tool HEC-RAS is designed to be intuitive 
to people familiar with GIS processing software. The software uses polygons and lines 
as its language, and therefore must be conversed with in similar human geometry. The 
program is unable to use curvilinear forms, arcs, ellipses, and other graceful representation. 
The resulting hieroglyphs are angular and blocky—clearly geometric and artificial.  
This language greatly influenced the outcome of the project. The resulting landscape of 
modifications is alien and strange. The implementation of this design may embrace the 
geometric forms, seeing them soften over time. Or the geometry could be softened by 
designers to produce more curvilinear and pre-eroded forms.

Streambed Elevation

The artificial raising of the base stream bed height proved invaluable to the 
implementation of all other strategies in the landscape. It is a method to mitigate the effects 
of a common problem within many human managed streams: incision. As a stream increases 
velocity through straightening, obstacle removal, and bank modifications its conveyance 
and wasting exceed the input of sediment from upstream. This creates a sediment deficit that 
leaves the streambed scoured- more sediment is leaving the system than is deposited. The 
South Fork of the Chehalis River is no exception to this, having banks that are often twelve 
to fifteen feet above the streambed. The streambed itself is frequently reduced to bedrock, 
having conveyed all the available sediment downstream. This creates a common challenge 
for restoration efforts that seek to enlarge the floodplain engagement: the floodplain is 
two dozen feet above the water. With an average slope of 0.0034%, the South Fork of the 
Chehalis would have to travel 4,400 ft. to change 15 ft. of elevation. That would require 
almost a mile of diversionary channels from upstream to account for that discrepancy. These 
channels would be counterproductive to the goals of restoration and impractical.  Thus, 
streambed rehabilitation becomes a key component to the restoration of rivers. Streambed 
treatments such as logjams and instream-structures help to slow the flow of water, allowing 
the deposition of sediment and the rebuilding of soils underneath the stream flow. This in 
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Figure 127- Elevation Profile with Modifications
	 This diagram was used for planning the entry and exit heights 
of the channel modifications. The bank elevation was important, as it 
roughly corresponds to the 100 year flood stage. It also was important 
to consider the bank threshold to prevent or encourage spillover into 
the floodplain. The section line does not represent the lowest point of 
the landscape, just the entry and exit thresholds.  
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turn decreases the freeboard of the banks, allowing water to breach the stream banks with 
less volume. 

The difference in freeboard creates challenges with diverting water from the path of 
flow to interventions. A mile of lead-up channels would have to be used before any water 
could enter a holding area or side channel. The minimum water surface elevation would 
need to be very high before passing the elevation threshold needed to enter these structures. 
If the entrance to a holding basin was at ten feet above stream bed, then there would have 
to be more than ten feet of water before it would flow into the basin. This leads to the first 
intervention: for the entirety of the site, the base channel bed elevation was raised by five 
to six feet. This halved the freeboard throughout and drastically reduced the barrier to 
engagement with the surrounding floodplain. Now the stream would only have to raise its 
surface elevation by less than six feet to start engaging with the surrounding area. Entries 
to basins and side channels could start recruitment of water at a much lower stage, allowing 
for a broader range of intervention options. 

In engineered structures, a key component is a disruption of the flow of water using 
obstructions. In log jams, this is not only large woody debris, but also the detritus that gets 
caught within the wood tangle. In engineered structures, logs or manufactured pylons are 
used to simulate this effect. The result is a permeable damming of the flow of water that is 
common throughout rivers. The HEC-RAS modification to terrain that best emulates this is 
a raised weir or spillway within the channel. This weir elevates the streambed another four 
feet for a total of nine feet over existing bed elevation. The weir extends for forty linear feet 
in the channel with 45-degree banks integrating it into the topography. Weirs were included 
periodically throughout the channel bed modification.

The geometry of the weir was largely arbitrary and primarily designed to be 
proportional to the landscape. It was designed to emulate the riffle and pool character that 
is prescribed for rivers like the South Fork of the Chehalis. In this classification, there are a 
series of blockages that leads to a pooling of water at intervals along the path of flow. These 
are characteristics of waterways that are less than 2% in grade, moderately flowing, and 
have limited supplies of silt. (Buffington and Montgomery, 2013). While it was not used in 
this way, the elevation of the weir heights could be modified to better control the surface 
elevation of water that is held behind it. 

The real-world implementation of this modification would require extensive 
engineering and the filling of specialized soils. It would drastically impact biological, 
fluvial, and countless other processes in cataclysmic ways. The gradual buildup of sediment 
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through natural sediment transportation processes, however, would achieve similar results 
in a way that would enrich the river’s overall health. Furthermore, much of the harm to 
this natural sedimentation process is from upstream influences. Logging the surrounding 
valley hillsides robs the stream of critical woody debris and disrupts sediment transport. 
While this project does not address these concerns, it works under the assumption that the 
surrounding conditions are addressed in such a way as to allow for the site to function as 
intended. 

Holding Basins

To directly address the need to hold water on the landscape for longer periods of 
time, a series of holding basins were implemented. The objective of the holding basins was 
to fill with water at specific flood stages, and hold that water to infiltrate into the landscape. 

Figure 130 - North Wetland Design Constraints
The Northern Wetland location is influenced by the fluvial silt deposits. 
The silt deposits created a gentle slope at the end of nearby creeks 
leading down into the basin. The design took advantage of this to 
imagine availability of fill once the basins were excavated. It also 
forced the modifications to be close to the center of the basin. 
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Outflows allowed sufficiently high flows to use the holding basins as diversionary channels, 
ensuring that the flow would not overbank and disrupt other areas. The size and shape 
of the basins were determined by the constraints of the landscape. They were designed 
to balance and minimize the terrain modification needed to implement them. They were 
also designed to fit within specific sub-areas that allowed for opportunities for ingress 
and egress. For example, the Northern Wetland area’s entrance branches off from a sharp 
curve in the river and entered through a historical oxbow channel. This allowed it to use 
the existing landscape conditions to enhance the ability of the inflow point to perform in 
diverting water. The exit to the wetland uses an existing drainage channel to join back with 
the main flow. Using the existing topography will theoretically encourage the resilience of 
the systems, as they work with the same flows of energy that have expressed themselves.

To implement these changes within HEC-RAS, several techniques were used. First, 
a meandering channel of 40-60 feet was cut across the area that would hold the cluster of 
modifications. This channel established the whole system’s inlet and outlet heights. It also 
ensured that the water would flow through the system if overwhelmed by water. The entry 
height was dictated by the desired level of flood stage that the system would activate. The 
exit height was dictated both by the streambed height at outlet and the outlet height of the 
last holding basin. The exit must be below the height of the last basin’s outlet threshold. 
Once the general flow was established by the channel, the basins were constructed within 
that curvature and placed on the landscape. A central low point was established, and the 
maximum depth was calculated so as not to exceed 15% slope at any time. The decision 
for 15% was arbitrary, but based on the assumption that the typical soil type would be silt. 
This would be well below the required angle of repose needed to hold that soil in place. 
Additionally, the low grade would increase the longevity of the landform modifications. 
The inlets and outlets between basins were determined by the height of the surrounding 
floodplain. The goal was to reduce perched basins of holding water whenever possible. 
The inlets and outlets of the basins were used to change elevation to match the surrounding 
height. This could not be done at the settling basins, as the change in elevation between 
inlet and outlet would also reduce their holding capacity. Maximizing the holding capacity 
of the basin system would come at the cost of diverging from the natural grade of the 
river. The low point elevation was then expanded within the basin as much as possible to 
maintain the 15% slope on the banks and work within the elevations needed of the inflow 
and outflows. For example, if the basin allowed water into the holding area at an elevation 
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Figure 132- Site Modification - Holding Basins



133

3 - Hydrologic Modeling | Intervention Typology

Flow of Water

Figure 133a - Site Modification: Side Channels

Figure 133b - Site Modification: Instream Treatment
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of 100ft. and outflow at 99ft., then the bottom of the basin could be no closer than 6.6 ft. to 
the rim of the outlet. 

