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ABSTRACT

Monitoring Floodplain Restoration Using UAV Lidar and 2D Hydraulic Modeling on the
Greenwater River, Washington

Brian Zierdt

Anthropogenic changes to the landscape have reduced both fish habttet and
natural flood protection of streams and riv&Rifting trendsn river dischargealso
present an increadeisk to salmon survivaand highlight the importana# floodplain
restoratiorprojects tdboostresiliencyto climate changd.idar-derived topogaphic data
input into a hydraulic model can be utilized to quantify the benefits of floodplain
restorationUAV lidar technologycan provide more detailédpographicoutputsthan
conventionalidar flown with manned aircraffrhis studyusedboth converibnal and
UAV lidar within a 2D hydraulic modelrunusing HEGRAS 5.0.3 to analyzehow well
the Greenwater River Floodplain RestoratiRyojectachievedoroposedioodplain
reconnectia and velocity reduction goals. Seconxploreshe ptentialbenefits of
using highresolution UAV lidar Resultsshow that the Greenwater Rivesstoratiorhad
a positive impact on project metrjegith an 8.26 gain in floodplain inundatioareaand
an 8.9% reduction of velocities in the main channel at1éyearflood. Dense tree
canopy in the project area reduced the potehtah detail of the UAV lidar output
resulting in al-foot DEM. A comparison of model results run on the native Jposject
terrain and a downsampled@ot terrain the resolutia of the preproject dataresulted
in very little change irspatial patterns, with a 1.3féduction ofinundationarea and a
0.5% reduction in velocities across the floodpktinhe 106year flood Benefits ofhigh-
resolutionUAV lidar for theproductionof detailed roughness keges and the assessment
of fine-scale habitat featuresdéscussegalthough the laerwould likely requirethe
capture of bluggreen bathymetric lidaand not only neainfrared lidar captured for this
study.UAV lidar is ultimately shown to be a cosffective method of obtaining a highly
detailed topographic model for smaller projects of a1@@ acre®r less
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1.0 INTRODUCTION

Rivers and streams in the PaciNorthwest have been home taddic salmon
species foover 6 million years (WaplesgeBs & Beechie, 2008). These salmon play an
important role as a keystone species within the aquatic ecosystem that thast afe
and the terrestrial riparian ecosystem that they move through. In the past century
overharvestingindanthropogenic changes to the landscape, resulting in separation from
anddegradation of habitahaveled tothe elimination of Pacific salmon iass 40% of
their historic range anceducedeturnsto 6-7% of their historic numbergGresh,
Lichatowich, & SchoonmakeR000).Dams,culverts and leveeblock rivers and change
flow patterns, logging andther forms of deforestation haxemovedthermalprotection
and food sourcesnd agricultural and urban stormwater runsfbolluting watersthat
are detrimental to the survival of native salmon populations. In response, 6 salmonid
species, which include 18 evolutionarily significant units (E3ildve been listed under
the Endangered Species Act (ESAWashington State since 1991 (RCO, 2009).
Recovering salmon populations through restoration to increase the health and natural
function of our aquatic systems is a unifying goal across rgangnment, tribal, and
nonprofit entities. To accomplish this over a billion dollars is spent annually on river
restoration projects in the US and it is a large focus for environmental management and
policy decisions (Bernhardt et al., 2005).

With so much sp& on salmon restoration, it is important to monitor the aéfyc
of these project® ensure that we adapt our management practicesno$teeffective
These efforts not only help support fish and river systems but increase the ecosystem

services we gdtom these precious resources. From clean water and flood resilience to



fishing and recreatignt is imperative that we continue revitalizing amdtoring our
natural waterways. In managitigs work it is also important to take into account the
trends of a shifting climate.

Climatemodelsshow a distinct shift to warming temperatucasised by
anthropogenic influences increasing greenhouse gases and changing the global carbon
cycle, and recent globkevels havelreadysurpassed all other climate anomalies over
the past 1500 yeatMann et al.2009. When linking models of future climate, land
cover, hydrology, and salmon populatipadarge negative impact is seen to occur in
freshwater salmon bh&at and river basindat are fed by the current snave, and
salmon populations in these basins become espeaidiigrableas they are faced with
higher winterflows and lower summeiows (Battin et al, 2007;Mantua, Tohver, &
Hamlet, 2010). Salmon have adapted and survived many fluctuations in global climate
throughout their existence, but currétels ofanthropogenic climate changee
occurring at a much faster rate than the natural global climate cycles, and natural
adapationswill likely notbeable to keep up with the current rate of charigeese
changes are happening now, and we have already begun to see the rashiftiof
climate further highlightinghe need for increased understanding of the &fjicd ou
restoration efforts.

Many methods have been developed to monitor theteféeess of stream
restorationPrimarily these involve on the ground surveys, but remote sensing and
computer models have the potential to capture and predict the result®citres and
may be able providealuable information when constraints on time, budget or access

preventground surveys anahonitoring As well, ground surveys can only capture the



conditions that exist on that day, while modekthough noperfecd can provide a
snapshot of multiple theoretical conditions.

