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ABSTRACT

HYDROLOGIC AND HYDRAULIC RESPONSE TO WILDFIRES IN THEPPERCACHE

LA POUDREWATERSHEDUSING A SWAT AND HEC-RAS MODEL CASCADE

The enhanced possibility of catastrophic wildfires in the western USA andretiiens
around the world has increased the need to evaluate the effects of wildfire omribledyy of
watersheds and the hydraulic behavior of rivehsderstandinghe effectsof wildfires is vital in
waterresoures managemerdand for public safety especially in regionshere communities
depend orsurfacewater supply Similarly, areasadjacentto river systens may be at risk of
increased flooding due tavildfires in their upstream watershedg&ffects of wildfires on
hydrologic fluxes in watersheds and rivers hagen extensivelgtudied; butcharacterization of
responses to wildfires is difficult due to the spatial variability of pokifire conditions. At the
watershed scale, hydrologic responses comprisetveorie of complex nonlinear interactions.
Hence, comprehensiweatershed models serve as a useful tool to understaser¢hetionshis.
Watershed modelsommonlylack the ability to represent channel geometry and channel process
with sufficient spatial fquency. Thus, aydrologic ad hydraulic modelcascadeprovides a
bridge between the nonlinear interactions of the uplands and theeasmanses at the channel

scale.

The overall goal of this study is to examine the spatial variability of thetefté¢he
2012 High Park and Hewlett wildfirethat occurredwithin the headwaters of the Cache la
Poudre River located in northern ColoradtsA. Two commonly used models were calibrated

and used in combination. Firghe Soil and WateAssessmenffool (SWAT) was used to



evaluate the hydrologic responses ofubperCache la Poudreatershedo the wildfire evers.
Subsequently, the results from the SWAT model were used as fopute hydraulic model
Hydrologic Engineering Center River AnalysBystem KHEC-RAS) to simulate channel
hydraulicsalong 425 km of the upper Cache la Poudre Rivdihe baselineSWAT modelwas
establishedo simulatethe hydrologyof the study area betweethe year2000 and 204 This
model accounts forwildfires by modfying land usdand cover inputs anaorresponding
parametersduring simulations Daily streamflow data wereused for model calibration and
testing. Using the calibratdzhseline model, na4ldfire and wildfire scenarios were creatddhe
two scenarig were then compared fochanges imverage annuabtal runoff volume water
budgets, andull streamflow statisticat the watershed anslibbasin scalesThena HEGRAS
model wasdevelopedto simulate the hydraulicesponsesof the stream networkusing
streamflows for variousfloods extractedfrom thetwo SWAT scenariosHigh resolution DEM
data and surveyed water surface elevatians used for model calibration and testing
respectively Channel hydraulic behavior including flood inundation asti@amfow velocities,

and channel shear stress were compared for the two scenarios at the channel scale.

At the watershed scalwildfire conditions have little effect on the hydrologic responses
but at the sulbasin scale #otal runoff increase up to 75 percent between scenarios was found.
Generally wildfire affectedwater budgets showed more surface runoff versus subsurface, runoff
suggestinga decrease imfiltration rates under postildfire conditions.Flow-duration curves
developed using full streamflow statistics fourned sukbasins show that less frequent
streamflows become greater in magnitudading to ecosurplus values up @a279. Also,
simulations revealed that there is a strong and signifi&h> 0.8 andp < 0.001) positive

correlation between runoff increase and percentage of burned area upsStezamflow



increases were betwe@rand 14 percent depending on the réagroximity to the wildfire and
the flood.Lastly, along the main stewnly dight increases in flood area, average cross section
velocity, and shear stress a result of wildfirevere observed in the simulation¥he results

have important implications on improving poegtdfire water resources management.
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CHAPTER. 1INTRODUCTION

1.1 Background

In recent decadeshe amountand severity of wildfires in the United StatelsAmerica
(USA) andelsewhere in thevorld is becomingan increasing concern. In part, this concern is
driven by seconarder effectsincluding water quality, carbon storage, and ecosystem
disturbance but is mostly an artifact ahe increaseof populations in or near wildfire prone
areas These areas are susceptible to loss of life and catastrophic deastifuctn floods and
debris flows as a result of runoff and erosion enhanced bynploire conditions(Moody et al.,
2013).Further, snow accumulation and runoff from mountainous regions is relied upon to meet
economic, environmental, and recreation water demands throughout the world ,(RGS®r
Wildfires could alter the timing and magnitude rohoff along with other hydrologic fluxes.

Thus, wildfire effects to these areas are of particular interest.

Understanding the response of watersheds to wildfirebdas the subjectf @xtensive
research since the 1950s; however, large differences in results have hinderesspamgards a
comprehensiveinderstanding of the subje@haracterization of compleresponseto wildfires
is difficult due to the spatial variability of postildfire conditions (Moody et al., 2013)
Wildfires can substantially change land use/land @\ LULC) and vegetation within
watersheds which may subsequentlyesult in altering hydrologic regimes including: (1)
increased availabilitgf rainfall for runoff by decreasing canopy interception; (2) increased base
flow through the decrease of watesrmally lost through evapotranspiraticamd (3) increased
runoff velocities and reduced interception/storage through loss of ground cover, litter, duff, and

debris(Moody and Martin, 2001)At the watershed scal#)ese alterations can cause increased



hillslope erosionand may significanty alter terrestrial habitat. These alterationsnay also
increase channel floodindecrease channel stabilifyl] the streambed with fine sediment, and

modify temperature regimgfyan et al., 2011).

Mathematical mdeing is a useful and well acceptedpproachfor improving our
understanishg of complex watershed processgSesel et al., 2013)For example, watershed
models have beensal for simulating streamflow in sno@ominated systems to identify
importantinteractions and processes in mountainous watersheds (Sanadhya et al., 2014). Further
the Soil and Water Assessment Tool (SWAT) has been used to characterizeaatiky tjoe
effects of land use change, climate change, and mitigation strategies on averadeusufi,
evapotranspation, streamflow, groundwater and other hydrologic respofiddshoury et al.,
2015; Fan and Shibata, 2013)Jore specifically, numerous studies involving SWAT model
development and calibration have been conducted to evahateydrology in mountainous
regions throughout the world, including this study watershed (Foy et al.,;2089)ittle River
watershed, Tenness€ghu and Li, 2011)two Himalayan drainages of Nep@eupane et al.,

2015); and the Yingluoxia watershed of northwest China (Lu et al., 2015).

Simulation has been used for evaluating the response of a system to wildkneeral
areasthroughout theworld (Batelis and Nalbantis, 2014; Goodrich et al., 2005; McLin et al.,
2001) For example, Batelis and Nalban{Z014) usedsimulationto predict potential impact
from hypothetical wildfires in a Mediterranean basin. One of the challengesnoy msidels is
lack of components for representibyLC charge. This is required for continuous simulation
and is particularly important when assessing effects of wildfires. The lanchaege module
within SWAT hasbeen shown to be useful for evaluating hydrologic condition where land use

has changed as the rdsuf urbanization (Pai and Saraswat, 2001), but to the &athor



knowledge,no studies have useal comprehensive hydrologic model with dynamic LULC
updating to characterize hydrologic response to wildfires at theasih-and watershed scales in
mountainous regions using lotgrm simulation scenario analysis. Thus, the second chapter of

this thesis describes the useSM/AT for this purpose.

Comprehensive watershed modeatan be inadequate for investigatingn-channel
conditions due to their inability to represent channel geometry and channel process with
sufficient spatial frequencyOnedimensioml (1-D) hydraulic models likethe widelyused
Hydrologic Engineering Center River Analysis System (HEAS) are neeeld for their capacity
in simulatingchannel hydraulicat finer spatialresolutionsHEC-RAS may be applied to various
scenarios ranging from small scale drainage systems to largeneiveorks(Brunner, 2010a)

The program is commonly used for floodway encroachment and velocity determination.
Examples includethe Tana River in KenyéMaingi and Marsh, 2002)the Atrato River in
Colombia (Mosquerddachado and Ahmad, 20Q7the Cache ah Stony Creeks in California
(Spencer et al., 2013); and the Jokulsa a Fjollum river in Iceland (Alho et al., 2007). Also, the
program has been successfully implemented in steep bedrock reaches suchcasdheiv@r in

Tennesse€Goode and Wohl, 2010)

HEC-RAS requires upstream boundary conditions to represent spatially varying
streamflow. These boundary conditions may be providea latershed model if a spatial
connecton between models is establishelydrologic and hydraulic model cascades/e been
previously implemented for various purpogéavaheri and Babb&ebens, 2014; Kiesel et al.,
2013) For example, Kiesel et al. (2013) demonstrated the use of a modeling c&scade
investigating water and sediments fluxes at the watershed, channel, and rezsin swaland

Their proposed approach included the application of three models: a hydrologic mod2l, a 1



hydraulic model, and a twdimensioml hydraulic model. These models were used in series to
show a comprehensive simulation of water and sediment fluxes (Kiesel et al., 20&8)erA
example includes the use of adebto compare peak flow, flood inundation maps, and velocity
maps for the purpose of evaluating effects of restored wetlands on channelgw(izaszheri

and BabbaSebens, 2014 Despite the widespread usage of HEES, only limited research
involving theimplementation of a modellgncascade to characterize response to wildfires could
be found in the literaturéicLin (2001)used HEGRAS in combination with a watershed model
to predict floodplain boundary changes following the Cerron@eawildfire in New Mexico,
USA. However, this study was limited to a small study reach and only examined tyedr00
flood event.Thus, he third chapteof this thesisdescribesa modeling cascade approaditiat
couplesthe results froma SWAT model with a HEC-RAS model to characterize channel
hydraulc behaviorresponse to wildfires at the channel scale in a major river downstream of

wildfire activity.