The basins are designed to sequentially flood as water levels rise. The Southern 
Basin area requires the first basin to fill before the second basin, which is connected to the 
outlet of the first, engages. The same mechanism is employed for the remaining basins, 
which fill only if the preceding basin is at capacity. 

The inflow height of the channels decided the anticipated nature of the basin areas 
themselves. Some of the basins were designed to hold water at a low flood stage. These 
would fill during times of heavy rain or high seasonal flows and help to recharge aquifers 
and engage with water-soil processes.  They would also be able to sequester higher volumes 
of water at times of need. Other basins were designed to allow the inflow of water during 
major flood events. But as the water reached a certain elevation, these basins would inundate 
with water, increasing the landscape’s capacity to hold and retain floodwater. These basins 
would slowly drain through the soil, plants, and evapotransmission as water receded below 
the outlet threshold and pooled in storage areas. 

The ephemerality of the holding basin would dictate the vegetation and microclimatic 
conditions. The basins that engage at high stream flows would take on characteristics of 
riverine benches, which flood regularly with seasons. The basins that engage in major flood 
events would be populated by upland forest plants and soil. These would tolerate occasional 
flooding but would convert to a different profile if the flooding occurred too frequently. 
Using the Southern Basin system as an example, the first basin would be characterized 
by vegetation that enjoys or requires seasonal flooding. The second basin would hold 
vegetation that tolerates inundation but does not require cyclical wetting. The third and 
fourth basins are anticipated to rarely see floodwater, so they would hold vegetation that is 
typical of upland forests.  

Staggering the availability and frequency of basin use allows for flexibility within 
the floodplain system. It would encourage resilience within the landscape’s ability to adapt 
to changing water levels. Furthermore, it would allow for malleability for larger trends 
within climate change. The basins that were developed for use during major year floods 
could express changes in soil and vegetation as they were flooded at more regular intervals. 
Unlike major engineered structures such as dams, the basins emulate the existing typologies 
of floodplains. Because of this they also take on the plastic characteristics of these systems.
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Side Channels

The side channels took shape in a similar way to the holding basins. Their key 
difference, however, was their objective. While holding basins sought primarily to retain 
water at certain flood stages, the side channels’ primary focus was to increase the surface 
area of water interaction with the flood plain. The side channels, therefore, did not have 
to be deep or concern themselves with water elevations for engagement. The inspiration 
for the side channel form came from the oxbow and braiding dendric meanders evident in 
the DEM examination of the historical landscape. As part of the evolution of an oxbow, 
the stream creates a new channel and eventually seals it off from the main flow. The layers 
of this create a complicated assemblage of flood channels. This transformation from main 
channel into a seasonally flooded wetland was a key inspiration for the design of the side 
channels. The form also accomplished the goal of being labyrinthine, allowing water to 
inundate the area slowly as lungs draw breath from trunk to alveoli. This pattern helps to 
maximize the surface area of inundation and creates a diverse landscape of microclimates. 

The site constraints of the side channel locations were much less than those of the 
basins. The side channels require a relatively flat landscape. This flat landscape is easily 
found in the floodplain. The channels are also flexible with changes in elevation. They are 
designed to be at least seasonally inundated, so do not need to differ greatly from the normal 
elevation of water flow. They also do not need to engage in successional programing with 
the flow of water. They can adapt to changing conditions and will encourage vegetation that 
fits that niche. The primary zone for side channels were situated between the basin systems 
that were established within their demanding constraints. Their placement filled the gaps 
between the other interventions and focused on expanding the channel’s interaction with 
the surrounding floodplain. The entrances to the side channels started at elevations near 
to the streambed, allowing for continuous seasonal inundation. The side channels often 
have secondary channels at similar elevations, or at gradually increasing elevations that 
encourage water interaction at increasing flood stages. These side channels expand the 
wetland inundation areas and provide more area for habitat.
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Characteristics of Landscape after Strategies

Northern Wetland

The Northernmost intervention is a retaining wetland and natural area. It is designated 
as “Northern Wetland” and its goal is a combination of increasing the interaction with the 
floodplain and attenuating peak flows through retention. The wetland takes the form of 
basins with channels throughout to accomplish these dual goals. The channels are designed 
to either convey water through the landscape or provide complexity for the floodplain to fill 
and create side channels or wetlands. 

The site is characterized by a meandering oxbow channel which dances around the 
basins that occupy the interiors and exteriors of the curves. It runs in line with the existing 
stream bed, offering a water diversion once the stream height reaches a bankfull depth. The 
total length of the intervention is 8430 ft. and has a grade of 0.004%, matching the channel 
elevation. The channel that offers the main path through the intervention offers points for 
the water to spill into these basins periodically to be held as they permeate into the soil over 
time. The basins hold this water by maintaining a higher rim elevation on the downstream 
side than the channel as it passes through the area. 

The site is divided into two distinct and independent sections. The Southern section 
is smooth and integrated into the landscape. It allows water to start flowing into the system 
at a stage of 3 ft. of depth. This stage occurs during flows of 300 cfs. or higher. This 
low entry height would allow for frequent flooding throughout the wet season. The area it 
occupies is essentially flat, used for generations for agriculture. This flatness allows for the 
gentle changes in elevation.  The northern section has more dynamic and obvious cuts into 
the landscape. It is designed in response to the silty alluvial deposits of Foster, Root House, 
Slide, and Water creeks that occupy the area West of the channel. The deposited sediment 
from the hillside creates a steepness to the terrain that necessitates harder elevation cuts to 
make transitions. The Northern portion of the Northern Wetland would only allow water 
at levels of 8.5 feet above stream bed which occurs at 5700 cfs. of flow. This section 
would only engage with higher flows that threaten to otherwise overbank throughout the 
floodplain. Using the 2020 realistic flow data, this would only occur twice in that year.

Central Side Channels

The center intervention is informed by the goals of engaging the floodplain by 
increasing the total surface area of its interaction with the landscape. It consists of a series 
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of overlapping oxbow forms, emulating the oxbow side channels that express themselves 
during normal floodplain processes. The section runs for 8760 ft. on the Eastern bank of 
the river. It encourages the collection of water from the confluence of Cedar and Laughlin 
Creeks. The area selected for this modification expressed a history of oxbow formation 
activity when examined with the REM maps. Recreating this typology was appropriate due 
to this characteristic. The side channels engage with the flow of water at very low stages. 
Many of the entrances breach the bank at stream bed elevation, allowing any flow of water 
to start pooling into the wetland forms. These channels increase at a gentle grade towards 
their apex, which is the highest point of the side channel. This allows water to flow in 
gradually into the system. Many of the side channels have secondary branches that network 
together with other forms to create a complex canal system of side channels. The frequent 
inundation of these areas encourages the growth of wetland and aquatic species. 