The goalof this thesis is to examine how new advancements in drased lidar
and modelingechnology can be utilized to quantify and visualize the results of stream
restoratiorefforts, particlarly how well theGreenwateRiver Floodplain Rstoration
Project locatednorth of Mount Rainier in Washington Stategs able to achieve project
goals with a focus on the reconnection of the floodplain and seasonal side channels in
order to reduce high flow velocities and increiged resiliency byinserting woody
debris andgspreading flow out across the floodplairo accomplish thisa 2D hydraulic
mode| which predicts twalimensional, miti-directionalflow across a three
dimensional terrainjasutilized tocompare the area of inundation of the floodplain and
the flow velocities at various flood stages before and aftesreggin. Topographic dat
for thehydraulicmodel were acquired frofidar datasetsincorporating a pulsed laser
and receiver to measurestince and ultimately create a thodmensional model of the
targetarea flown bothpre- and pos{project. The postprojectlidar acquisition was
collected by an unmanned aeriahicle (UAV), more commonly known as a drgne
which can providerery high-resolutiontopographical data for analysiRossiblebenefits
and uses of this higher resolution datean additional goa¢xplored in this research.
Projectchanges to the landscape in the Greenwater River restonarerfound to be
successful in meeting project goals, &naV lidar was found tgrovide a more cost
effective optionyieldingamore detailederrain modelusefulnot onlyin modeling
floodplaininundationand flow velocities, butvith the potential to providénsights into

vegetation cover and instream habitat as.well



The project area of the Greenwa®ver was identified and funded for restoration
primarily due to anthropogenic modifications to the landscape that separated the river
from its floodplain and degradeshlmonhabitat. The project area is locatdng the
border of Pierce and King Coues in the Mt BakeBnoqualmie National Forest,
Washington, and is a tributary to the White Rjwenich feeds into the Puyallup River
before emptying into the Puget SouS@e Figure 1.1. Historically the Greenwater
Watershed supported healthy populatiohfish, and was one of thressentiaspawning
areas in the White River watershed for threatened Spring Chinook (Laurig, ROD®2
19605 clearcutlogging activities around the Greenwater Rikeanoved all but some
small standsf treesclose to the iver. In December of 197a rairon-snow event
generated a record peak flow of 10,50bic feet per secon@fs). The flood flushed
large logs, landslide debris and remnant logging material downstream, with much debris
racking up on the Highway 4Hridge, leading to record flooding ithe town of
GreenwaterBy 1979 reactions to the dloding led managers to remoai woody debrs
from the river greater thaniches in diameter andf&etin length.Thelack of riparian
forests and instreamood led to a decrease in fish habdatised byncreased water
velocities and shear stressesuring the river bedesulting inan incisednain channel
further removed from its floodplaifRestoration of the Greenwater River would be
focused on imprang aquatic and riparian habitat farrcently threatened populations of
SpringChinook(O. tshawytschaand steelhea(D. mykissytilizing the project area
alongside Coho&mon(O. kisutch)Abbe, Beason, & Bunn, 200Ecology, 1998
Markset al., 2015 Restoratioreffortswithin the project arewereperformed between

2010 and 2014.
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Figure 11. Location of Greenwater River Floodplain Restoration

The GreenwateRiver restoration project involved a number of restoration
activities including large woody debris (LWD) placement in the forrh7céngineered
log jams (ELJ), the removal of an abandoned forest road posing a barrier between the
river and its floodplain, and ripan plantings. Successful restoration would increase
floodplain connectivity and ofthannel habitat. ELJs provide incredissoughness
promote activation of reliside channelgncourag@atural wood and sediment
recruitmentand increase podlequency all with the goal of improving salmon habitat
(Abbe et al., 200;7/Cramer et al., 20)2Riparian plantings provide habitat complexity

and future thermal protectiom monitoring the results of this and other projects,



decision makers should bbla to use that knowledge to help identify the best restoration
methods to use and the most beneficial areas to concentrate efforts.

This thesis first provides a review of the applicable literature. It then outlines
researchmethodsefore providing modeesults. Next, a discussion of the results and
their relevance is providetbllowed by a conclusion of the findings. The literature
reviewfirst examines thefficacyof stream restoration projects and the need for
monitoring in order to be able to bestapt our practice® be most effectivdt then
provides a more Halepth look at how climate change is affecting salmon populations in
the Pacific Northwedb illustrate the need for successful restorato add resiliency to
salmonbearing streams drrivers Finally, previous research omethods anthe use of
lidar-derived topographic modelgithin a 2D hydraulic model is explored.

The nmethodschapteffirst provides additional details on the Greenwakver
study area. It then outlines the data used to drive the hydraulic model, including lidar,
flood discharge levels, and roughness values. Finally, specific model parameters are
discussed followed by a description of the methods of analysis. Resuhgmr
presentedproviding a quantified description of inundation area for various flood events
comparing preand posfproject condition resultsThis is followed bymodeledflow
velocities across the floodplain and within the spawning channel at tred100-year
eventsInundation results are then compared on the-pagéct terrain for the native
foot resolution compared to the same terrain downsample@-foat grid cell.