1.2 Study Area

The Cache la Poudre (Poudre) Watershed, with an area of approximately 5230 km
above its confluence with the South tRdaRiver on the Great Plains, is situat@dstly in
northern Colorado, USA with a portiaeachinginto southern Wyoming, USA (Wohl, 2010)
The Poudre RivefFigurel) is supplied by two major tributaries within its headwaters, the South
and North Forks, the latter being the longer of the two joining the stemfartherdownstream.
After streanflow retreats from the Poudre’s headwaters in the Rocky Mountain Range the river
passes through thaties of Fort Collinsand GreeleyEventually, the river joins the South fa

River and progresses downstream to thet@River and then to the Missouri River. The Poudre



River, with its minimally-developedmountainous headwaters widely utilized as a drinking

water sourcéor several cities and communities located along its béRicher, 2009).

During May and June of 2012 the Hewlett and High Park wildfires burned approximately
384 knf of primarily forested landscape within the Poudre Watershed. The burned area includes
numerous drainages tributary to the msi@m Poudre River. Local areas related to burn severity
with the waershed susceptible to erosion and floodingas the result of widespread loss of
vegetation and burned soils from the wildfires. Localized summertime thuortesst
immediately following thewildfire worsened theffectsby washing sediment and debris irt@
river channel posing a threat to the safety of people anddiontlee area (Oropeza and Heath,
2013) The affected area extends along the Poudre River from the mountaimgstréamo
several kilometersouth of the community of Rustic, Coloradiherefore a study watershed
outlet was defined near the mountain front at Colorado Division of Water ReCo{@E8&R)
surface water gge CLAFTCCO18 (formallyySGS Gage 067520p@nd the study reach was
defined from the outlet upstream to th wildfire boundary Figure 1). This outlet location is

commonly referred to as the Mouth of Canyon.

The resulting study watershed ippeoximately 2,732 kfmand the study reach is
approximately 42.5 km in lengtiit higher elevations, streamflow is dominated by snowmelt
runoff and at lower elevations rainfall runoff from summer convective stornmaghgraffect
streamflow. The storms comhbed with the upstream snowmelt runoff, can produce -high
magnitude, shottived floods (Wohl, 2010) The resulting hydrograph is snowmelt dominated
with a rise typically beginning in Aprind a recession lasting into August. Generally, peak
streanflow occurs at the end of Mayr early June and baglw levels occur in September o

October(Richer, 2009).
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1.3 Mode Framework

To achieve the main objaewts of this workthe application of two modela a cascading
fashionis proposed: a hydrologic model atién ahydraulic model. This approachas given by
Figure2, was proposed to consider large safectson small scales. Maintaining a continuous
spatial connection between the models allows simulation of water fluxes fromateessked to
the channel scale favaluating wildfireeffects SWAT was used for the first component of the
modeling cascade (labelédlydrologic Model — Watershed Scale” ifrigure 2). The SWAT
model is used for simulating tledfectsof watershed characteristics, climagéad LULC changes

(i.e,, wildfires) on water fluxes and water balances within the study watershed.velowe



SWAT'’s spatial representation through sadsins is unfavorable for obtaining differentiated in
stream results along the study reach because each reach within the SWAT mdmehcamy
kilometers in length and the same result value is given for each(idaskl et al., 2013). Thus,
usage of a separate-stream model for representing processes in the main channel is driven by
the need for high (i.e., on the order of 1) resolution outputs that SWAT is not able to supply
(e.g, velocity and streamflow depth distributions). This separate model is introduced thed
second component of the modeling cascade wh&€-RAS is applied to the study reach

(labeled “Hydraulic Modet Channel Scale” ifrigure?2).
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CHAPTER. 2CHARACTERIZING HYDROLOGIC RESPONSE TO WILDFIRESSING
THE SWAT MODEL

2.1 Introduction

Large watersheds are raredybject towildfire with a boundarythat covers a significant
portion of their area and as a result the effextsvildfire are practically indiscernibl¢Batelis
and Nalbantis, 2014Because of thjprevious studies have been limited tlma lack of prefire
data on burned watersheds (Canfield et al., 2005; Foltz et al., 2009; Mahat et al.R28#5j,
significant wildfire activityin northern Colorado, USAas provided a unique opportunity for
examining hydrologic response to wildfiregpecifically ina mountainous regianThis unique
opportunity stems from the fact thatrelatively significant proportionf a gaged mountainous
watershedapproximately 14percentfrom the Mouth of Canygnhasburnedas the result of
wildfire. The preand postwildfire streamflow data availability allows for the development,
calibration, and testing of a hydrologic model that accounts for spatiabMigyian LULC to
continuously simulate the hydrology from psddfire conditions through postildfire
conditions. Further, due to the magnitude of the wildfire activithurn severity mapping is
available Thesemappingdataallow for a land use change module be implementediuring
calibrationefforts, which adjustshydrologicparameters impacted by ldfire seamlessly during

simulation.

The primarygoal for the researchliscussed in this chapter to characterizénydrologic
response to wildfireat the sukbasin and watershed scalasmountainous regions using long
term simulationscenario analysisTo accomplish this goal, a mountainous system recently
exposed tasignificantwildfire activity located in northern Colorado, USA wasalyzedwith a

SWAT model. This analysis includsegnulaton of no-wildfire and wildfire scenarigover a 15



year (2000 to 2014) period. Specific objects of this saréyto (1) quantify changes in average
annual total runoff volumand explorehow these changes fluctuate witie percent of the area
burned (2) quantify changg in average annudiydrologic budgetsand (3) highlightpotential
implications of these clmges usingfull streamflow statisticsall at both the subasin and

watershed scales

2.2 Methods

2.2.1 Hydrologic Model
This section is organized in the following manner:
e Section2.2.1.1 — [@scribes the SWAT software in detail.
e Section2.2.1.2 — Rviews theSWAT model data used for this study.
e Section2.2.1.3 — Povides detded information regarding the development of the initial
SWAT models (one representing puddfire conditions and one representing post
wildfire conditions).

e Section2.2.1.4 — [@scribes the major modeling options selected for this study

e Section2.2.1.5 — Sows how thenitial SWAT models were adjusted account for the
mountainous terrain of the study watershed.

e Section2.2.1.6 — [@scribehow the two SVAT models were merged together.
e Section2.2.1.7 — [@scribes how the merg&WAT model was calibrated and tested

e Section2.2.1.8 — [@scribes the two scenarios proposed to represemagenildfire and
no-wildfire conditions ér analysis

2.2.1.1 SWAT

The SWAT 2012 Revision 59@.S. Department of Agriculture Agricultural Research
Service, 2012)leveloped by the United States Department of Agricultural (USDA) Agrialltur
Research Service (ARS) was used for this stlithg. SWAT model was developed in the early

1990sand is public domain softwar8WAT initially incorporatedeatures of several previously
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developed ARS models ards sinceenduredcontinued review and expansion of capabilities.
The model was established for evaluation of large complex watersheds overriodg p&time

and accountbor differing soils, land use, and management conditions (Neitsch et al., 2011).

SWAT is a comprehensive hydrologic model thébws for numerougphysical processes
to be simulated in a watershethese processes may be separated intocoaosedivisions of
the hydrologic cycle the land phasandthe routing phaseThese divisions include important
processes such asecipitation, surface runoff, evapotranspiration, groundwater 8oawmelt
and flood routingThe model is physically basetheaningeach hydrologic processs directly
modeled by SWAT, as opposed to empirical, regredsamed equations. hiis, specific
information about weather, soil properties, topography, vegetation, and land management
practices occurring in the watershisdrequired(most of which can be directly measured in the
field). This deterministic approach allows the user to study the relative impadeoiative
input data orparticularvariables of interesSWAT is driven by a water balance equation which
relates individual components of the hydrologic cycle. Additional detadkiding specific
equations associated with the water balance and the individual hydrologic protesses

found in the SWAT Theoretical Documentation, Version 2009 (Neitsch et al., 2011).

SWAT is a continuous time modethich allowssimulationsto be performecdat the
waterdied scale over specifiedperiod of time(Neitsch et al., 2011 ompared to singlevent
models, continuous time models better represestershedsvhere channel storage may be
significant andor where significat variability exists in land use (e.girbanization), soil types,
and/or topography (Nicklow et al., 2006). FurtigWWAT is considere@ semidistributed spatia
model as it divdes a watershed into siasins,which arefurther divided into hydrologic

response units (HRUsEubbasins are spatially related to each otlred may be defined with
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unique climate and hydrologic properti&ach sukbasin is assignedraach (i.e.main channgl
which transfers dadings from the sukbasin to the other reacheswithin the watershed
Combined, the reaches create the channel network of the waterbleedRUsareareas within
each sukbasin that consisif unique combinations of LULC, soil, and terrain attributesch of
theHRUs within a given sub-basin may lmateredbutare lumped together to create one HRU.
Loadings from each HRU are calculated independently and then summed togeteermine
the total loadings from the siddasin (i.e, it is assumed that there is no interaction between

HRUSs) (Neitsch et al., 2011).