Southern Holding Basins

By far the most aggressive intervention, the Southern Holding Basins work towards 
retaining water and allowing slow percolation and recharge of ground water. The site’s 

Figure 139 - Unmodified Landscape Near Cedar Creek Confluence
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topography was the determining influence on their creation. The hillside to the West of 
the stream starts climbing towards the floodplain walls. The gradual climb is steeper at the 
Southern end of the site and becomes shallow as it continues North. This is perfectly suited 
for a terraced system of holding basins to run parallel to the flow of water. The basins are a 
series of catchments sequentially situated and joined together with small breaching canals. 
These canals are at specific heights to allow water to flow onto the next basin only when the 
previous basin is full. Water flowing out of the system through the spillway and back into 
the main channel would only occur when all the basins were completely full. This system 
engages at the first basin once flow levels reach 7 ft. of height. The system is designed to 
be a modification of the hillside, not necessarily the floodplain. The intent is that the basins 
will rarely flood, so that the hillside can function as a mature forest for much of its lifetime.

Reach Scale Modifications

The totality of the landform modifications occupies and drastically alters a great 
expanse of the floodplain’s 3000 acres. Heavy modifications, such as the holding basins, 
use 9% (275 acres). Moderate modifications, such as canals, streambed raising, and side 
channels would take 14% (441 acres) of land. It would require the elimination of existing 

Figure 140 - Modified Landscape Near Cedar Creek Confluence
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Figure 141 -  Landscape Comparison

Comparison of landscape (L) before and (R) after landscape 
modifications. 



142 McBride



143

3 - Hydrologic Modeling | Characteristics of Landscape after Strategies

human structures. These include culverts that alter the flow patterns of surrounding creeks 
and levees that carry roads through the landscape. The culverts and levees greatly alter the 
flow patterns of the stream, often blocking large swaths of the landscape like a dike. 

The modifications not only change the terrain, but the resulting changes in hydrology 
and microclimates will change the vegetation of the landscape. This is assumed to be 
a result of successful restoration efforts which are not explored in depth in this project. 
With the modifications, new Manning’s values were used to reflect these changes. The n 
modifications were determined by the anticipated relationship the area would have with 
water. Areas that were frequently flooded were assigned values for woody wetlands, and 
areas that were on the hillside and above the floodwaters given values associated with 
forests. Vegetation of varying density was placed in clusters and forms that emulated the 
natural growth within a healthy floodplain. Whereas in the unmodified landscape, much of 
the channel banks were vegetated in a narrow buffer area, the modified landscape drastically 
increases the friction that water experiences as it travels through the floodplain. 

The South Fork of The Chehalis is reinvigorated in this potential future. Before, the 
stream occupied and interacted with less than 1% of the landscape. With modifications, 
the stream regularly interacts with 35% (1105 acres) of the surface area of the floodplain. 
This drastic improvement not only increases floodplain biologic processes but restarts the 
geomorphology that has been hampered by past modifications to the landscape. Human 
involvement with the floodplain is drastically revised. Previous use of the floodplain for 
monocrop agriculture and pasture is no longer feasible. People can live in specific areas 
of the floodplain basin itself but are frequently cut off from easy access due to flood water. 
These people will need to be temporarily relocated as the modifications to the landscape take 
place. As envisioned by the Newaukum report, human occupation is easily accommodated 

Figure 143 - Averaged n Values of Reach

 	  Unmodified
 	  Modified
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on the gentle grades surrounding the floodplain. With the modifications, there is now more 
than 500 acres remaining that featured slopes from 5-10%. These areas may accommodate 
human use with careful consideration on how human occupation may affect ecological 
processes. 

Flow Modeling in Altered Landscape

With modifications completed on the landscape, the next step is to run the same 
series of tests that were conducted for the unmodified control landscape. The modified 
landscape is subjected to flows of 1000, 5000, 10,000, and 15,000 cubic feet per second 
of steady input rates. Then they are simulated with the 2020-2021 water year. Results and 
data are collected from the same areas of the terrain as before.  Overall, the flows across 
the landscape appear to interact with the features as anticipated. The wetlands and basins 
flood at approximately the anticipated times. Some errors of flow such as gaps or angular 
artefacts are present, but not to an alarming extent (Price 2019). The process of running 
the models produced a concerning number of errors. While efforts were are to reduce the 
errors, it is concluded that the errors do not cause meaningful deviations from the results 
and were limited to a few recidivist cells repeatedly failing calculations. 
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Figure 145 - Manning’s Values
Comparison of Manning’s Values (L) before and (R) after landscape 
modifications. Areas of white on modified landscape are errors and 
defaulted to the average value of the site (n 0.06).
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Overview
Overall, the site’s performance exceeds expectations. Almost the entire basin 

bottom touches water throughout the 2020-2021 water year. Inundation is concentrated 
to planned areas. Unanticipated overbanking is drastically reduced from the unmodified 
landscape. These parameters, however, are difficult to compare or place value judgement 
upon for the performance of the landscape. Multiple changes to the landscape occured at 
once, so isolating the impact of any one strategy is impossible using this method. Taken 

Flow comparison between realistic flow scenarios. Flow speed attenuation is present at the peak flows. 
Reduced depth of water is apparent throughout. 

Figure 149 - Depth at Mid-Point Sample Node
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as aggregate, however, the changes are striking. Analysis concentrates on the 2020-2021 
water year flows. The steps of steady flows do not show the details of the relationship 
between the water and the landscape as much as the variable flow. The fluctuations within 
the variable flow help to highlight the behavior of the water on the landscape as it oscillates 
between small increases and decreases within larger trends. 

Flow comparison between realistic flow scenarios. Flow speed attenuation is present at the peak flows. 
Reduced depth of water is apparent throughout. 

Figure 149 - Depth at Mid-Point Sample Node
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(T) Figure 151 - Area of Active Flow

As expected, the area of active flow drastically increased after landscape modifications. 
This increase in area will allow more infiltration and exchange between surface and 
groundwater.



152 McBride

(B) Figure 152 -  Total Water Surface Area

 	  Unmodified
 	  Modified

Recorded at peak flow during 
realistic scenario.

Even at higher rates of flow, when the unmodfied landscape still had widespread 
inundation, the modified landscape has much more surface area.
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Figure 153 - Unmodified - Depth at XC 1, 5, 8 at 5k cfs.

Flow comparison between 5k cfs. flow scenarios. These charts compare 
the water depth and n values at sampled cross sections. 

Recorded at peak flow.
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Figure 154 - Unmodified - Depth at XC 1, 5, 8 at 5k cfs.

Flow comparison between 5k cfs. flow scenarios. These charts compare 
the water depth and n values at sampled cross sections. 

Recorded at peak flow.
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Figure 155 - Unmodified - Depth at XC 1 & 5 at 10k cfs.