Thediscussiorchapterfirst consides the pre to postproject compasgons of
inundation and flow velocitieighlighting the specific improvements accomplished by

the Greenwater River restoratidhthen looks at specific fish life histories within the



Greenwater River and how those relate to recmméasesn peak floa occurrenes

attributed to climate change. This presents a direct correlation between high flow events
and fish presence, showittge importance of this and other similar projeotseduce

flow velocities for incubating and rearing fisthesmalleffed of the studiederrain
resolutiondifferenceon model resultss then discussed followed by thestbenefitof

UAV to conventionalidar for the Greenwater River restoration and other projects
covering a few 100 acres or le&sistly,recommendation® improvefuture researchre
explored including use of the UAV lidar point cloud to determine detailed roughness
values, along with the capture of blgeeen bathymetric lidar, to provide insight into

fine-scale habitat features generally captured through on the ground, instream.surveys



20 LITERATURE REVIEW

2.1 Introduction

In this thesis 2D ydraulic modeling is used to analyze how well the Greenwater
River Floodplain Restoration Project met projected goals related to floodplain and side
channel activatiorand the reductionfdlow velocities This contributesto the general
knowledge regarding similar restoration effpes well as givingpecific insight into the
gains of this and future resttion plans in the Greenwateasn.The use oflidar-
derived digital terrain mod€DTM) as the primary input intthe hydraulic modehas
been utilized in many previous studies to assessragistio efforts or flood risk (Heera
Environmental Consultants, In2010; Khattak eal., 2016; QuirogaKure, Udo, &
Mano, 2016 Yang, Townsend& Daneshfar, 2006 Recent advancements in drone and
lidar technology are able to provide more detailed models of terrain than previously
available. Thepossible benefits of UAVidar for both cost effectiveness and providing a
more precise terrain for @sn hydraulic modeland other analysigrealsoexaminedo
provide restoration practitioners with information on the advantages and uses of this
relatively new method of obtaining a very detailed DTIViendsof a shifting climate
causing changes olischarge patterns are also analyzed to highlight the need for
restoration irthe face of climate change

Past studies were identified to give a better understandithg ofeed for
monitoringrestoration projecisas well as the uses and capabilities of Aytic models.
This chapter reviesthe general effdivenes of restoration projects leadingttee need

for monitoring the impacts of climate change on Washington salmondesctibe



techniques and useslafar in 2D hydraulic modelingall providing a framework of how

this research f& into the current knowledge base.

2.2 Monitoring the Effectiveness ofStream Restoration

In the late20™ century, the need to further improvealmon recovergfforts
became evident. Thorough monitoring and analysteefesults ostream habitat
restoration methods was not occurring, and their effectiveness was highly debated by the
scientific community (Reeves et al., 199%% we moveurtherinto the 21" century
most projectare stilleither not monitored arepoorly monitored (Bernhardt et al.,
200506 Ne al , Roni , ,&Shalyw20b6).By monikringtbeloutammes of
restoration projectgnanagement practicesn be adaptet give the mostiesiredresults
based on scientific evaluatioNew methods and tools continue to be developed that can
help practitioners in their monitoring efforiBhis information can be used to plan future
projects and set meaningful project goals, wisicbuldincrease success and maximize
effectivenessPrior monitoring of restoration projects with sian aspects as the
Greenwaterastoration gives some insighto the expectedesults of restoration

O6Neal et al. (2016) st aftedtiernessofd6d | v asse
projectsin the Pacific Northwesgcrosanultiple project categories including fish
passage, instream habitat, ripariaanping andfloodplain enhacementElements of the
GreenwateRiver Floodplain Restoration Projantluded floodplain enhancement and
instream habitat inmpevementthrough the use of ELJ placements, topographic
modifications and riparian plantings. Although this thesis investigates metrics not
specifically addr esthelildelybegefitOod tNeeGacenwatdr al . ( 2

restoration argdentified | n t he OO0 Ne al [Ietimetine of pospzofed 6) st ud
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monitoring was estimated based on how much time a given restoration category would

need to produce detectable results. For examplepdisbage barrier removal projects

were expectetb show an impact soon after implementation so they were monitored at 1,

2, and 5 years after completidtiabitat projects such &8VD installationswere
expected to take longer before results could be ssmanitoring was scheduled to
occur at 1, 3, 5, and 10 years after implementafitws research on the Greenwater
Riverrepresents 35 year posproject evaluation.

Instream habitat projects involving the placement of structures, siihlas
generdly showimprovements in the habitat indicators being assessed such asgmol
depth sedimenand wood volumes. | n tthedioldiac Ne a |
response ofish numbers reportedgenerahegative tend with juvenile Chinook and
Coho Salmonbeing slightly negative but insignificant, and steelhead showing a
significant negative trend in relation to placement of instream strucAloesy with
showing positive habitat indicators, structure placensesg¢en asuccessfulvhenafter
the fifth year 90% of the structurese still in place, which is dtithe case for the

Greenwaterestoration. The lack amprovemenin fish numbersalong with some

negative responsgsould be because salmonid pdgtions need longer to respond, adapt,

andrecover fromchanging habitat conditionSimilar negativefish responses have been
noted in othestudies (Stewart, Bayliss, Showler, Suther|aaéulin, 2009; Whiteway,
Biron, Zimmermann, Vente& Grant,2010). This maylsobe pointing to the possiliy
of limiting factors that should be addressed elsewhere in the systasing a general
negative trend in fish populations throughout the waterdheehn though the effect of

these structures on figopulationshas not been positivelyorrelatedreaulting

et

al



improvementgo habitat featuresontinueto fosterthe popularity of instream structure
projects.