The SWAT model uses Manning’s equation to define the rate and velocity of $tneamf
Both routing options within SWAT, variable storage and Muskingum, are distributed flow
routing models, meaning variables may be determined as functions of space ari@bthmef
these methods are based on variations of the kinematic wave model. SWAT assumes a
trapezoidal channel shape with 2:1 side slopes for streamflow routing caleslathe user may
enter the width and depth of the chanwlen filled to the top of the banks. The user is also
required to enter the channel length, which in many cases is quite long, depanttiegstream

initiation threshold and sub-basin outlet locations (Neitsch et al., 2011).

2.2.1.2 SWAT Model Data

The hydrologic modeling process was initiated by first collecting and prepatfieg
necessary dat@aummarized iriTfable 1. Each spatial datasetasconverted to North American
1983 Geagraphic Coordinateystem andransformedo Universal Transverse Mercator Zone 13
North Rojectionusing Esri's Geographic Information System mapping software, ArcMap 10.1
(ArcMap). When necessayyhe spatialdatasets were also gfied and merged to produce single

seamless spatial dataset
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Tablel. SWAT model input data.

Data type Data used Description
Terrain Digital Elevation Model National Elevatio Dataset | 1/3 argecond
(~10m)
Land Use / Land 2011 Land Cover National Land Cover Dataset | 30 m
Cover
Burn Severity ~ Thematic Burn Severity Monitoring Trends in Burn Severityligh
Delineation Park Fire Assessment | 80
Soil Soil Map Unit Delineation  Gridded Soil Survey Geographic Datapa:
for Colorado and Wyoming | 10 m
Meteorological Precipitation and Global Historical Climatology Network
Temperature Measurements Database | Daily
Streamflow Naturalized Streamflow Dati Northern Colorado Water Conservancy
District | Daily
Model SWAT Model Databases Land Cover/Land Use, Soil, and Weathe
Parameters Parameters
Terrain

The 10 m resolution Digital Elevation Model (DEM)ourtesy ofthe Uhited Sates
Geological Survey (USGS) National Elevation Datg&stsch, 2007; Gesch et a&002),was
used to describe the topography within the watershedsilitly watershedanges in elevation
from 4,138 m at the Continental Divide down to493 m at theMouth of CGanyon. he

distribution of elevationvithin the studywatersheds displayed irAPPENDIXA.

Land Use, Land Cover, and Burn Severity

The 30 m resolution National Land Cover Database (NLCD) 2011 Land Chweat al.,
2013)datasetcreated through a project conducted by the Mriéisolution Land Characteristics
(MRLC) Consortium wasisedto describe th€ULC distributionfor thestudywatershed. NLCD
2011 Land Coveuseslé6 classificatios that arebased primarily onraanalysisof circa 2011

Landsat imageryJin et al., 2013)Distribution of tke major typesfound within the study
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watershednay be seen iIAPPENDIX A and a complete breakdown is showrAIRPENDIX B.
Generally the study watershed consistsforest primary evergreentype) with considerably
large poritons covered byshrublandand herbaceous vegetatiddote the study watersheds
relativdy undevelopedwith less than Jercentof the land surface devgled for commercial,
industrial or residential purpose$hrough comparison of earlier NLCD products is evident
that LULC changes littlebetweenthe years 2000, 2006, and 20Therefore, it was assumed
appropriate to use NLCD 2011 Land Cover for the entire simulation p&iedmprehensive
LULC change analysis for the study watersheothgNLCD 2000, 2006 and 2011 Land Cover

is included inAPPENDIX B.

Burned areas within the watershed were identified ugheg High Park Wildfire
Assessmen{Monitoring Trends in Burn Severitiroject 2014) conductedas a part ofthe
Monitoring Trends in Burn Severity (MTBS$)oject directed by groupwithin the USGS and
United StatesForest ServiceThe MTBS project was introducedo consistently map burn
severity andboundariesof wildfires across all larglof the UA from 1984 and beyond. The
product of this assessment includeBh@maticBurn Severity Delineation which depicts severity
as unburned to low, low, moderate, high, and increased greemnegssidrease pstwildfire
vegetation response) (Finco et al., 20I2)rough examining the wildfire boundaiyis evident
that the High Park Wildfire Assessment includes the Hewlett wéldfihich occurred just prior
to the High Park wildfire. The burn severity distributiohthe Hewlett and High Park wildfire
within the study watershed may be seeMRPENDIX A. The distribution of the different burn

severities within the wildfire boundaryislativelyeven.

The NLCD 2011 Land Cover spatial dataset was preprocessed to allow the Higiméa

Hewlett wildfires to be simulated by SWAT. The NLCD 2011 Land Cover was overithdive
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Thematic Burn Severity Delineation. Then the NLCD 2011 Land Cover waslassified to
incorporate low, medium, and high burn severity distinctiares.simpify the analysis the
unburned tolow, increased greennessnd norprocessingareas wereomitted and not
incorporated into the simulated burn area. The reclassification was accochplsihg tools
within ArcMap. Thepreprocessing retained the pneldfire classification, but added a burn
severity identifier. For example, portions of the NLCD 2011 Land Cover that consist of
Evergreen Forest and overlap withl@awv burn area were reclassified to a newly created

Evergreen Forest Low Burn classification.

The SWAT Model Database contains various model parameters for many LULC types
and the SWAT LULC lookup table relates NLCD classifications to the Ltjlpés found in the
SWAT Model Database. The approach taken to seamlessly represent wdldfing the
simulation perioddiscussed in subsequent secsiorquiresalteration to theSWAT Model
Database and SWAT LULC lookup table. Thus, the original SWAT Model Database and
original SWAT LULC lookup table, shown iAPPENDIX B, were edited to create two separate

databases and tables independently representing pre andilgfist-conditions.

The new database and tablegre created by including the new classificagidfor the
pre-wildfire databasgethe newly added ULC types consisted of attributes identical to the
original classification, but with a new description and identification codeekample, a new
LULC type was added to the databdse prewildfire Evergreen Forestow Burn with
attributes identical to the Evergreen Forest LULC type. Thus, the SWWédel created using
this datalbse will represent previldfire condition, butareas influencedy wildfire will be
delineated from notburnedareas For the pstwildfire databasethe newlyadded LULC types

includeda new description and identification cosleilar to the prewildfire databasehowever
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for the postwildfire case,attributes were altered from their original classificatidfa. all burn
areas LULC attributes in the database were chahg® match those othe RangeGrasses
LULC. This change was implemented to aidh appropriately representing losé @anopyin
burned areasAdditionally, Curve Nimbers (CNs) were adjustedto account for expeet
increases in runoff based anmethodology usedn Higginson and Jarneck&007). This
methodologyentailsadding5, 10, and 15 to preildfire CNs for low, moderate, and high burn
areas, respectivelyThe original and edited SWAT LULC lookup tabless well as curve

numbers for both pre and post-wildfire conditions may be foudAdPIRENDIX B.

Soil

The Gridded Soil Survey Geographic (gSSURG&abase for Colorado and Wyoming
(Soil Survey Staff, 2015a; Soil Survey Staff, 2015bbtained from the USDANatural
Resources Conservation ServiblRCS) wasused to represent the distribution of saithin the
study watershedrlhis datasetcontains sib mapping which includesoutlined areas called map
units. Thesamap units have unique properties, interpretations, and productivity wiestribe
the soils The studywatershedcontains 153ifferent map units.The SWAT SSURGO Soils
databasg(U.S. Depatment of Agriculture Agricultural Research Service, 200@2)s used to
describe various model parameters for each gSSURGO mapQumatmodel parameteof
particular interest is thelydrologic Soil Group(HSG). The HSG is classificaton established
by theNRCSwhich is based on the runoff potentdla givensoil. This classificatiorconsistof
four groups: A, B, C, and DGenerally, soils designated as typehAve the smallest runoff
potential andsoils designated as type D have the greaiést.distribution of soil as represented

by HSG within the studywatersheds shown inAPPENDIX A. Generally the study watershed
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consistsof D type soils indicating the area has very lowo moderate infiltration ratesThis

implies that the study watershethy have a high runoff potential.

M eteorological

Daily measurements of precipitation, maximtemperatureand minimum temperature
for the study watershed were abted from the Global Historical Climatology Network (GHCN)
Daily datasetfMenne et al., 2012which is maintained by the National Climati@fa Center
(NCDC). The NCDC extensively quality assures GH@ily data prior to data releasghis is
accomplishedisinga multi-tiered approach including a formatting check as wedl qsality test
looking for a variety of data problems (Menne et al., 2012). Based gmthisrther quality
control beside removal of flagged data was conducted. The stations were sbéssddon
location, type of data provided, length of record, and completeness of record. A comiptdte lis
stations may be found IAPPENDIX B. Mean annual precipitation ranges from 330 mm at the
lower elevations to 1350 mat the higher elevations and mean annual temperature ranges from

approximately 9 C at the loweelevations to -5° C at the highelevationgRicher, 2009).

SWAT useshe WXGEN weather generator model to simulate variables not measured at
stations In this casgthese variables includsolar radiation, relative humidity, and wind speed.
The WXGEN weather generator modelso fill s in missing daily values of precipitation,
maximum temperature, and minimum temperat®@&AT contains several weather databases
that may be used to populate required parameters in order to use the WXGEN geathator
model. The weather database selected for this study contains information for 1812&tidirs
and second order National Weather Sen@moperative Observer Progractimate stations.

Details regarding implementah and use of the WXGEN weather generator model within
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SWAT may be found in the SWAT Theoretical Documentation, Version 2R@f8sch et al.,

2011).