Manning’s Values (n)

Flow comparison between 10k cfs. flow scenarios. These charts compare 
the water depth and n values at sampled cross sections. Velocity 
measurements for unmodified terrain only.
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Figure 156 - Modified - Depth at XC 1 & 5 at 10k cfs.
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Figure 157 - Maximum Water Depth

(L) - Unmodified
(R) - Modified
Recorded at peak flow 
during realistic scenario.
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Figure 159 - Flow Velocity

(L) - Unmodified
(R) - Modified
Recorded at peak flow 
during realistic scenario.
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Figure 161 - Percent of Simulation Time 
Inundated

(L) - Unmodified
(R) - Modified
Recorded at peak flow during realistic 

scenario.
Note evidence of rainfall on unmodified 
terrain, this rainfall was untenable with 
the modified landscape.
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Figure 163 - Water Velocity

Midpoint Sample Area
(L) Unmodified             (R) Modified
Recorded at peak flow during realistic scenario.
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Figure 165 - Percent of Simulation Time Inundated

Midpoint Sample Area
(L) Unmodified             (R) Modified
Recorded with realistic scenario.
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Figure 167 - Water Flow Velocity

Northern Wetland Area
(L) Unmodified             (R) Modified
Recorded at peak flow during realistic scenario.
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Figure 169 - Percent of Simulation Time Inundated

Northern Wetland Area
(L) Unmodified             (R) Modified
Recorded with realistic scenario.
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Discussion

Incision Repair

The goal of the incision repair is to reduce the freeboard from the stream bed to the 
bank height. The main channel is active throughout the flow and is still given priority when 
designing the alternative routes of travel for water. Velocities of water flow drastically 
reduce along the entire length of the channel. Areas that peaked at 15ft/s of flow previously 
now reduce to 7ft/s. Despite adding six feet to the entire length of the streambed, the 
displacement of over nine million cubic feet of conveyance space still results in reduced flow 
speeds at comparative volumes of throughput. An interesting unanticipated outcome of the 
modification is that the remnants of the oxbows present in the landscape are recruited into 
use. Whereas before they only inundated by major floods that breach the banks, reducing 
the freeboard allows them to engage with much less water needed. 

Northern Wetland

The Northern Wetland is the most responsive of the treatments in regard to the 
modulations in river flow. This is expected with the minimal changes in elevation of the 
Southern area of the plot. This area maintains water in its basins during most of the water 
year. These water basins also fluctuate in height within their holding areas as the water 
flowed in and out of them, always maintaining connection with the overall stream height. 
This contrasts with the Northernmost area which has more dramatic changes within the 
landscape. This area begins to flood when the flow rate passes 3,600cfs. This occurs only 
twice during the 2020-2021 water year. On February 22 the stream rose to 1,300cfs. and 
shows the system initially filling and almost reaches the activation threshold before backing 
off. The Northern area retained water at the bottom of its basins after becoming inundated 
with water for the first time on January 12th. 

Central Side Channels

The side channels maintain water throughout the 2020-2021 season. This works as 
anticipated and causes a major increase in the total water surface area in the landscape. 
The oxbows fill with water and respond as the overall height of the river fluctuates. Water 
velocity remains very low throughout the inundation periods, never surpassing 1.5ft/s of 
flow. This indicates that the areas can harbor wetland ecosystems and assist in the deposition 
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of sediment form upstream sources. They also provide valuable habitat functions for many 
of the species in the region. 

Southern Holding Basins

The Southern holding basin engages only once during the entirety of the 2020-
2021 water year. On time marker January 13, 2021 water reaches 6,000cfs of flow. This 
water never continues to the second basin yet comes within a foot of the spillway into 
the second basin. At its peak, the basin holds 231,910 cubic feet of water to be slowly 
infiltrated through the landscape. During the 10,000cfs. test, the Southern basins fill almost 
completely. In this test the first basin starts to spill into the second at 5,100 cfs. of introduced 
flow. They continue to flow and increase held volume until the third basin fills with 1.5 
feet of water and recedes. The third basin only engages with the maximum test flow of 
10,000cfs. The basin system engages, therefore, only in cataclysmic conditions. While this 
is the intent of the design, modifications can be made to refine this. I believe that a system 
like this should engage at the 100 year flood stage, which on this model is at 7,200cfs. The 
overfilling of the area can be designed to top the final spillway and reenter the main channel 
at a 150-year flood stage. This ensures that the landscape modification is effective in flood 
attenuation during the worst events and not inundates during lesser and more common 
events. This benefits species that are not flood tolerant, such as Pseudotsuga menziesii and 
Acer macrophyllum.

Overall, the landscape modifications completely change the dynamics of the 
floodplain. The unmodified terrain suffers from frequent flooding but only in isolated 
areas of agricultural land. The modified landscape frequently floods over broad stretches 
of the landscape. As per the design of both landscapes; the agricultural landscape seeks to 
concentrate the flow of water and to place the overflow into less valuable areas. 

Manning’s Values

The changes in the ecotones within the landscape and subsequent representation 
through Manning’s value polygons create a measurable change within the calculation mesh. 
Overall, the roughness of the path of flow increases in value and more water encounters that 
additional roughness. This change has several impacts on the simulated flows. A landscape 
with less roughness can convey water more quickly through the landscape. When viewing 
graphs of the flow rates, that appears to be a curve that is flattened and offset slightly. This 
represents that more water is held on the landscape upstream and that the water that does 
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come through arrives later. Both landscapes have similar roughness values for the channel 
and the proximal banks. Vegetation is maintained on the existing river banks in alignment 
with current Lewis County Code which requires a 150 ft. buffer around the South Fork of 
the Chehalis (LCC 17.38.270 2023). Within this buffer, the vegetation is unmanaged and 
is dense weeds or native shubs. Beyond this buffer, however, the unmodified agricultural 
landscape has drastically reduced roughness in comparison to the modified landscape. 

Peak Flow Attenuation

Peak flow attenuation is a critical component to measuring the performance of the 
landscape. Flood mitigation strategies use different methods to retain water on the landscape 
as long as possible. This reduces the quick rush of water that is characteristic of conveyance 
models of flood management. Upon viewing the charts that compare the two terrains in the 
2020-2021 water year, the trend towards retaining water mass on site is illustrated. 

Many of the peaks of flow are offset when comparing the two terrain models. This 
indicates a slowing of the flow of water through the site. During periods of low to moderate 
seasonal flows the modified landscape increases this transit time up to five hours. This 
amount decreases as the flow rate increases. At the peaks of flow, the transit time difference 
is less than two hours.  This is consistent with the idea that the landscape intervention 
forms are only effective at slowing flows up to a certain water surface elevation height.  
The landscape modifications that are designed for slowing the flow of water are at low 
elevation differences from the main channel. On average, it takes water a total of nine 
hours to traverse the main channel of the unmodified site. The modified landscape increases 
this by 44% during low flows and 22% during high flows. This is a dramatic increase in 
the ability of the landscape to slow the flow of water and reduce surges in downstream 
infrastructure. Comparing the models, benchmarks for the 100 year flows are estimated. 
The unmodified terrain overbanks (which is considered roughly 100 year flood stage) at 
an input flow of 7200cfs. Modified Terrain overbanks at 8300cfs. To establish these flow 
rate benchmarks, the FEMA FIRM maps are used to determine the geographic extent of 
the flooding needed to constitute a 100 year flood stage (Federal Emergency Management 
Agency 1981). Once the unmodified simulated landscape’s inundation footprint meets the 
geographic area shown in the FIRM Maps, the current water volume input is noted. On the 
modified landscape, the location of comparison was in an unmodified area.
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Volume of Water

Similar to the reduction of peak flow, the reduction of water volume is indicative of a 
landscape that mitigates harmful flooding. The flow curve is not only elongated to illustrate 
the length of time water is on site, but the depth of water at any given point is also reduced. 
The reduction in the volume of water draining out of the site is apparent in the measured 
graphs at the simulation outlet. Measured at the outlet, the modified terrain holds a depth of 
water measuring 2.38 ft. and a maximum depth of 9.16 ft. The original landscape’s average 
depth is 2.05 ft. and had a maximum depth of 10.06 ft. (both maximum depths occurred on 
January 13/2021 between 05:00 and 06:00). The average difference between the two during 
the 2020-2021 water year is 0.03 ft. 