Floodplain enhancement projetiave beeround to increase the bathldl width,
flood-prone width and mean canopy density. Fish densisessed for these projects
were fairly low across most of the si@sessed, with some increases in Coalr®n
densitiesOff-channel habitat found in floodplains is thought to provide a velocity refuge
for juvenile fish (Beechie, Liermann, Pollock, Bak& Davies,2006) The benefits of
floodplain enhancement and connectivity projects may also be able to minimize the
scouring effects of high fl ow21&.uring per.

Riparian planting projecisssessed shoan increase iwoody species cover and
exceeded plant survival criterihe percent canopy cover did not change in the 5 years
of monitoringdone byO 6 N e a | (20E9tandavlll most likely need significantly more
time to show an increase. As welb differencesverenoted in a reduction of active bank
erosion after 5 years and will likely also require more time to see results. Because
riparian planting projects require a longer timescale, fish densities were not looked at for
thoseprojects. Riparian plantings havedmeshown to be ecologically beneficial but are
difficult to provesignificant change due to the long timescale needed for planted
vegetation to matur&ven though an immediate ecological responsbkdse projects
not seen, thegtill provide a potendl longterm benefit tduture changes in flow and
stream temeraturethat are likely to occur due to climate change.

Overall the study per)showenhthad insiregam abitdte al e
floodplain enhancements, and riparian plantimgsch wereall part ofthe Greenwater

restorationjed tosignificant improvements in physical habitat after 5 years, even though

11



increased fish densities did not necessarily correlate with these projects. These results
give us some insight into the effe@ness of these projects to meet goals of increasing

the overall ecological and functional health of our waterways, but the biological response
of salmonids to restoration is the primary factor that we are concerned with and is stated
to be t hmediudrtda maft er est or at i o,201®.MDéedocthiei veness o
large variability in the interannual abundance of salmonids, monitoring for 10 years or
more is recommended to truly observe the effectiveness of restoration (Exson,

Reeves& Gregory,1992; Reeves et all997). As we plan for future projectse should
consider these results along with our knowledgsatrhonlife histories and the ecology

of the rivers in which theincubate year,migrate throughand hopefully return to spen

in. Continuing to hone and develop monitoring methods along with growing the database
of results should provide the tools needed to be most effective in adapting our
management of streams and river. This becomes especially important itoarceease

resilience of fiskbearing streams to a futyuteknown climate.

2.3 Climate Change and Salmon

In the past century, human activities including overfishing and changes to the
landscape have led to reduced, threatened and endangered salmon popJlatgns.
goals of restoration target historic conditions at a time before modern human
disturbancesHowever changes in our global climate that are predicted to occur in the
relatively near future may dramatically change how rivers function, and manageis shou
consider more than just restoring rivers to their historic state. Land use shifts and
unprecedented climate change alsoleading to changes in biodiversity that can make

the goal of restoring to a past environment unrealgstd ineffective (Choi2007).
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Hence, we must c olnoso kdi@madjgonsdhaténcluitd emhancimg d
ecosystem services and increasing resilience in teedifuture climate change (8ng,
2011). This may be accomplished by focusing on the abundance of target sglaties
to project areas, the composition of native species, and healtlogieabprocesses
(Thorpe & Stanley2011).

Shifting climates within the greater Pacific Northwest and specifically the
GreenwateRiver basin are following trends predicted foyure climate models. The
Northwestern U.S. has warmed betweert @7.9 Celsius (C) duringustthe 20"
century, in contragb the T C in warming over th@reviousmillennium, and climate
modelspredict another 1°50 3.2° C in warming by theniddle of the 21st century
(Mann et al,2009. Results modeled by Battin et al. (2007) in the Snohomish River
Basin led to consistently negative impacts on freshwater salmon habitat, including higher
water temperatures, lower spawning flows, and increasger pek flows. These
models predica decline of @Ginook salmon populations by 2% by 2050 in the
absence of further habitat restoration, with the greatest effect being seen during spawning
and incubation periods in the higievation areas, due tiee impact on egg survival by
increased peak flows. This predicted negative effect of climate change may be
conservative as they did not model the impact of sea level rise and ocean warming that
wi || l i kely al so decr eas atingQeahysiallFlond n 6 s sur
Dynamics Laboratorydés (GFDL) R30 climate m
shown that by completing a full suite of restoration efforts we could limit the population
declines to 5% with a possibility of increasing salmbandancevhenusing the Hadley

Centerds HadCM3 model (Battin et al., 2007

13



14

A study by Mantua et al. (2010) assessed the hydrologic changes in watersheds
across Washington State, and how predicted changes would affect the reproductive
success of salmoAverages based on 19 scenarios predicted increases in annual
temperature in the Pacific Northwest compared to the 1980s toh@ hy2the 2020s,

1.2 C by the 2040s, and 3.€ by the 2080s. Averaged annual precipitation change was
small, but models pdicted large seasonal changes towards wetter winters and drier
summers. Hydrologic modeling showed a complete loss of snowmelt dominant basins
across Washington by the 233 with only 10 basins in thedkth Cascdes remaining as
transienbasins, fedbyai x of rain and some snow. Many
transient runoff basins, including the Greenwater River Basin, are predicted to be fed
primarily by rainfall, which will lead t@dramatically increased magnitude and

frequency of flooding in the nmbhs of December and January (Mantua e2all0).