Naturalized Streamflows

Precipitation within the studyatershd is greatest during the winter months. Snow
accumulates whichgenerateshe mountain snowpack that is then released during tivegsand
early summer months. In affort to support economic, environmental, and recreational water
demands downstream, maraeastructuresuch as diversions, storage reservoirs, and irrigation
canalsare used to store and distribute the snowmelt runoff during times of the yearhghen t
demand of water exceeds its availabilifjaus, the Poudre Rivatreanflow regime is modifid.

One study of the Palme watershed described seveflalw regime modificatios including
delayed hydrograph rise, decreasedkpstreamflows, and lower winter baflews (Richer,
2009). In an effort to ensure hydrologic prosses are represented appropriately, naturalized
streamflows were usefdr modelcalibration and testing. Naturalized streamflows remove the
influenceof afore mentioned features such as diversions and impoundrbDailis naturalized
streamflowswere collectedfrom Northern Colorado Water Conservancy Distifistorthen

Water)at theMouth of Canyon (Northern Water, 2014).

2.2.1.3 Initial Model Development

Two models representing pre and pagdidfire conditions were developeohd then later
merged. Two setsf initial SWAT model input files for the studyatershedvere created using
ArcSWAT version 2012.10_1.13U(S. Department of Agriculture Agricultural Research

Service, 2014). ArcSWATs an ArdMap extension that provides a graphical user interface for
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creatinga SWAT model.The interface was used to proc#ss previously describemodel data

to generate initial SWAT input file§ his process is summarizedFigure3.
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Figure3. Initial SWAT model development summalNote that for illustrativgpurposes the soils
and LULC classificationsshown aresimplified versions of theactual classificationsused to
establisrHRUs

Delineation
The ArcSWAT Automatic Watershed Delineation tool was usedcteatea stream

network, define sulbasin outlet locations, delineate the watershed, and calculate tiv@asob
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parametersThis tool usesSpatial Analyst functionsvithin ArcMap to perform these tasks
(Winchell et al., 2013)This processwvas initiated by first loading th#0 m DEM. Usingthe 10
m DEM, flow direction and accumulation for the study watershede established Next, a
stream network was derived using a value of 5,886tares(the lower end of the range
recommendedoy the tool for this watershedas the stream initiation thresholdlo avoid
oversimplifying the stream network, a lower value for the stream initiation thdestas
selected as it is expected to resnla more detailed stream netwobkuring this processoutlets
wereautomaticallycreated at stream junctian&lso, alditiond outlets were manually placed at
locations where a large tributary entered the study reachhand/hole watershedutlet was
defined at the Mouth of Ganyon. lastly, thewatershed was delineated and theb-kasin

parameters were calculated.

HRU Definition

The previously discussed LULC andof data were loaded into ArcSWAT. The
appropriate optiondo pair the input data with the SWAWatabase for model parameter
extraction were selectetlext, wsing the previously loadeti0 m DEM, a slope classification
layer was generated using a single slope class. A single slope alssglected to limit the total
number of HRUswhich is expecté to shorten computation tim&Vith the appropriate datasets
defined,ArcSWAT was then used to determib&LC/soil/slope combinations and distributions
for each sulbasin.ArcSWAT overlays these layers and determines the unique combinations of
all the LULC, solls, and slopdassifications Thesecombinationsare then usetb detemine the
distribution of HRUs fotthe entire watershed@he multiple HRUs option was selected to create
multiple HRUs with each subasin. This allows threshold levels (oxechfor land use, soil, and

slope) to be appliedvhich aids inavoidng small HRUs that generally have littiefluence on
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the model results. The LULC thresha@biminatesminor LULCs in eactsub-basinFor example,

a 20 percentand use threshold indicates that all land uses that cover less tipmnc2ditof a
subbasin will be neglected, of which the area willdyeenlyreapportioned to all remaining land
uses. The soil threshold eliminates minor soils within each remaining land use ealvesage is
less than the value. Thus, a gércentthreshold eliminates all soils which cover less than 10
percentof a given land usdn this casesince only one slope classification wased no slope
threshold was applied. The ArcSWAT Documentation (Winchell et al., 26dRatesa LULC
thresholdof 20 percentand soil thresholdf 10 percentare adequate for most applicagon
However, in an effort to avoid oversimplification, thresholds ofp&fcentand Spercent were
applied toLULC and soils, respectively. The HRU definition criteria was further refined throug
applying threshold exemptions ta@ombinations located within the wildfire boundary. This
ensurd thespatialdistribution of thewildfire is not modified through the threshold elimination

and reapportiomentprocess.

2.2.1.4 Model Options

Options for both models are identical and were selected based on previous modeling
studies using SWAT in mountainous i@ts (Foy et al., 2009; Lu et al., 2015; Neupane et al.,
2015). A modified version of the commonly applied Unitecatés Soil Conservation Service
(now the NRCS) CN procedurewas adoptedo simulatesurface runoff in the watershedhis
method with its simple structureontains only one undetermined parameugdrich is the CN.
The CN depends on the HSG, LULC, amgdrologic condition(Lu et al., 2015) Also, the
PenmarMonteith method based on energy balance componeats selected tcestimate
potential evapotranspiration. Lastly, channel routing was represented usifdugkengum

River Routing MethodOther model options were left as default selectidwlitional details
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regardingall model options may be found in the SWAT Theoretical Documentation, Version

2009 (Neitsch et al., 2011).

2.2.1.5 Accounting for Mountainous Terrain
Elevation bands and curve number adjustments were incorporated into the two models as

discussed below, as a result of the mountainous terrain within the study watershed.

Elevation Bands and L apse Rates

The study watershed is locatedtim the rainshadow of the Rocky Mountains and
overall experiences a topographicallyven climate. Significate difference in elevation within
the studywatershedyieldslargevariability in thequantity andype of precipitation.Thus,lapse
rates as well aglevation band parameters were assigned to eacibasinto account for
orographiceffects The precipitation lapse rafee., increase in mean annual precipitation with
an increase in elevatipof 658.4mm/km obtainedfrom Foy (2009) wasincorporated into the
model. Additiondly, the temperature lapse rdiee., decrease in mean annual tempegtuith

an increase in elevatioof -5.5°C/km reported byFoy (2009)wasused

SWAT is capable of integrating up to 10 elevation bands in eachasmh These bands
were derived by topographically discretizing each asin within the watershedSWAT
requires the input of the elevation at the center of each band and the fractiorbatsubrea
within the elevation band. A code crektby Dr. Mazdak Arabi with MathWorks Matlab
(Matlab) softwarewas used to generate these elevation band parametersodéeeadshe
TopaographyReport generated by AcrSWAT and taklkee maximum elevation and subtracts the
minimum elevation of each stiasin and dividedy ten which creates ten equegiterval

elevation bands. Next, the elevation at the center of each band and the fractiohadisudrea
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within the elevabn band is calculated_astly, the code modifies thpreviously generated
SWAT input files to comain these parameter§hese panmaeters allow SWAT to use the
elevation band equatiordescribedin the SWAT Theoretical Documentation, Version 2009

(Neitsch et al., 2011) to simulate orographiifects
Curve Number Slope Adjustment

The cuve numbers provided in tHWAT Model Databasare appropriate for slopegp
to 5 percent(Neitsch et al., 2011)'he averagslope was extracted from each HRU and plotted
on a histogramwhich may be found IAPPENDIX A. This plot indicates many of the HRU
slopes exceed percent A Matlab code developed by Ali Tasdigiti Colorado State University
(CSU)was used to adjust curve numbfar different slgpesat the HRU levelThis codeautilizes
the following equatiordeveloped byilliams (1995)andis recommendd for this purpose by

the SWAT Theoretical Documentation, Version 2009 (Neitsch et al., 2011):

(CN; — CN)
=%

CNys = 5 [1—2%e71386"5] 4+ CN,

whereCNysis the moisture condition ICN adjusted for slope, CNs the moisture condition Il
CN for the default Jpercentslope, CN is the moisture condition ICN for the default Spercent
slope, and S is the average fraction slope os$titbasin. Note that upon simulation SWAT caps

CN valuesat 98.

2.2.1.6 Merging the Models
The prewildfire and posiwildfire models described above have identical HRU
distributions. Further, all of the HRUs outside of the burn area are the same.tWbawnodels

weremerged using a Matlab code written Dy. Mazdak Arahi This code was used to add the
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burned HRUs from the postildfire model to the pravildfire model. For these burned HRUs

the code reaumbers and adjusts the HRU fractions to nearly zerq (1.00001).The HRU
fraction is a HRU parameter that represents the fraction ebasin area represented by that
HRU (Neitsch et al., 2011)Land use update files are also produced by the code. Land use
update files tell SWAT to change tpes-wildfire HRU fractions to nearly zero and increake
postwildfire HRU fractions to represent the burn area at the appropriate time dheng
simulation. In this case, the High Park and Hewlett wildfires occulueishg May and June of

2012. Thus, for model calibration the land use update was initiated on July 1, 2012.

2.2.1.7 Model Calibration and Testing

The SWAT model was calibrated and testedthe daily naturalized streamflows at the
Mouth of Canyon.Calibration, prewildfire testing, and poswildfire testing periods were 2005
2014, 200€r004, and 2014respectivelyThesesimulation period wereselected based on data
availability. Initial calibration parameters were identified from previous modeling efforthé&
studywatershedoublishedin Foy (2009) These parametersene supplemented with additional
parameters identified from previous studyutilizing SWAT (Records, 2013)A total of 38
modal parameters were used for calibratdiSWAT autoecalibration tool developed by Mehdi
Ahmadi at CSU was used to emplop global optimization algorithrmamed dynamically
dimensioned earch (DDS). DDS is designed to arrive at good solagowithin a maximum
number of usedefinedfunction evaluations for use in model calibratiwith many parameters
(Tolson and Shoemaker, 200This autcecalibrationtool was used to generate 498 model runs
Each model run consisted of a unique combination of the 38 model calibration parameters. The
tool works towards minimizing an objective function. In this case basedthis objective

function ontwo primary error statistics relative error(RE) and NaskSutcliffe efficiency
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coefficiert (Ens). The error statistics are used to determine how accurately SWAT is representing
hydrologic processethrough comparison of observed asithulated streamflows at the Mouth

of Canyon.Theseprimary error statistics along with supplemental errgtatistics are displayed

and described IAPPENDIX C. Also, model alibration parametestarting values anchngesare

displayed ilPAPPENDIX B.