Water depth results show that the modified landscape has a lower water depth during 
the highest flows, but on average has a higher water depth during moderate and low flows. 
This is possibly because the modified landscape spreads the depth of the highest flows 
across the whole floodplain yet has a reduced main channel capacity. The largest difference 
between the two numbers comes after the major peaks. For example, 19 hours after the 
max depths recorded for the sample site is also the time of greatest difference (0.52 ft.). 
Similarly, other peak flow periods are followed by the largest differences between the 
depths of the two models. 

In summary, the largest differences in flow volume are occurring immediately 
after heavy flow periods in which the modified landscape hosts a greater water depth than 
an unmodified landscape.  It is unclear what is causing the largest differences in flow to 
occur during periods when the modified landscape holds more water than the unmodified 
landscape. 

Floodplain Area Engagement

The altered landscape of the floodplain uses many techniques to spread the flow of 
water across the terrain. Channels divert water into wide basins and add complexity to the 
channel network. The modifications increase the surface area of the water flow during normal 
and severe flow periods. The altered landscape was so effective that it was challenging to 
make comparisons between the two floodplains. The altered landscape modeled a braided 
geometry where the flows of water are dispersed throughout the area. HEC-RAS software 
is oriented towards measuring concentrated flows within channels, not wide and shallow 
areas.  The breadth of the inundation both accomplished the goal of increasing inundation 
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and also made quantifying flows more challenging by fundamentally altering the character 
of the floodplain. 

The modified landscape holds an average depth of water of 1.84 ft. during the 2020-
2021 water year compared to the original landscape’s 2 ft. The control landscape’s peak 
flood inundation area during the realistic flow scenario is 426 acres. This increased by 38% 
in the modified landscape to 691 acres. This demonstrates that the modified landscape 
holds a higher volume of water at any given time-- the water is spread broadly. However, 
the surface area of that average depth differs. The average depth of the modified landscape 
is spread over a thin surface area, whereas the original landscape is largely constrained to 
the channel.
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Challenges
Throughout the processes, various concessions are made to ensure the completion 

of the model simulation. Data inputs are based on satellite images, federal datasets, local 
datasets, past studies, and the experience of the researcher. This provides a fidelity of 
creation appropriate for the model and frequently surpasses the accuracy demonstrated or 
suggested by professionals instructing on HEC-RAS. It should be noted, however, that there 
are approximations throughout the process. Much of the data that populates the input sets 
is gleaned from calculated or inferred knowledge. Topographic resolution is approximately 
one meter. While this is commonly sufficient for most tasks, small abnormalities may 
drastically impact the outcomes of flow modeling.

Model Creation

The creation of the model is based on coordinate reference systems (EPSG:2927 
NAD83 / WA South (ftUS)). The placement of many data layers is based on matching 
coordinates and provides a precise application. Other layers, such as river prisms and 
Manning’s Values, are applied by hand using polygons based on the information provided 
in the georeferenced layers. Furthermore, the modifications to the landscape are applied 
by hand using polygons to alter the topography. Abnormalities and artifacts are present 
and have potential to influence flow calculations. When found they are addressed, though 
some are sure to remain on the modified model. Calibration and iteration can identify and 
palliate many issues.  The lack of stream gauges, as discussed previously, ensure that the 
model could be only self-referential. While the model shows many metrics (such as 100-
year flood stage) that correspond to observable data, it is still imprecise. 

Existing Landscape

While terrain and conditions on site are thoroughly evaluated and considered, little 
attention is given to the human emotional element of the landscape. About two dozen 
households and several businesses occupy the study reach. The town of Boistfort, with a 
population of 300, is immediately to the North (“U.S. Census Bureau QuickFacts: Chehalis 
City, Washington”). These people have created homes and attachment to the landscape. 
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Furthermore, the reach is on the traditional homelands of the Chehalis, who have had, and 
continue to have, a relationship with the area since time immemorial. 

These communities potentially hold deep knowledge in their lived experience of the 
South Fork of the Chehalis. This knowledge uncovers insight that cannot be discovered 
through remote research and site visitations. Accounting for this local agency is not done 
by this study and would benefit from it. Furthermore, this project ignores the political and 
legal landscape. These families and businesses need to be relocated and fairly compensated 
within our existing political system. Here, modifications to the landscape are not constrained 
by parcel lines or zoning requirements.

Modifications

The modifications are made without consideration to cost or impact on the landscape. 
The disruption to the landscape would be complete. While the existing landscape is already 
completely modified by human interventions, the vegetation and soil structures provide 
immediate benefits to the ecology and economy of the region. Modifications are made with 
only their result informing decisions. Existing site conditions that are not an immediate 
benefit to the treatments that would occupy that space are not considered.  A project of the 
scale proposed needs monumental imperative to be considered. 

Assumptions

The project relies on the assumptions that inundated areas necessarily produce 
ecologically beneficial results. This is not necessarily true. It radically simplifies the legion 
of ecological processes that are present in floodplains. Consideration must be given to a 
broad range of phenomena and invite many specialists to contribute to the informed design 
of floodplain projects. The study site is isolated from the larger world. It removes the 
connections between the South Fork of the Chehalis and its contextual placement. Beyond 
the boundaries of the heightmap and polygon mesh, the model has a void of data where the 
actual river has a network of infinitely complex connections to the surroundings.

In real floodplains, the restoration of a reach or section provides no benefit if the 
surrounding conditions that caused that state to exist in the first place are not addressed. 
The study focuses on the immediate area’s transformation into a conveyance channel 
and agricultural landscape. But the study does not address the impacts of logging on 
the surrounding hillsides, which occur frequently and with regularity. This logging has 
adverse impacts on the presence of large woody debris (Winkler et al. 2010; Bisson et al. 



180 McBride

1987), healthy sedimentation processes (Merten et al. 2010; McEachran et al. 2021; Olsen, 
Wagenbrenner, and Robichaud 2021; Grant 2008), and subsequent rates of flow (Zhao, 
Boll, and Brooks 2021). 

Statement of Positionality

The individual conducting this survey must also be considered. The researcher 
has a privileged background of being an economically, culturally, racially, educationally, 
bodily, and socially advantaged white cisgender heterosexual male. While this may not be 
immediately necessary to research for declaration, it should be considered when accounting 
for the methodology and interpretation of the data. 
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Opportunities for Future Study
Throughout the process of this project, several opportunities arise to pursue topics 

tangential to the focused objectives. While many of these topics can become sections within 
the scope here, some could have become large projects. Continued research into the field 
of riparian restoration is essential as conditions shift on the landscape and the effects of 
climate change come into focus. 

Climate Change

Climate change is a major topic of uncertainty and should be further explored in this 
context. While many predictive models are coalescing into a single agreed upon narrative, 
there is much left to speculation (NOAA 2013; Hausfather 2019). Research within the 
field of restoration is frequently being conducted using climate change as a primary lens 
(Estenoz and Bush 2015; Griffiths 2013; Veloz et al. 2013; Mallakpour and Villarini 2015; 
NOAA 2013). The field of riparian restoration would benefit in several ways from continued 
exploration of future uncertainties. 