Mantua et al. (2010) listhe effects on salmon as follows. Significant stream
temperature increases will lead to thermal stress for all salmon that have a lifethestory
puts them in freshwater during summer for spawning, rearing, or smolt migrations. This
will be most severe for salmon populations that have summertime migreiadnsly on
thermal cues to initiate spawning migration. As well, the loss of adequategreabitat
caused by increased stream temperatures will negatively affect both summer and winte
runs of streartype Chinook, Coho&mon, and steelhea@hich spend at least one
summed typically two for steelheadl rearing in freshwater streams. The movemen
away from snowfall to rairincreasing the magnitude of winter floodjngll have a
varying impact across specjeepending on the depth of theavel spawning nestsr

reddsthey createDeeper redds, generally made by bigger fish, will be leseraiihein

of



these conditionsA lack of snowmelt will also affect smolt migrations that have evolved
to match the timing of coolesnowfed flows. Changes in these thermal timing events
could also lead to a mismatch with the ocean prey and/or predater {xdl season
stream temperature changes were not assessed by Mantua et al. (2010), but it is noted that
warming in winter and spring could lead to earlier and longer growing seasons,
increasing the aquatic foegleb productivity which could aid in moreapid juvenile
salmondevelopment rates (SchindlerRogers 2009). Considering all the impacts of a
changing global climate on salmon, the resilience of restoration projects bem@nes
more important

These modeled effects of climate change all poiné¢overy targets becoming
increasingly difficult to meets environmental stress on salmon populations increases
(Battin et al, 2007).Ecological resilience will be key to ensuring that restoration is
sustainable and will not require intensive and ongantervention in theaice of
environmental change (8imng, 2011) The Greenwaterestoratiorhas incorporated
methods tha&dd increased resilience to the bdsyrreducing high flow velocities and
increasing thermal refuge habitat through LWD placemostproject lidar input into a
hydraulic model allow for the quantification wfany of theberefits gained by the

Greenwaterastoratiorand other stream restoration projects

2.4 Hydraulic Modeling Using Lidar

One method of monitoring the effectivesseof wood placement and floodplain
reconnection projects is through the use of aytic models. If adequate topographic
data are availdb, from crosssections or lidabareearth models, hydraulic model can

be developed to examine water flow and flplaih attributes such as inundation and

15



velocity. These attributes are especially important to spawning and rearing salmonid
populations Jeffres, Opperma& Moyle, 2008) The results from theydraulic model
can help us set meaningful goals-preject aad check the efficacy of theompleted
restoration project to meet those goals.

There are a number of hydraulic modeling software packagdalaeaioday.
Terrain data inpuinto these modelare generally 102D, or a combination of the two
Modelingin 1D solves onalimensional equations of flow using a sequence of €ross
sectionconnected by aimterpolatedsurfaceon which flow is modeledOne
dimensionamodels are a more simplified representation of reality (Costabile,
Macchione, NataleX Petacca, 2015). When modeling in 1Eow is solved only in one
dimension, perpendicular to the crasstions. HengelD modeling only provides a
single water level, velocity and flow rate for each cresstion in the modeivhile 2D
modeling may show signifant variability across the same sectibrihere are eough
crosssections availablehe 1Dmodel can provide a good representation of the
topography of theiverbed Onedimensionamodels also have the advantage of running
computations relatively quitk Onedimensionamodels however are limited by the
interval between crossections and their extent into the floodplain. They also require a
time investment in gathering enough crssstions to accurately describe the channel.
Onedimensionamodelirg can be useful to identify detailed descriptions of flow through
the channel, but can find greater use when combined with 2D mo@@tungner, 2016)

Two-dimensionaflood modeling solves fazD equations of flow, allowing for
flow in any direction a@ss the terrain surface from higher to lower areas. The terrain

input into a 2D model is generally in the form dd@M, which provides a three



dimensionatopographicsurface of the entire floodplain. This type of modeling
calculatedlow routes,velocity and depth distribution across the floodplawo-
dimensionamodels can be computationally slower, but are more useful when a detailed
description of the floodplain in required.

Data inputinto the2D hydraulic modeprimarily include terrain dat, a stream
dischargenydrographand roughnesg.he terrain iggenerallycaptured using lidadight
detection andanging technologyDischarge is avkable from various USGS stream
gages, and roughneisdiscussed later in this section. Lidaia renote sensing method
in which the combination of a pulsed laser, receiving scaandrhighly accurate GPS
receiverareused to accurately measutistances, resulting intlreedimensionaimodel
of the target environmeritidar data are output in a point cloud of laser returns, which is
then converted into &riangulated Irregular Networ@IN) or raster DBA. See Figure

2.1for a twodimensionalrepresentatioof thethreedimensionalidar point cloud
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Point Elevation (feet)
2460 - 2495
2411 - 2460

# 2362 - 241

# 2314 - 2362

8 2265- 2314

# 2216 - 2265

# 2168 - 2216

2119 - 2168

2070 - 2119

Figure 2.1 0Oblique view ofthe threedimensionalidar point cloud of allaser returns,
2007 Greenwater restoratiorea

When there is a need to use previously captured topographic data you are limited
by what is available in your study area. As technology has advanced, the resolutions of
available topographic data have increased over the years. The effect of topogrdphic gri
sizes on hydraulic model outputs should be considérbds been noted that a higher
resolution terrain does not necessarily output higher quakiylts (Charrie & Li, 2012;
Costabileet al, 2015). In the sidy performed by Charrier & L(P012) a Imeter lidar
digital elevation model (DEM) was downsampled to 3, 5, 10, 15, and 30 nzatdrs
hydraulic model outputs were compared. Theb3 and 16meter DEMs produced
similar resultswithin 2%, 3.6%, and 2.8% respectively the tmeter DEM The 15

and 3Gmeter DEMs both resulted in 8866 difference from the targetrheter DEM.