2.2.1.8 Scenario Analysis

With the SWAT model calibrated and testeslo scenariomodels were createdrirst, a
no-wildfire scenariomodel was createdThis was achievedybsimply removing the lah use
update files thus representing nwildfire activity throughout the entire simulation period
Second, a wildfire scenario model was creatBois was achieved by adjusting the land use
update files to reflect a wildfireccurringat the beginning ofhe simulation Thus, wildfire is
simulated throughout the entire simulation periddte the simulation period for each scenario

was between 2000 and 2014 (15 years).

2.2.2 Output Data Post-Processing

SWAT outputs were pogirocessedn Matlabh Simple summing functions were used to
calculate total runoff volumes and water budgets throughout the study veateFull
streamflow statistics were used to develtiduration curves foburned sub-basinsThese
represent the percentage of time ttatanflow is likely to equal orexceed a given streamflow
valuefor both scenarios. This was achieved using code developedrkyn(2010), which sorts,
ranks, and plots the inputreanflow data to generate flowuration curve. Flow-duration
curves area widely accepted method for characterizing streamflow regime. Theyoarmonly
used for hydropower, water resource management, water quality managemeritsihdititity,

andflood control applicationgFan and Li, 2004). However, they have not been frequently used
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in evaluating response to wildfif®ewtson, 2013)Next, the ecodeficit and ecosurplus metrics
introduced by Vogel (2007) were computed for efmiv-durationcurve These metricprovide

a simplified representation of hydrologmpacts(Vogel et al., 2007)For this stidy, ecodeficit

is defined as the ratio of the area below thewidfire scenario flowduration curve and above
the wildfire scenario flonduration curve divided by the total area under thevitdfire scenario
flow-duration. Conversely, ecosurplus isidetl as the ratio of the area above themidfire
scenario flowmduration curve and below the wildfire scenario filduration curve divided by the
total area under the nwildfire scenario flowduration.Thus, these values represent the overall

loss (ecodeficit) and gain (ecosurplus) in streamf{dagel et al., 2007hetween scenarios.

2.3 Resultsand Discussion

2.3.1 SWAT Model Performance

The optimal parameter set found duritige calibration effort generally yieldedgood
results. The model performed best during the pagtfire testing period, but still performed
well during the calibration period and préidfire testing period. Final valuesfor the 38
calibration parametesre displayed iMPPENDIX B. Model performancevasevaluatedbased
on primary statistical results (at botime daily andmonthly timesteps) and visual inspection of

the graphical results.

The bes calibration achieved for the Mouth ofa@yon naturalizedstreamflow at the
daily timestep is ks of 0.82 and RE of 1.68. The testingsEvaluesfor the prewildfire and
postwildfire periods werd.71 and 0.88with RE values 0f19.52 and 9.3IrespectivelyModel
performance during the calibration and testing periods at a daily timeasgonsidered good if

Ens > 0.75 andwasconsidered satisfactory for valueskfs between 0.75 and 0.361otovilov
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et al., 1999)Also, upon reviewing available literatyrhese results areonsistentvith previous
studies using SWARt a daily timestefLi et al., 2010; Zhu and Li, 2011Jable2 presents a
summary ofthe model performance at theaily timestep with gpplementary eor statistic

displayed ilPAPPENDIX B.

Table 2. Error statistics between observed and simulated daily streamflowsefaatioration
periodas well as the testing period®erformance ratings based on Motovilov (1999).

Simulation  Relative NashSutcliffe Performance

Simulation : - .
period error efficiency rating

Prewildfire testing 2000-2004  -19.52 0.71 Satisfactory

Calibration 2005-2013 1.68 0.82 Good

Postwildfire testing 2014 9.31 0.88 Good

All 2000-2014 -2.73 0.82 Good

Additional performance ratings were assigned to the calibration amegt@striods for
monthly simulations of streamflow. This evaluation was based on suggested fating in
published literaturdor monthly timestepswhich include ratings of very good (0.75 &<
1.00, good (0.65 < s < 0.75), satisfactory (0.5 <y < 0.65), and unsatisfactory {E< 0.5)
(Moriasi et al., 2007). All simulation periods earregerformance rating of very good at the
monthly timestep. Further, monthly resudt® generally comparable those from other SWAT
modeling studiesnvolving mountainous watershedFoy et al., 2009; Lu et al., 2015; Neupane
et al., 2015)Table2 presents a summary of the model performance at the monthly timestep and

supplementary error statistics are displayedRPENDIXB.

Generally, simulations yielded good visual agreement between observed aratesimul
daily streamflows and total runoff volume, as showirigure4. A slight discrepancy between
the observed and simulated total runoff volume exists for theildéire testing period. This

difference propagates through to the statistical results, most notablyEtheld®e of-19.52. A
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negative relative error shows that the model overestimates runofim&oltompared to
observations. Based on visual examination of the hydrograph, the calibration peyidoema
slightly “wetter” relative to the pravildfire testing period, which may be the cause of the noted

discrepancy.

Table3. Errorstatistics between observed and simulated monthly streamflows for thatoatibr
period as well as the testing periods. Performance ratings based on Muatiasnald (2007).

. . Simulation Relative NashSutcliffe  Performance
Simulation . - )
period error efficiency rating
Prewildfire testing 2000-2004 -19.36 0.80 Very Good
Calibration 2005-2013 1.77 0.88 Very Good
Postwildfire testing 2014 9.42 0.96 Very Good
All 2000-2014 -2.61 0.89 Very Good
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Figure 4. Total daily precipitation during simulation periodof). Observed versus simulated
average daily streamfloshown by the thiner linandrunoff volume shown by the thicker line
(bottom) during simulation period.
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Also, the simulated and observed floluration curves for the entire simulation period
yielded good visual agreement, as shownFigure 5. The simulated flowduration curve
generally follows the observed flegluration curve with the exception of a slight deviation for
less frequent flows. For the less frequent streamflows the model isegtid@ting streamflows.
A deviation is expected as less frequent streamflowsgond to larger streamflows which are

less predictable and less understood.
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Figure5. Flow-duration curve at the mouth of canyon for the entire simulation period.

Previous studies have used SWAT along with similar calibration techniques throughout
this regionfor hydrologic analysis. However, use of the SWAT land use change module to
investigate hydrologic response to wildfires has not been well documéritedoerformance

results above indicate that themprehensive method@y of using the SWATand use change
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modulealong with multivariable parameter calibration was an effective techniquepi@sent

the hydrology of an area which has been exposed to wildfire.

2.3.2 Wildfire Effects on Runoff Volume

The daily simulation outputs fromboth the newildfire and wildfire scenaris were
analyzedand comparedn order to characterize an average hydrologic resptmseildfire
duringthe simulation peod of 15 years (2000 to 2014ljotal runoff valuesrepresented as both
depth and volume for each burned $asin as well akor the entire study watershed are shown
in Table4. Also, Figure6 displays the burn severity distribution and average annual total runoff
percent increase (based on the values presenieabla4) for each burned sdibasin and fothe
entire study watershe@he average annual total runoff inclsdeirface runoff, lateral flow, and

baseflow.

Table 4. Average annual total runoff volumes and thedor both theno-wildfire and fire
scenariosshownfor the burned subasins as well as for the entire study watersAegh is also
include for reference.

Average annual total runoff Average annual total runoff

Subbasin Ak;r?? volume (mega ﬁ;iyr) depth (mm/yr)

(k) No-wildfire Wildfire No-wildfire Wildfire

19 89.56 1.82 2.10 20.4 23.4

24 56.53 0.74 1.01 13.1 17.9

25 5.41 0.14 0.14 25.4 25.7

26 17.39 0.61 0.98 35.0 56.4

28 14.64 0.33 0.58 22.8 39.8

29 47.15 1.59 1.67 33.7 35.3

30 106.95 4.16 6.81 38.9 63.7

32 10.86 0.30 0.49 27.4 45.4

35 269.11 38.91 41.70 144.6 154.9
Study Watershec 2,732 323.52 330.38 118.5 121.1
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Figure 6. Burn severity distributiont¢p) and aerageannual total runoff percent increase
between the naildfire and firescenariogbottom) Results are showior the burned subasins

as well as for the entire study waterdlf“Study Watershed'arranged in descending order from
left to right based on total percent bedarea.

Figure6 shows thatn the case of subasins 28, 30, 26, arB2 more than 50 percent of
the areaexperienced burning as a result of the High Park and Hewlett waddf8ukbasins 28
and 30 were thenostseverely burad with largehigh burn severitypercentges The remaining

subbasins had smaller burn area percentages.