The plant selection for the FDRP dam and levee, and to a lesser extent within the 
planting choices of the Aquatic Species Restoration Plan, do not sufficiently take climate 
change into account. Their plant selection is based on historical choices (Office of Chehalis 
Basin 2019; WA Dpt of Ecology 2023). The plant selection proposed within these would 
offer immediate results, but as climate change worsens, it is important to select plant species 
that are prepared for climate change. Recent studies focus on the transition of ecosystems 
due to climate change and subsequent migration of plant species (Estenoz and Bush 2015; 
Richardson et al. 2009; Olson et al. 2007; Fremout et al. 2022; Abbe et al. 2019; WA 
Dpt of Ecology 2023). A quick assessment with the “Seedlot Selection Tool” shows that 
plant species for the South Fork of the Chehalis should come from Northern California 
(St.Clair et al. 2022). This tool suggests plant groupings that would be appropriate for 
the future conditions after climate change. Further study can explore the changing plant 
palettes that should be used with Pacific Northwest riparian restoration and integrate them 
into hydrological modeling.

Shifting hydrologic profiles

A key aspect of plant selection is also the availability of water. This drives many 
of the changes to be seen in future flood management. As rain patterns shift, the snow/
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water and accumulation/melt will be upturned (Freitag et al. 2009; Li et al. 2019). This 
changes the duration, frequency, and severity of water that travels across the landscape 
throughout the year (Griffiths 2013; C. H. Luce, Abatzoglou, and Holden 2013; Vano, 
Nijssen, and Lettenmaier 2015; Tohver, Hamlet, and Lee 2014; Salathé et al. 2023; Hamlet 
and Lettenmaier 2007). Current landscape conditions are adapted to the Pacific Northwest 
drought/monsoon system that is characteristic of the area. Changes in water patterns 
will result in widespread disruption to every system in the region. A primary concern to 
riparian areas is the effects of climate change on water temperatures, which are primary 
drivers in many ecological processes (Isaak et al. 2012; C. Luce et al. 2014). Incorporating 
future conditions will drastically shift the 100-year benchmark that many agencies use as 
a benchmark. This will have long-lasting implications on policy and human interaction 
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Figure 182- Future Seedlots
This map from the “Seedlot Selection Tool” shows areas in 
orange of appropriate future seedlots for the South Fork of 
the Chehalis. The model shows data for 2070 at a moderate 
climate change scenario. 

 (St.Claire, et. al 2022)
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with floodplains. This study uses existing benchmarks and past flow patterns to analyze 
objectives. Additional tests with the same models can be conducted with revised or expected 
flow patterns. 

Intervention Typology

As explained by the European Commission report, the existing field of research 
is largely concerned with the small-scale interventions placed in urban areas. These 
interventions are related to stormwater or urban streams (Directorate-General for Research 
and Innovation (European Commission) and Vojinovic 2020). This offers a few opportunities 
for research. With decentralized interventions and treatments, cumulative effects are hard to 
measure. Future simulations can address this by creating networks of small interventions to 
see the effects of decentralization in restoration. Additionally, the scale of the interventions 
can be modified. Variations in size, centralization, and complexity of these networks can 
yield results that were important to realistic conditions. Often, land available for restoration 
is patched together among other parcels or placed within interstitial spaces around structures. 
This practice will decrease and project size increase as the economics of restoration become 
favorable.

As these are the most common forms of restoration, it is a high priority to study these 
variables in restoration efforts. The result of the LAND study enforces the idea that green 
infrastructure is not seen as a primary flood control method, and only compliments the 
more concrete projects favored by engineers (WA Dpt of Ecology 2023). Simulation and 
demonstration of the integration of green and grey solutions can explore this relationship. 
Furthermore, synergies between these two approaches are beneficial to identify and exploit. 

Intervention Temporality

The landscape constructed within HEC-RAS is static. The program has capacity 
to explore the deposition and removal of sediment, though that was not used in this study. 
Floodplains are the antithesis of a static landscape. Future study should be conducted to any 
typology proposed on the long-term durability or mutability of the restoration interventions. 
The entirety of the intervention’s life cycle should be understood. Particularly with the 
thresholds to engagement with interventions. As the landscape shifts, will these thresholds 
remain durable to the flow intended? Or do they need to be constructed out of permanent 
materials? The vegetation intended in these areas will also shift with the changing landscape 
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and engagement with water. Future studies should incorporate the shifts within time and 
space to portray a truer landscape. 

Humans

The study does not consider human needs within the landscape when constructing 
the interventions. For restoration efforts to be practical, they must provide some economic 
benefit. Without that imperative, restoration for the intrinsic value of natural life will not be 
a sufficient argument for modifications. Further tests should incorporate the human element 
into the landscape. It should create limitations and controls that would ensure economic 
viability within the planning process. For example: how much agricultural land must be 
maintained within the floodplain? Are there alternatives?  How many residences must be 
in the area?

The ideas, methods, traditions, and culture of indigenous voices should be 
incorporated into the design process. Two emerging cultures within restoration that honor 
indigenous agency are the Indigenous Peoples’ Restoration and Environmental Justice 
Restoration movements. These movements help to shift the lotus of restoration away from 
the landscape as seen by European-Americans and “expand the circle of people involved 
in environmental policy” (Tomblin 2009)p. 186). Incorporating non-Western scientific 
principles that build partnerships and acknowledge the history, place, and connection of 
indigenous people to ecologic understanding will enrich the outcomes for all individuals 
(Hall et al. 2021).
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The modified landscape provides evidence that modifications to the landscape are 
effective in many areas of floodplain management. From broad observations it shows that 
the water behaves dramatically differently. In the original state, the watershed consolidates 
the water into the channel. During times of peak flows it overbanks into areas that are 
actively used by residents. This landscape is not resilient to the future challenges faced by 
watersheds as anticipated by climate change models. The landscape also underperforms as 
an ecologically viable space. Modifications to the landscape show distinct and observable 
results. These results are measured by the total volume and timing of water flows. Flood 
management is principally centered around allowing water to move through an area without 
damage. The attenuation of peak flows allow downstream water systems to spread the peak 
impact of the flows over a longer period.

 It is also valuable to compare the amount of surface area that allows for water to 
come into contact with floodplain soils. The interaction between soil and water helps engage 
ecological processes, hyporheic exchange, and groundwater recharge. Each of these alone 
is a valuable contribution to a healthy ecosystem. The data collected by modeling changes 
in the South Fork Chehalis floodplain explores these changes and illuminates measurable 
differences.  The models show the following:

Modifications to landscape informed by restorative floodplain methods 
are effective at reducing output flow volumes and reduce peak flows in simulated 
floodplains. 

The modifications lower the peak flow volumes by allowing more of the water to 
spread across the landscape. The channels throughout the landscape are complex and create 
a long linear network of canals that the water can flow through. This greatly increases the 
exposure of the water flow to more friction in both quantity and quality. This results in an 
increase of up to 44% in the time it takes water to flow through the site. 

Catch basin landscape modifications are effective at retaining water during 
simulations.

The catch basins are effective at storing large volumes of water throughout the 
floodplain. The first basin alone holds 230,000 cubic feet of water. At a 100-year flood 
event level, that single basin could absorb the entire outflow of the river for twenty-seven 
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seconds. Coupled with a dispersed network of basins, this effect taken in aggregate could 
provide effective peak flow attenuation comparable to graywater projects. 

Furthermore, these systems can be engineered to engage at specific flow levels and 
frequencies. Unlike greywater systems that need mechanical gates, this is achieved by 
simple grading of the topography. A holistic approach to activating different catchment 
systems has potential to increase their effectiveness even more.

Side channel landscape modifications are effective at increasing total inundated 
area.

Replicating the processes of a naturally functioning floodplain environment 
demonstrates that areas can be engineered to recreate similar benefits. This process is highly 
dependent on planting plans and management strategies, as the vegetation that infills these 
areas will be the catalyst for the positive externalities. 

Modification placement should be influenced by present and historical 
conditions at multiple scales.