When foodplain inundation from the-theter DEM was compared to models run on
USGS 5, 10, and 36meter DEMs differences wer&2.6%,-9.3%, and1.2%
respectively. This sygested that different data sources produced more significant
changes in resulttan downsampling a single data soufdas thesis explores effects
resulting from the next levelf topographiaesolution difference fror-foot (approx. 1
meter) tol-foot resolution.Besides providing the base terrain for the 2D hydraulic
model, lidar outputs can be used to inform roughnekses

Lidar has been shown to be useful in stream and riparian habitat analysis and
monitoring Cavalli, Tarolli, Marchi, &Fontana, 2008; McKean, Isaak, & Wright, 2D09
Various outputs can be produideom analysis of lidar in the GIS environment. Some of
these outputs can be used in the devel opme
determinations. Roughness values reflegiedance to flow that occurs on and above the
terrain surface, and can have a significant impact on modeled velocity, depth, and extent
of inundation (Golshan, Jahanshahi, & Afzali, 2016). Vegetation plays a large part in the
roughness of the floodplaiand vegetation heights derived from the difference between
bareearthand highest hit terrain models are useful in parameterizing roughness (Mason,
Cobby, Horritt, & Bates, 2003; Quang Minh & La, 2011). Lidar intensity and aerial
imagery are also useful atassifying roughness (Quang Minh & La, 2011). The methods
listed above were the primary processes used in this thesis for determining roughness.

Another method of assigning roughness that was not incorporated in this study is
through the inspection of éhlidar point cloud. Research produced by Casas, Lane, Yu
and Benito (2010) describes a method for parameterizing roughness by analyzing the sub

grid lidar data points above and below baseearthlidar surface. This method seems
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very promising for destring highly detailedchanges in roughness, and would be
recommendeavhen modeling to determine firseale habitat utilizing subsurface

topography that can be acquired through bathymetric lidar.

2.5 Summary

Theuse of lidar withina 2D hydraulicmodel s seen to ba useful tool for
assessing the outcomesflobdplain restoration q@jects. As we move into a more
pronounced age of climate chantes need to asseigeseand otherestoratiorprojects
in order to adapt and manage our ga@ald techniques becoming even more important
in the effort to slow anchopefully, one dayreverse declines ipopulations of Northwest
salmon.As seen in other successful projeth® Greenwatearestoratiorincorporates
ELJs and topographical modificans, resulting in aeconneabn of the floodplain ané
subsequent reduction flow velocities Native plantings and LWIPlacements alsiead
to increased habitat and flood resilienthis researcliirst assesses the effectiveness of
the GreenwateRiver Floodplain RstoratiorProject Second, it analyzes the use of UAV
lidar. By monitoring this project as well @xploring the benefits of nedrone based
lidar technologyutilized in this researchestoration practitionershouldbe able tanake
moreinformed decisions on when itmcorporate these tooisto future project

monitoringand planning efforts



3.0 METHODS

3.1 Introduction

Onegoal of this research is to model the hydgyl of the Greenwater River as it
flows through the Greenwater Rivieloodplain RestorationrBject area in an effort to
analyze the effectiveness of restoratiBacondlythis research identifies the effects of a
higher esolution DEM, captured via UAYhounted lidar, on hydraulic model outputs.

To attainthe first goala comparison was made betwgae- and pos{project model

results at various flood stages to investigate the change in floodplain and side channel
connectivity and flow velocities within the channthe results of this research roughly
mirror the preproject assessment performed by Herrera Environmental Consultants, Inc.
(HECI) in 2010.This methodology was chosen so that a comparison foré@oject
assessmedprojected outconsecould be madePreproject lidardata werecollected in
2007.Postproject conditions were captured by lidar in late 2017.

Hydraulic modeling was done using the US Army Corps of Engineers Hydrologic
Engineering Center 0s -RASyseftwardAveraidn$.8.3. dECSy st em
RAS was chosen for use in this resgdnecause it is a reputal@® hydraulic model
provided free of charge by the USG&ofshan et al., 2016; Khattak et al., 2DHEC-

RAS was recently updated in February of 2016 to include 2D modeling capabilities
allowing for idar datao beused as th primary terrain input into the hydraulic model.
Results from the analysis as described in this tlesigeported to the South Puget Sound
Salmon Enhancement Gro(PSSEG)Washington State Recreation and Conservation
office (RCO), Puyallup Tribe, Mud&shoot Tribe, King County Flood Control District,
Washington Department of Fish and Wildlife (WDFW), Forest Service, National Oceanic
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and Atmospheric AdministratiomNQOAA), Watershed Resource Inventory Areas
(WRIA) 10/12 Salmon Recovery Lead Entity, ahé PuyalluRiver Watershed
Council.