The total runoff percent increase between scenarios was greatest on average for sub
basins 28, 30, 26, and 32. For thesb-basinsincreasesn runoff between the nwildfire and
wildfire scenarios rangefrom approximately66 to 75percent. For the remaining sbhsinsas
well as the entire study watershednoff percentincreases aréound to be considerably less
This is likely becausehose sub-basingere not as heavilpurned Neverthelessthe results

indicatewil dfire effects atlargerscales are still substantiglbut onlyin termsof the magnitude
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rather tlan percent changef total runoff volumeincrease Larger areas (i.esubbasin 35 and
the entire study watershedppear taexperience much greatabsoluteincreasesn total runoff
volume between scenaripslespitehaving smaller total burn area percentagdis is what we
might expectgiven that each subasin is nested with the study watershedesulting in a

cumulativeeffect

Many pevious studies have documedttotal runoff increases undgvostwildfire
conditions(BenavidesSolorio and MacDonald, 2001; Inbar et al., 1998; Lavabre et al., 1993;
Robichaud et al.,, 2000; Scott, 1993Fjor example, Lavabre et al. (199@%ed a lumped
conceptual hydrological modéb evaluate a small Mediterranean basin which experienced a
burn covering 8%ercentof its surface area in 199Theysuggested a 30 percent increase in the
annual runoff yield Scott (1993) showedotal streamflow volume increases of 15.3 and 9.4
percentin response to burning two small mountainous catchments usmg@aired catchment
method. The amount of total runoff volume increase following wildfire disturbanceesari
greatly between locationdepending on wildfire intensity, proportion of the forest vegetation
burned, climate, precipitation, geology, soils, watershed aspect, and tress §ideary et al.,
2003).Thus, it is notsurprisingthat resultsvary. Also, comparison between studies is difficult
because of changes in size of disturbance (uidfire) in relationto thesize of the catchment
(Robichaud et al., 2000This emphasizes the need to examine increases based on percent burn

area upstream.

Figure 6 is arranged in descending ordeir percent burned arefmom left to right
Generally, we see an increase in total runoff as percentage of total burn area inGteases
observationis consistent with reports in the literature indicating total runoff volume inereas

following wildfire disturbance is irpart a function of the proportion of the contributing area
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burned(Neary et al., 2003; Robichaud et al., 2000his relationshigs further exploredby
applying linear regressioto the dataFigure 7 showsa linear regression model fitted between
the total runoff volume increase amatal burnedarea percentagdote that the entire study
watershed resudtwere not included in this regressiolso, subbasin averageslope was
categorized as loyslope< 0.30), moderat€0.30< slope< 0.40), andsteep(slope> 0.40)for

each sukbasin.
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Figure7. Linear regression model fitted between the total runoff volume increase anduiotal
area percentag€atchment slopés categorized as low (slope < 0.30), moderate (8.8pe <
0.40), and steep (slope0.40) for each subasin

An Ftest was performed using Matlab to determine if this particular model fits the data
well. The regression generally yiedda good fit with a pvalue for the Ftest< 0.001.No

previous study documenting this relationskifth linear regessioncould be foundbut the
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general trend is consistent with the literature. Tlius, study suggesis may be reasonable to
usetotal burn area percentage as a predictor for an increase in total runoff volume withr a linea
regression model. Also, thiggure indicates that generally for the High Park and Hewlett
wildfires the sukbasins with moderat® steep slopes experienceddfire in a larger percentage

of their area relative to low slope shhsins.

2.3.3 \Wildfire Effects on Hydrologic Budgets
The daly simulation outputs from both Awildfire and wildfire scenarios were further

analyzed and compared in order to quantify changes in average annual hydrologis badyet
result of wildfire during the simulation péod of 15 years (2000 to 2014figure 8 shows
hydrologic budget$or select sukbasins as well as the entire study watershbdse hydrologic
budgets show the fate of average annual precipitation along with the fate of aversadeaah
runoff. The fate of precipitation (rainfall and snowfall) is shown as evapotratispir total
runoff, and other (deep aquifer contribution and soil water storage). Also, tbe mgdjologic
processes for the fate of runoff were defined asasarbind subsurface (lateral flow and base

flow) runoff.
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Figure 8. Hydrologic budgets showing the fate of average annual precipitation (i.e.,
evapotranspiration, total runoff, and other) with the fate of average annualuotdl (i.e.,
surface and subsurface) for select-bakins and the entire study watershed.

It is evident that hydrologic budgets change on thebsdin scale following wildfirebut
little change is seen at the watershed sCHis is consistent with claim made byBatelis and
Nalbantis (2014) that wildfire effects are practically indiscernible eagional scale€senerally,

Figure 8 shows under the wildfire scenario an increase in surface runoff and a corresponding
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decrease in subsurface runoff at the-babin scalel-or examplethe hydrologic budget faub-
basin 30 (a heavily burned area) showghangein surface runoff from 21 to 61 percent under
the no-wildfire and wildfire scenarios, respectively. This is consistent with previous stuties
which it seems to be generally accepted that infiltration rates decease aftBresviléror
example, infiltration rates have been shown to decrease by a factor of twernicasier wildfires

(Moody and Martin, 2001).

At the subbasin scaleunder the wildfire scenariowe also see lessvapotranspiration.
This connectswell with the results fronBection2.3.2,wheregenerally we see an increase in
total runofffor the wildfire scenariolncreased water yields.e., total runoff) primarilydue to
reducel evapotranspiratiohas been a reported effect postwildfire hydrology (Neary et al.,

2003; Townsend and Douglas, 2004).

2.3.4 Implications of Wildfire Effects

Lastly, he daily simulation outputs from both -moldfire and wildfire scenarios were
analyzed and compared in ordedigtermine potential impli¢@ns of wildfire effectsduringthe
simulation period of 15 years (2000 to 201Bigure 9 shows fow-duration curves for select
burned sukbasinsas well ador the entire study watersheshdTable5 lists the ecosurplus and
ecodeficit values associatedth each computéflow-duration curveThe flow-durationcurves
represent the percentage of time that streamflow is likely to equal or exgreeh streamflow
valuefor both scenariogzlow-duration curves were generated using total ryndffch includes
both surface and subsurface water fluxes leaving théasin or watershed.he ecosurplus and
ecodeficit metrics are a dimensionless measure which represent the ogsrédickedeficit) iad

gain (ecosurplus) in streamflow (Vogel et al., 200&)ween scenarios.
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Figure9. Flow-duration curves for select sliasin as well as the entireidy watershed

Table 5. Ecosurplus and ecodeficit values for the burnedbadins as well as for the entire
study watershed.

Subbasin Ecosurplus Ecodeficit
19 0.065 0.001
24 0.100 0.004
25 0.004 0.000
26 0.168 0.011
28 0.248 0.010
29 0.089 0.000
30 0.279 0.016
32 0.157 0.010
35 0.093 0.001
Study Watershec  0.093 0.001
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Similar tofindings fromthe hydrologic budgetst is evident that flonduration curves
change under wildfire conditions on the <wsin scaleAlso, little change is seen at the
watershed scal@-igure 9 and Table 5). This is perhaps the result of wildfireffects at the
watershed scale being daegpby norburned portionof the contributing areaAgain, this is
consistent witlthe suggestion datelis and Nalbantis (2014) that wildfire effects are practically

indiscernible on a regional scale.

Figure 9 also suggeststhat wildfire has little impact oflow-duration curves foareas
with low total burn area percentage butseems to impact flowluration curves for area with
higher total burn area percentages. For example, irbasins 30 we see that less frequen
streamflovs becomegreater in magnitudender the wildfire scenarif.e. we see an ecosurplus)
Whereas, in subasin 19 (a less burned area) we see little change in thed@imtion curve.
Previous research efforts have involvegaredcatchment angsis to compareflow duration
curves for pre and postildfire conditions (Liu et al., 2004; Newtson, 201Both Newtson
(2013) and Liu et al. (2004) found a general increase in percentile streaaslewesult of
wildfire. However,Liu et al. (2004)examinedprecipitation duration cunagfor the study areas
and concluded that changes in precipitation between locations explained the difference
streamflow and nonecessarilywildfire. For this study the two scenari@approachuses an
identical precipitationacord for both scenarios. Thike study eliminatedimitations associated
temporal and spé variation in precipitationTable5 indicates the streamflows for theirned
subbasins appear to be ecosurplus versus ecodeficit when the wildfire scenario isedomifia
the nowildfire scenario. The ecosurplus values range from 0.004 to Ok&fthan and Jeong
(2011)indicate thatfor high streamflows darge ecosurpls is likely to have moderate to high

impacts to stream healtm this case, the ecosurplus values assoacited with the heavily burned
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subbasins (i.e., subasins 28, 30, 26, and 32) are much greater in magnitude when compared to
the other ecosuplus valueBhus, impacts to stream health are expected to be the greatest in

heavily burned areas.

2.3.5 SWAT Modd Limitations and Future Work

As with anymodelingstudy, this study includes multiple sources of uncertainty. These
may be broadly categorized m®deluncetainty (i.e., hydrologic model structurendvariability
of observed model input and output valuais smaller temporal and spatial scalem)d
measuremenincertainty(i.e., imprecision in measuring input values). While the importance and
value of a detailed uncertainty analysis is recognized, such an anslystside the scope of this
project. However, specific concerns with regard to hydrologic model uncersagttyghlighted

below.