The existing topography of the landscape should be carefully considered while 
planning the placement. The landscape modifications work together as the water flows 
across the landscape, primarily influenced by the soil around and underneath it. The 
existing soil and vegetation will further dictate its success and are key to the success of the 
intervention’s objectives. 

Stream bed incision must be addressed before other treatments become 
available.

The scouring of channels is a common hurdle for restoration efforts and a common 
indication of success for past floodplain management efforts. The design and integration of 
landscape modifications must consider the existing channel bed elevation and freeboard. 
With freeboards extending tens of feet below the floodplain, the movement of water away 
from the incised channel becomes prohibitive. Implementation strategies should first 
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consider methods to reduce this freeboard. This may require instream modifications to 
mature for many years before wider floodplain modifications can begin successfully. 

Many modifications are temporarily ineffective at high flows, though provide 
benefit as water level recedes.

Modifications should be designed to be resilient to many stages of flood height. 
Shallow modifications become less effective as their topography, and therefore benefits, 
were overwhelmed by water volume. This may be incorporated into positive design 
elements, allowing the landscape to perform different functions based on the demand of 
water volume placed upon it. 
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Using landscape restoration strategies in tandem with restrained engineering projects 
provide an opportunity to redefine floodplain management to provide a more just outcome 
for all parties involved. Ecological based approaches to flood mitigation will create the 
ability to not only mitigate water’s negative impact on human use, but to harness water’s 
inherent positive and restorative qualities. 

This project concentrates on the agricultural floodplain areas of the larger non-dam 
alternative strategy. Agricultural interests have seen flood reduction strategies proposed by 
the non-dam alternatives as contrary to their livelihoods and bottom line. Often, residents 
and farmers believe that their current priorities are opposed to those of restorative actions. 
Strategies of using ecological systems provide far-reaching, though subtle benefits. Attention 
can be brought to these practices in a sympathetic way that provides the agricultural owners 
with a broad range of options. Solutions can be developed and presented to those living 
with the river that would prove mutually beneficial to the goals of ecological and economic 
development. These proposals show the intimate connection between the river’s health and 
the health of human communities. 
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Agriculture

Cleared Forest

Light Vegetation Developed Area

Dense Vegetation Road

(NLCD 2019)

Figure 207 - National Land Cover Data of Site
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Figure 208 -
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150’ Fish

150’ Shoreline

(R) Hydrological Buffers

(Lewis County)(WA DNR)

75’ Non-Fish
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Figure 209 -
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Clay

Low

Very Low

High

(R) Soil Texture

Gravel, sand, and loams are 
present in negligible amounts.

(L) Soil Permeability

Silt

Moderate

(WA DNR) (WA DNR)

Figure 210 -
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This graphic depicts the soil types on site. Different textures and 
colors correspond to soil series. 

Figure 212 - Soil Types
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Figure 215 - Satellite Imagery of Reach

Visual imagery such as this helped to define the model. Data was 
frequently input, modified, or cross-referenced with several layers of 
information. 
(USGS)
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Figure 217 - Breakline and Mesh Modification

Example closeup of area on site where the breaklines modify the 
calculating mesh. Note how the regularity of the mesh is disrupted 
by the red lines, which represent the breaklines. 
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Figure 218 - Breakline Modifications

This demonstrates the manually-input breaklines in the HEC-RAS 
model. These breaklines disrupt and tune the calculation mesh on 
the landscape. 
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Figure219 - National Land Cover Data of Site

Soil Infiltration rates were based on the USGS soil data. On this map, 
areas of high rates or “good” infiltration are green, where red hues 
are areas of poor infiltration. 
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Figure 220 - Soil Types

GIS data from USGS on soil types within the area. This data was used 
to modify soil performance parameters within the model. 
(USGS)
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Figure 221 - Sediment Bed Material
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Figure 222 - Total Cross Section Illustation

The model used cross section of the river to help calculations within the 
primary channel. It interpolated the terrain characteristics between 
the cross section transects. There were a total of 525 generated cross 
sections.
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Figure 223 - Impervious Surfaces

National Land Cover Data of site informed the attribution of 
impervious areas. While it was not significant in this area, urban 
areas would demonstrate higher levels of imperviousness.
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Figure224 - River Channel Polygons
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Figure 225 - Manning’s Values Colored by Land Use Type

The data for Manning’s Values are based on the land use and 
character of the site. This was determined by GIS mapping, satellite 
data, and manual entry.
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Figure 226 - Manning’s Values Colored by n value

Manning’s values are displayed here in a spectrum from green to 
red. Green being areas of high roughness, and red being areas of low 
roughness. The polygons in the reach area are areas of modificiation 
from the interventions.
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Figure 227 - Manning’s Values - Monochromatic

Monochromatic mapping allows for generation of heightmaps using 
software such as Rhino. 
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Figure 228 - Manning’s Values - Two Colors
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Water Depth - XC 8

Water Surface Elevation - XC 8

 	  Unmodified
 	  Modified
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Water Depth - XC 1

Water Surface Elevation - XC 1

 	  Unmodified
 	  Modified
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Figure 233 - Example of Data Output
This table excerpt shows the measured depth of water mid-channel during 
the various measured flow scenarios at every cross section on the model. 

Ordinate Time and 
Date

Stage- M 4_1 Eleva-
tion (ft)

Flow- M 4_1 Flow 
(CFS)

Stage- M 4_5 Eleva-
tion (ft)

Flow- M 4_5 Flow 
(CFS)

Stage- M 4_10 Eleva-
tion (ft)

Flow- M 4_10 Flow 
(CFS)

Stage- M 4_15 Eleva-
tion (ft)

Flow- M 
4_15 Flow 
(CFS)