In addition to determining the effectiveness of the Greenwater Riwedplain
Restoration Project, this research also exgltine possible benefits of highsolution
UAV lidar to improve the accuracy of hydraulic de outputsand other analysigs well
as for cost efficiency. Drones are able to fly much lower and slower over the,terrain
capturing a denser laser return point cloud tiyprcally achieved from lidar flown by
conventionamanned aircraft. Lidar flown with a UAV can thus yield a higher resolution
terrain model as well as a more detailed representation of the vegetation and other
features above the surface. As similarly don€hwgrrier & Li (2012)downsampling the
2017 licar data for this research explores the effects of using various resolution terrain
inputs on hydraulic model outputs and parameters. Thigpatsides arunderstanthg
what amount of error might be presented in comparing the lower resolutipnopeet 0
the higher resolution pogtroject terrain modeldresults.

This chapter gives an overview of the study area, discusses model inputs, details
the methods used to run the hydraulic model, and outlines the methods of analysis
between different model runi$.also discusses how key decisions were made in the

process.

3.2 Study Area
The study area comprises a-infle reach of the Greenwater Rivecatedin
Washington StatéSee Figure 1.IThe Greenwater River is a fiftbrder tributary to the

White Rive located along the border of Pierce and King Counties in the Cascade



Mountains north of Mount Rainier. The entire restorationisitederal land, managdxy

the US Forest Service within the MBakerSnoqualmie National Forest. The Greenwater
River is dcumented to support spawning and rearing salmonid speciesingcSpring
Chinook, @ho Salmon and steelhea@®bbe, Beason, & Bunn, 200Ecology, 1998
Markset al., 2018 Snorkel surveys of the project react2014 and 208 observed

rearing @ho Salmon and Chinook &Imon in pools and side channelad Coho &lmon
were observed to be spawning in the upper reaches of the project area (Bkakens
2017. Theprojectreach has seen many negative effects to the riverine ecosystem due to
past logging activities and the clearing of large wood from the divem effort to

restore the ecological health of the river, @reenwater RiveFloodplainRestorabn
Projectwasstartedn 2010with the completion of Phaser82014 Primary aspects of
therestoration projedmpacting this research wettee construction of 17 mgineered log
jamsandthe removal of a section of Forestd&l 70 (FR 70dhat separated the river from
part of its floodplainRiparian plantings also contributealroughness of the floodplain

and provide future instream cover and halmtahplexity

3.3 Data

The primary data used to create the hydraulic modetegproject conditions was
a 2007bareearthdigital elevationmodel Additional data used to inform bogine- and
postproject models incorporates river gage discharge, basin statistics, aerial imagery,
landcover, and lidanighest hit digital surface models (DSM). The elevation models of
postproject conditions were created using lidar flown in December, 2017. The Hydraulic
Assessment of Restoration Alternatives: Greenwater River Engineered Logjam Project

Report HECI, 2010, which modeled 2007 lidar data using FH2D modeling software
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was used to verify HE®RAS 2007 model inputs and results. The 2007 data were
remodeled for this research so a more direct and accurate analysis could be made between
the 2007 and 2017 modesults. A detailed description of the data and sousces

presentedbelow.

3.3.1 Lidar

In order to determine the effectivenesshe Greenwater Riveestorationa
comparison is made between past and present condimmesented primarily by
elevaton models from 2007 and 2017 lidar acquissiowatershed Sciences, Inc.
collected 2007 lidar data betweklay 2225 forthe Washington State Department of
Transportation (WSDOT) and tI8PSSEGLidar was obtained utilizing a Leica ALS50
Phase Il laser sgem mounted in a Cessna Caravan 208, acquiring >105,000 laser pulses
per second. Lidar points were corrected with a root mean square error of 0.10 feet, a 1
sigma absolute deviation of 0.10 feet andsaaggna absolute deviation of 0.20 feet
(Watershed Sences, 2007 Bothbareearthand higheshit models were determined at
3-foot resolution Data output used the Washington State Plane Nedleral
Information Processing Standard area (FIPS) 48@tdinate system in the 1983 North
American Datum/1988 Nith American Vertical Datum (NAD83/NAVD88), reported in
US survey feetWatershed Sciences, 200The data were downloaded for this project
from theWashington Department of Natural Resources (DNR) lidar portal. Lidar from
DNR was provided in GeoTIFF fora) which could be imported directly into the
hydraulic model as the primary terrain data.

Postprojectlidar data were collected by Flight Evolved on December 7, 2017 for

SPSSEG. Lidawas obtained utilizing a Riegl VUA LR mounted on a DJI Matrice 600
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Pro drone, with the ability to acquire 750,000 laser pulses per second. Lidar points were
corrected with a root mean square error of 0.169 feet and a standard deviation of 0.206
feet. Bothbareearthand higheshit models were determined &foot resoluton. It was
hoped that a higheesolution DTM could be producdulit, due to dense canopy in the
project area limiting the amount lafserground returnsnakingit back to the lidar

device the point spacing of theareearthlidar point cloud would not atirately support
rasterresolutions finer than afbot grid. Pictures taken of the 2017 lidar flight are shown

in Figure 3.1.