In general rainfall-runoff prediction methods have dredeveloped for unburned areas.
For example,te CN methodusedfor this study is commonly applied tanburnedareas.
However, this method has produced conflicting results for burned areasvilefist hydrologic
response is still a topic under investigatiovith few studiesfocused on this specific issue
(Moody et al., 2013)lt is generally assumed that peak discharge tends to increase as a result of
wildfire. Neverthelessone major unresolved issue ligtcurrently there is no consisteagreed
upon methodology to estimate pesildfire CNs (Springer and Hawkins, 0B5). Thus,
uncertainty is introduced and it iecommendedhat future work befocusedon further

developing rainfalrunoff prediction methods for burned areas.

Figure 10displays simulated versus observed monthly streamflows as well ag@vera

monthly simulated rad observed streamflow for the Mouth c&r§yon.This figuresuggest the
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model slightly overestimates larger monthly streamftaspecifically, those during the month of
Junewhen streamflows are elevated daenountain snowpack melting. Also, the model appears
to slightly underestimate streamflows during late summerantamn These systematic erso
may be due to SWAT releasing snowmelt too quickly during spring rutimds, rising
streamflowsare simulateckarlierthan observationduring the meltingseasonFurther, perhaps
the tendency of the model to simulate earlier snowmasitilts inhigher simulated streamflow
during the latter part of summer and ealytumn This deficiency may be the result of SWAT
misrepresenting snowmelt processes or perhaps faulty model parameterizatis, it is
thought that hydrologic model uncertainty is introed hereand it is recommendedhat
additional researchbe focusedon better representingsnowmelt processes in mountainous

watersheds.
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Figure10. Plot of simulated versus observed monthly streamflows (left) and the observed vers
simulated average monthly streamflows for the simulation period (right).
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24 Conclusions

Long term simulation scenario analysis at thelsatin and watershed scales was used
characterize hydrologic response to wildfires in mountainous regidns. wasachieved by
applying he hydrologic model SWATto awatershedrecently exposed to significant wildfire
activity located in northern Colorado, USFhe model represents pvaldfire and postwildfire
conditions by implementing the SWAT land use change neadluling simulations to represent
burrned area as a result of wildfire. Geospatial data representing LULC, sainteand climate
attributes of the study watershed was used to develop the madeptimalparameteset was
obtainedfor pre-wildfire and postwildfire conditions through the aut@ted DDS optimization
algorithm Error statistics were calculated tvaluatemodel performancewith regard to daily
observed natatized streamflows. Results indicgeodmodel performancgeavith anEys of 0.82
during calibration as well as 0.71 and 0.88 the no-wildfire and wildfire testing periosl
respectivelyfor daily streamflows at thouth of Canyon No-wildfire and wildfire scenarios
representing a 15 year (2000 to 2014) simulation pevier@ createdrom the optimal parameter
set achieved during model calibratiorhese scenarios were usecharacterize the hydrologic

response to wildfires.

Specific objectivesof this studywere to investigate changes in average annual total
runoff volume, average annual hydrologic budgets, and-flokation curves across multiple
scales.Results were generally comparable to the literature. At the watersheq \sibddire
conditions appear to have little effect on the hydrologic responses with thetiercef tota
runoff volume. However, at the sdifasin scalesimulationssuggestthat wildfire effects trend
with burn areaupstream.A total runoff increase m to approximately 7%percentbetween

scenarios was found. Generallyater budgets showed more surface runoff versus subsurface
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runoff which suggestsfiltration rates deeaseunder poswildfire conditions. Flow-duration
curves for burned subasins show that less frequent streamflows become greater in magnitude

leadingto ecosurplus values up to 0.279.

Results repoed in this studyshow an overallacceptableperformance of the SWAT
model in simulatinglaily streamflows under pre and pegtdfire conditions tocharacterize the
hydrologic response to wildfiresélowever,this method required comprehensive knowledge of
the watershedwas time consumingand was computationallyntensive. Further, this study
demonstrates the need for improvement in understanding the raumfaff prediction

relationship for burned areas.
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CHAPTER. 3CHARACTERIZING HYDRAULIC BEHAVIOR RESPONSE TO WILDFIRES
USING THEHEC-RAS MODEL INFORMED BY SWAT MODEL HYDROLOGIC
BOUNDARY CONDITIONS

3.1 Introduction

The HECGRAS model requireshydrologic boundary conditions. To appropriately
represent changing streamfl@monditions it is important to apply unique boundary conditions to
each segment with the study reach. Further, the SWAT model uses Manning'sretpudgfine
the rate and velocity of streamflowhis approach is based on usingfarm channel geometry
along reaches withinthe channel networkThis is inadequate for investigating-éhannel
responses to wildfires becausaches within SWA&re generallyuite long (i.e., on the order
of 10" km). For these reasoni is advantageous to useHEC-RAS modelinformed by SWAT

model hydrologic boundary conditions.

The primary goal fotheresearchdiscussed in this chaptesrto demonstratéhe practical
implementation of a modelling cascatbecharacterize&ehannel hydraulic behavior response to
wildfires at thechannel scalén a major river downstream of wildfire activitffo accomplish
this goal, the previously developed hydrologic model farwatershedecently exposed to
significant wildfire activity located in northern Colorado, USA was used as boundatitions
for a newly developedHEC-RAS hydraulic model. The purpose of this model is to siteula
streamflow for various floodsissociated with nwildfire and wildfire scenariosSpecific
objectivesof this study are tof1l) quantify changes in streamflovigr various floodsbetween
no-wildfire and wildfire scenarigsand (2) quantifyresponsedo wildfires in terms ohydraulic
behavior including flood inundation arezlocity, and shear strestor reaches downstream of

burned areasll at the channel scale.
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3.2 Methods

3.21 Hydraulic Mode

This section is organized in the following manner:

e Section3.2.1.1 — [@scribes th&élEC-RAS softwarédn detail
e Section2.2.1.2 — [@scribeghe process domain concept usegartition the study reach
e Section3.2.1.3 — Rviewsthe HEC-RAS model data used for this study.

e Section3.2.1.4 — PRovides detailed information regarding the development of the cross
sectiongor input to HECRAS.

e Section3.2.1.5 — Shows detailhow the HEC-RAS model was developed.

e Section3.2.1.6 — [@scribes how the HERAS model was calibrated and tested.
3.2.1.1 HEC-RAS

The HECGRAS Version 4.1(U.S. Army Corps of Engineers, 2010Jeveloped by the

United States Army Corps of Engineesrgsused for this studylhis software was developed by
Hydrologic Engineering CenteHEC), which is a division of the Institute for Water Resources
within the Uhited SatesArmy Corps of Engineers (USACHKBrunner, 2010a)The welttested
HEC-RAS model is available in the public domain and is widely used by many admiarssrati
universities, and engineers worldwide (Kiesel et al., 2013). The model is well doednaert
capable of performing-D hydraulic calculatins for a full network of natural and constructed

channelgBrunner, 2010a).

The HEGRAS software allows the user to produce water surface profiles for leatty st
gradually varied flow (GVF) and unsteady flow conditions. The program uses maom
geometric data representation and common hydraulic computation routines to peetem
surface profile calculationd'he steady GVAnodulein HEC-RAS is specificallydesignedto

evaluate floodway encroachmerits application in floodplain management (Brunner, 2010a)
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Therefore, the steady flow module was uded this anaysis using flows associated with

particular events of interest.

Steady GVF is a noeaniform flow where thestreamflow depth variation along the
channel is gradual enough that the transverse pressure distribution may be considered
hydrostatic. Thusstreanflow and other state variables such as velocity stneamflowdepth
may be treated asD) where the only transverse pressure gradients present are those created by
gravity (Sturm, 2010) HEG-RAS uses thel-D energy equationwhich accounts for energy
loses usingthe Manning’s equation and contraction/expansion coefficients to perform steady
GVF computations. Also, in situations whesewater surface profile is rapidly variethe
momentum equation is utilizedhis moduleallows modeling of subcritical,upercritical, and
mixed flow regime water surface profil@runner, 2010a)Additional details regarding theld
equations used by the program may be founthenHEGRAS Hydraulic Reference Manual,

Version 201QBrunner, 2010a)

3.2.1.2 Process Domains

The study reach was delineated into segmesisgwa process domainoncept This
approactallows areas to be spatially identified aridhracterized byniquesuites of geomorphic
processes These unigque areas contain community structure and dynamics that respond
distinctly differentways to any given disturbance reginfontgomery, 1999). The process
domain concept provides an organizational framework which may be applisdnierous
aspecs of river systemgWohl, 2010) This conceptual model was applisdthe study reach, a
bedrock dominated system, to delineate segments with inherently unique hydradgs grom
one another. Thidelineationwas used to help select appropriate cross section spacing &s well

definecalibration segment®oth of which are discussed in following sections.
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Similar to Wohl (2010, which focused on applying the process domain concept in the
context of sediment dynamics, channel and valley geometry was the most pcaitédai for
differentiating individual process domains. Channel and valley geometry in theofagradient
and confinement (valley width) were used to classify thdysreach into two categories. The
categories include confined and partially confined. Confined valleys wereeddb besteeper
in the upstream to downstream directi@md have narrower valley bottoms relative to the
partially confined valleys. A upstream to downstream directistope threshold of Bercent was
selected based awohl (2010)for the gradient classification. A lateral slope threshold of 16
percentwas selected based daallant (2003) and a trial and error processedVith these
thresholdslefined theanalysisdetailed iInAPPENDIX D was performed in ArcMap to delineate
the study reach into segmenthe analysigesulted in the study reachibg broken into three

segmets shown inFigurell.