0 29Sep2020 
2400

403.4 500 403.4 500 403.4 500 403.4 500

1 30Sep2020 
0100

405 500 404.12 500 404.12 500 404.12 500

2 30Sep2020 
0200

401.74 500 402.04 500 402.04 500 402.04 500

3 30Sep2020 
0300

403.29 500 401.35 500 401.35 500 401.35 500

4 30Sep2020 
0400

403.25 500 404.19 500 404.19 500 404.19 500

5 30Sep2020 
0500

403.18 500 405.63 500 405.63 500 405.63 500

6 30Sep2020 
0600

402.77 500 411.46 500 411.46 500 411.46 500

7 30Sep2020 
0700

402.26 500 402.7 500 402.7 500 402.7 500

8 30Sep2020 
0800

401.23 500 403.35 500 403.35 500 403.35 500

9 30Sep2020 
0900

402.9 500 403.93 500 403.93 500 403.93 500

10 30Sep2020 
1000

403.31 500 402.34 500 402.34 500 402.34 500

11 30Sep2020 
1100

406.72 500 401.34 500 401.34 500 401.34 500

12 30Sep2020 
1200

411.7 500 401.82 500 401.82 500 401.82 500

13 30Sep2020 
1300

404.62 500 408.51 500 408.51 500 408.51 500

14 30Sep2020 
1400

406.12 500 406.48 500 406.48 500 406.48 500

15 30Sep2020 
1500

403.06 500 403.9 500 403.9 500 403.9 500

16 30Sep2020 
1600

409.87 500 404.13 500 404.13 500 404.13 500

17 30Sep2020 
1700

404.13 500 408.17 500 408.17 500 408.17 500

18 30Sep2020 
1800

403.16 500 403.04 500 403.04 500 403.04 500

19 30Sep2020 
1900

402.19 500 402.81 500 402.81 500 402.81 500

20 30Sep2020 
2000

402.33 500 402.05 500 402.05 500 402.05 500

21 30Sep2020 
2100

402.55 500 402.24 500 402.24 500 402.24 500

22 30Sep2020 
2200

401.95 500 402.98 500 402.98 500 402.98 500

23 30Sep2020 
2300

403.45 500 403.03 500 403.03 500 403.03 500

24 30Sep2020 
2400

408.37 500 407.54 500 407.54 500 407.54 500

25 01Oct2020 
0100

404.11 500 402.23 500 402.23 500 402.23 500

26 01Oct2020 
0200

404.73 500 406.37 500 406.37 500 406.37 500

27 01Oct2020 
0300

403.5 500 407.93 500 407.93 500 407.93 500

28 01Oct2020 
0400

404.18 500 402.86 500 402.86 500 402.86 500

29 01Oct2020 
0500

402.17 500 407.64 500 407.64 500 407.64 500

30 01Oct2020 
0600

403.64 500 401.48 500 401.48 500 401.48 500

31 01Oct2020 
0700

408.46 500 404.95 500 404.95 500 404.95 500

32 01Oct2020 
0800

403.76 500 404.81 500 404.81 500 404.81 500

33 01Oct2020 
0900

404.88 500 404.31 500 404.31 500 404.31 500

34 01Oct2020 
1000

410.1 500 409.27 500 409.27 500 409.27 500
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Ordinate Time and 
Date

Stage- M 4_1 Eleva-
tion (ft)

Flow- M 4_1 Flow 
(CFS)

Stage- M 4_5 Eleva-
tion (ft)

Flow- M 4_5 Flow 
(CFS)

Stage- M 4_10 Eleva-
tion (ft)

Flow- M 4_10 Flow 
(CFS)

Stage- M 4_15 Eleva-
tion (ft)

Flow- M 
4_15 Flow 
(CFS)

0 29Sep2020 
2400

403.4 500 403.4 500 403.4 500 403.4 500

1 30Sep2020 
0100

405 500 404.12 500 404.12 500 404.12 500

2 30Sep2020 
0200

401.74 500 402.04 500 402.04 500 402.04 500

3 30Sep2020 
0300

403.29 500 401.35 500 401.35 500 401.35 500

4 30Sep2020 
0400

403.25 500 404.19 500 404.19 500 404.19 500

5 30Sep2020 
0500

403.18 500 405.63 500 405.63 500 405.63 500

6 30Sep2020 
0600

402.77 500 411.46 500 411.46 500 411.46 500

7 30Sep2020 
0700

402.26 500 402.7 500 402.7 500 402.7 500

8 30Sep2020 
0800

401.23 500 403.35 500 403.35 500 403.35 500

9 30Sep2020 
0900

402.9 500 403.93 500 403.93 500 403.93 500

10 30Sep2020 
1000

403.31 500 402.34 500 402.34 500 402.34 500

11 30Sep2020 
1100

406.72 500 401.34 500 401.34 500 401.34 500

12 30Sep2020 
1200

411.7 500 401.82 500 401.82 500 401.82 500

13 30Sep2020 
1300

404.62 500 408.51 500 408.51 500 408.51 500

14 30Sep2020 
1400

406.12 500 406.48 500 406.48 500 406.48 500

15 30Sep2020 
1500

403.06 500 403.9 500 403.9 500 403.9 500

16 30Sep2020 
1600

409.87 500 404.13 500 404.13 500 404.13 500

17 30Sep2020 
1700

404.13 500 408.17 500 408.17 500 408.17 500

18 30Sep2020 
1800

403.16 500 403.04 500 403.04 500 403.04 500

19 30Sep2020 
1900

402.19 500 402.81 500 402.81 500 402.81 500

20 30Sep2020 
2000

402.33 500 402.05 500 402.05 500 402.05 500

21 30Sep2020 
2100

402.55 500 402.24 500 402.24 500 402.24 500

22 30Sep2020 
2200

401.95 500 402.98 500 402.98 500 402.98 500

23 30Sep2020 
2300

403.45 500 403.03 500 403.03 500 403.03 500

24 30Sep2020 
2400

408.37 500 407.54 500 407.54 500 407.54 500

25 01Oct2020 
0100

404.11 500 402.23 500 402.23 500 402.23 500

26 01Oct2020 
0200

404.73 500 406.37 500 406.37 500 406.37 500

27 01Oct2020 
0300

403.5 500 407.93 500 407.93 500 407.93 500

28 01Oct2020 
0400

404.18 500 402.86 500 402.86 500 402.86 500

29 01Oct2020 
0500

402.17 500 407.64 500 407.64 500 407.64 500

30 01Oct2020 
0600

403.64 500 401.48 500 401.48 500 401.48 500

31 01Oct2020 
0700

408.46 500 404.95 500 404.95 500 404.95 500

32 01Oct2020 
0800

403.76 500 404.81 500 404.81 500 404.81 500

33 01Oct2020 
0900

404.88 500 404.31 500 404.31 500 404.31 500

34 01Oct2020 
1000

410.1 500 409.27 500 409.27 500 409.27 500

Figure 234 - Example of Data Output
This table excerpt shows the measured depth of water mid-channel during 
the realistic flow scenario. Results like this are typical for the data pulled 
from HEC-RAS.

Depth 
at XS 8

CFS 
Input

Time Un-
modi-
fied

Modi-
fied

Differ-
ence

2270 1/3/2021 13:00 6.744 7.629 0.885
2271 1/3/2021 14:00 6.486 7.362 0.876
2269 1/3/2021 12:00 7.045 7.903 0.858
2272 1/3/2021 15:00 6.268 7.091 0.823
2513 1/13/2021 16:00 6.614 7.416 0.802
2512 1/13/2021 15:00 6.867 7.647 0.78
2514 1/13/2021 17:00 6.402 7.177 0.775
2268 1/3/2021 11:00 7.407 8.181 0.774
2273 1/3/2021 16:00 6.075 6.842 0.767
2511 1/13/2021 14:00 7.139 7.887 0.748
2515 1/13/2021 18:00 6.22 6.944 0.724
2274 1/3/2021 17:00 5.892 6.615 0.723
2275 1/3/2021 18:00 5.711 6.406 0.695
2510 1/13/2021 13:00 7.436 8.13 0.694
2516 1/13/2021 19:00 6.058 6.736 0.678
2267 1/3/2021 10:00 7.815 8.475 0.66
2276 1/3/2021 19:00 5.559 6.217 0.658
2517 1/13/2021 20:00 5.888 6.542 0.654
2277 1/3/2021 20:00 5.407 6.048 0.641
2518 1/13/2021 21:00 5.729 6.364 0.635
2509 1/13/2021 12:00 7.784 8.39 0.606
2519 1/13/2021 22:00 5.603 6.199 0.596
2278 1/3/2021 21:00 5.309 5.849 0.54
2492 1/12/2021 19:00 7.665 8.195 0.53
2493 1/12/2021 20:00 7.459 7.984 0.525
2520 1/13/2021 23:00 5.491 6.011 0.52
2266 1/3/2021 9:00 8.258 8.775 0.517
2279 1/3/2021 22:00 5.22 5.713 0.493
2508 1/13/2021 11:00 8.161 8.653 0.492
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Figure 235 - Section of XS 4
This cross section of XS 4 shows the peak water depth at different measured 
flow stages. 
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Figure 236 - Modified Landscape Profile
This profile shows the depth at various points on the modified landscape 
model running measured threshold tests. 
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