Figure 3.1. Photos of 2017 lidar drone flight
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Lidar flights in both 2007 and 2017 collected dataagstandard neanfrared
(NIR) lidar. Blue-green lidar capable of capturing bathymetry, the terrain under the water
surface, was not available fpre- or postproject conditions. Without bathymetry, the
poolriffle sequence and subsurface topograpHeaiures such as boulders, roe@ds

and other obstructions that cause friction to water flow must be represented in equations

that drive the hydraulic model through increa
& Diplas, 2000). This method can predict eage depth and velocity, bistnotable to

identify exact flow patternsr fine-scale ecological featur@s the vicinity of these
obstructions (Crowder & Diplas,ongmay0). Mannin

tabulated according to numerous factoosing a resistance to flow by Chow (1959). In
essencgesults from hydraulic models using channel roughness to replace the absence of
bathyméry data are adequate for ressdale analysis of floodplain inundation and
average velocities needed for thisbysis, but would not providaccurate representation
of fine-scale individual habitat features such as detailed pool/riffle sequences and their
metrics which aretypically capturedhroughinstream surveys.

Discharge at the time of the lidar flights watgelatively low flowsallowing for
some, but not alin-channel features to be captured, and required appropriate roughness
values to accurately model velocities through the wetted chdndat.from 2007 flown
during slightly higher discharge than2017, and producing@ lower resolution3-foot
grid cell DTM, masked more of the firgcale topographical features than the higher
resolution 2017 lidar data flown during lower discharge. HE€I1 (2010) hydraulic
report was faced with the same limitaisoof the 2007 data. Inspection of the 2007 lidar

data byHECI assessed that it provided a good representation of the topography of the



area and was appropriate for the level of detail needed for hydraulic modeling of local
floodplain inundation and veldgi The 2017 lidar, flown during relatively low discharge
should provide a more detailed description of topographical features within the channel.
Various resolutions of the 2017 DTM were modeled to determine possible changes in
these local flow patternglative to terrain detail. As the size of the grid cell in the DTM

is increased, subgrid level features are lost to an average smoothing of the terrain surface
and variations in local flow patterns within the channel are expected to deérensed

postprojectbareearthlidar areshown in Figure 3.2.
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Figure 3.2. Preand postproject lidar terrain usefbr hydraulic modehg
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3.3.2 Discharge and Basin Statistics

The U.S. Geological Survey (USGS) measures discharge flows at various gage
locations and reporthesedata through the National Water Information Systéveb
Interface. USGS river gaggtation number 12097500, located on thedgbwater River at
GreenwaterWashingtonis the closest river gage to the project site, approximately 5
miles downstream. The highest peak flood flow was recorded in November 1977, at a
discharge 510,500 cfs Gage daily mean discharge during the 2007 lidar flight window
ranged fron 303 to 338 cfs, with an average daily flow of 317 cfs over the 4 day
acquisition period. This discharge is higher than the mean annual flow of 211 cfs,
averaged over 70 years, but well belivebankfull flow of 871 cfs, representing the
stage at whichhie water level tops the channel before it spills out into the floodplain
(Laurie, 2002). Gage discharge during the 2017 lidar flight recorded at a daily mean
discharge of 210 cfs.

The hydraulic model developed for this research required inflow dischahgesv
at the upstream end of the project area and two tributaries. Because there is no USGS
flow gage located within the project area, the discharge for the inflows into the model
must be adjusted from the Greenwater River gage at GadenwVashingtorBasin area
characteristics were determined using data gathered from the USGS StreamStats web
application, which delineates drainage areas for selected locations along stream lines. The
required discharge inflows were determinesthg the ratio of basin dreage area at the
gage to the basin areas at the inflow points to approximate discharge flow at the inlets for
the various flood stages to be modelgdsin areas are shown in Figure 3.3 and

calculateddischarge values are shownTiable 3.1.This methodprovides a reasonable



estimation when discharge is require@ &bcation upstream of a stregage There is a
margin of error in this method asassumeshe sameontributingprecipitationand
groundwater upwellingcross thevholearea and does ndake into account snowmelt
contributions primarily located in the upper watershdgbn reviewing source discharge
values used in thegre-projecthydraulicassessmenmterformedoy HECI (2010), this

discharge estimation method is observed to be the sarhedneted to estimate previous

modeled values.

® Greenwater Gage
== Greenwater Project Area
Basin Drainage Areas
(% of gage area/discharge)

@ Greenwater Gage (100%)

Greenwater Project Outflow (83.5%)

amm» Greenwater Project Inflow (70.3%)
=== Slide Creek (2.2%)

28 Mile Creek (9.9%)

@ [ == I 1 Miles
0 il 2 4

Figure 3.3 Greenwater &sin drainage areaBroject area flownoves from east to est
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Table 3.1. Drainage areas and peak floodifeve

It is important to note that models run Hi£CI (2010) used flood discharge
values calculated through 1996, reportedlnbe et al(2007), which were partially
sourced from Laurie (2002). The analysis done for this research, usingRAEC
utilized the most current flood values posted by the USGS, determined through 2014, and
adjusted for basin are@here isasignificant differencéetween older peak flood levels
using data through 1996 and current discharge values using data through 2014. This is
most notable for th&00-yearflood, which was reduced from 10,534 to 8,32(cts
difference of 2,214 cfs. Combined with computational proedural differences
between the twanodeling software packages, this resulted in further variation in model
results for specific flood levels run on the 2007 lidar data in HR&AS versus the
previous model results run in FEZD, and shold be considexd when comparing

results. Because there is no barlkdlischarge values at the 1yéar flood occurrence




























































































































