Explanation
= Partialy Confined
Confined
—— SWAT Reach Network
" 0 @ Streamflow Change Locations
) Calibraion Segment
"] Sub-Reach

10 Kilemeters

D 9

Figure 11. Study reach detail including the process don@assification the SWAT reach
network, streamflow change locations, calibration segmentseacles, andmagery basemap
(Esri, 2015h.

3.2.1.3 HEC-RAS Model Data
The hydraulic modeling process was initiated by collecting and prepdmengecessary

data,summarized imable6. The hydraulic model spatial datasets were convetraasformed
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clipped, and mergedsing ArcMap as described in Secti®2.1to produce consistent seamless

spatial datasets.

Table6. HEGRAS model inputiata.

Data type

Data used

Description

Floodplain Terrain

Stream Centerline
Cross Sections

Hydraulic
Structures

Hydraulic
Roughness
Steady Flow Data
Boundary
Condition

StageStreamflow

Digital Elevation
Model

Reach Network
Survey Points
As-built Drawings

Manning's n Values

Flood Events

DischargeRating
Curve

Digital Elevation
Model and
Simulated
Streamflow

Federal Emergency Management Agency
Light Detectionand Ranging Datat | 3/4m
From SWAT Model

RTK-GPS Survey

City of Fort Collins, Colorado Division of
Wate Resources, and Northern Colorado
Water Conservancy District

From Chow (195pand Model Calibration

From SWAT Model
Colorado Division ofWater Resources

From Federal Emergency Management
Agency LightDetectionand Ranging Dataset |
3/4 m and SWAT Model

Floodplain Terrain

Floodplain topography along the study reaehs described using &4 m resolution

DEM obtainedfrom the Federal Emergency Management Agency (FEMA) (Federal Emergency

Management Agency, 2014Yhis DEM was derived from Light Detection and Ranging

(LIDAR) data collected by FEMAand the USGS during the latter part of 20X8rathe

catastrophic floods in September 2013 throughout the Front Range of Colorado, USA.

Stream Centerline

The stream centerlindor the study reach was described using thach network

generatedduring the creation of th& WAT model discussed inCHAPTER. 2 Note that the
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reach network geneed in ArcSWAT was based on a ®ODEM whereas the HERAS model

was based on the 3/4 m DEM. Thus, additioristmentswvere required to the SWAT reach
network prior to use in the HERAS modelbecausdhe alignment is pixelated at the channel
scale. The SWAT generated reach network was smoothed using the AcrMap Geneshlize to

with a 10 m tolerance.

Cross Sections

Cross sections were developed from the combination of detailed cross section sarvey dat
as well as 3/4 m DEM data. The used on the 3/4 m DEM data is discussed in a subsequent
section, but the detailed cross section survey data collection process isatisbasln part,
detailed cross sections were used to describe the channel geometry throughtudytineash.

We surveyed detailed cross sections udtegl Time Knematic (RTK) United States|@bal
Positioning System (GPS) survey equipment. Spacirsgsetected based on thecoall length of
the study reachconstraints associated with limited resourcasd the process domain
classification for the study reacBpacing goals in partially confined and confined segments
were set at 1000 m and ®0 m, respectively. Specific cross section locations were initially
establish in ArcMap using the spacing goals and3fiem DEM as a reference to ensuwmss
sections wergerpendicular to the streamfloBathometric and floodplain elevation ddita a
total of 45 cross sections were obtained from 23 separate supeefggmedduring the pring
and fll of 2014 Collected survey dataere postprocessed and converted to a diatanat
compatible with ArcMapUnwanted point$or the HEGCRAS modelwere manudy filtered out
and the remaining points were correctétlesepoints included duplicate measurement points,
survey control points, and points that were affected by the presents @oicections were

determined using static data collecteding each survethat wereprocessed witlhhe NOAA's
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National Geodetic SurveyNGS) Online Positioning User Servic©PUS. A summary of the
detailed cross section data is providedPPENDIX E. When possiblegthe survey was checked
using vertical and GPS control information obtained from the NOAWXGS databaseA

summary ofurvey controkerrorsfor 16 of the 23 surveys may be foundARPENDIX B.

Hydraulic Structures

Elevations for two hydraulic structures within the study reach were providdtegity
of Fort Collins in the form of abuilt drawings.Northern Water providedsbuild survey points
for a third hydraulic structureAlso, CDWR provided survey information at the Mouth of
Canyonsurface water gae station. In alicasesobtaineddata were georeferenced using/4 m

DEM because the necessary metadageenot available.

Hydraulic Roughness

Final Manning’s n values were determined throughdakbrationprocesgliscusedin a
subsequent sectiorlowever, \alues obtained from Chow (1958¢re used asnainitial starting
point. A value of 0.05 was assigned to the entire model Wighexception of the structures
where 0.011 was used. The 0.05 vakigescribedby Chow (1959psa minor mountain strea
with: no vegetation irihe channelbanks sually steeptrees and brush aloriganks submerged
at high stages; ana cobble and large boulder bottoifhe 0.011 value is described by Chow

(1959)as a concrete, nonmetéhed or built-up channel.

Steady Flow Data

Streamflow outputs frm SWAT were preprocessed and then used as steadydata

input for the HEGRAS model This preprocessing was accomplished in several steps. kest, t
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SWAT output daily average naturalized streamflax&s converted to dailymaximum non-
naturalizedstreamflow Non-naturalized streamflows the flow directly measured at a surface
watergage stationSecond, a flood frequency analysis was performed to obtain flood flows for
various events of interegtlood flows are of particular interest because in flood modeling, peak

streamflow is required to pritl the maximum flooding area and the associated velocities.

A two-stepregression approach was used to (1) prediotnaturalized streafftows from
naturalized streaftow (Figure 12), and (2) predict dailynaximumstreanflows from average
daily streanflows (Figurel13). The regression analysis was basedhaiuralizedstreanflow used
during the SWAT model calibratipalong with daily andhourly streanflow data obtained from
CDWR's Colorado Surface Water Conditiof€SWC) database GO Division of Water
Resources, 2014pr the Mouth of CanyonData for a period of tyears (200 to 2014)were
collected.This period was selected based on the completeness of the availabléstagan trial
and error proceduy@ power function relationship was determined to be most appropriate. Once
theserelationships werestablisked,they wereused to converstreanilows outputs from SWAT

at each streaftow change location.
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Next, aflood frequency analysis was performed using a technique outlined in Bulletin
#17B (B17) of the Hydrology Subcommittee by the USGS. This statistical eneysased on
using a Parson Type Il distribution with log transformation of the data {Rarsa Type Il
distribution). The general procedure involves determination of the frequency cutveanvit
assessment of risk and uncertai(Rallision et al., 1982). A Matlab code developedBuwykey
(2009) was used to perform this analysis. A regional skewness coefficient is requirdgk for
analysis and a value ed.15 was selected using the national regional skewness map found in the
B17 documentation. This analysis providgadl0, 100, 200, and 500 year evéabd flows for

both the wildfire and navildfire scenarios.

Boundary Conditions

HEC-RAS requires the user to input apstream and downstream boundary condition for
simulations.The rating curveshown in APPENDIX A was obtained from CDWR CSWC
databas€CO Division of Water Resources, 201dndused as a downstream boundary condition
for the study reach~or the upstream boundary condition, the normal deption was selected
and wasbased on a slope of(l estimated fronthe 3/4m DEM. These boundary conditions

were selected based on the best availdata for the study reach.

Stage-Streamflow

Observations of water surface elevations are required for-RIEE model calibration
and validation. Stagestreanflow relationshipswere describedoy matching SWAT model
streamflow output witta combinatiorof water surface elevation sourdesludingthe detailed
cross section survegndthe 3/4m DEM. This analysisvas performed in &KMap as described

below.
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The first set of stagestreamflow relationships involved first extractitige neessary
information from the 3/4n DEM, which included light path linesand fly datesobtainedfrom
metadatas well as water surface elevations along the entire study fdasls feasible because
LiDAR technology does not penetrate water and thus provides a representationwaftehe
surface at the time of data collection. Water surface elevations were assurag¢tdarbnimum
elevation according to the 3 DEM within thechannel boundargt any given cross section of
interest along the study readfhe channel boundary was definedaasgnificant break in slope
on each side of the stream centetliaed wasdetermined by examining a skpaster generated
from the 3/4m DEM. Then streamflows from the SWAT model output were matched with the
appropriate fly date and corresponding water surface elevations. The reswhaisrasurface
profile for the entire study reach with corresponding streamflblgst, he regression disissed
above used to predict naoraturalized streamflows from naturalized streamflow was used to

convert the SWAT model streamflow output prior to the matching.

The second set otaggestreamflowrelationships was describeing information from
the detakd cross sections. During the detailed cross section sumatgr surface elevations
were also obtained in addition to the cross section geometry. Sitoildre methodology
discussedbove streamflows from the SWAT model output were matched with theopppte

survey date and corresponding water surface elevations.

3.2.1.4 Cross Section Development

The detailed cross sect®rspacing was tacoarse(i.e., the detaikd cross sections
surveyed with the GPSRTK equipmentverespaced to far apart)to provide acceptable results
at the channel scale. Thus, the detailed cross sedaten weresupplementedThis was

accomplished by burning interpolated cross sections created fromdet@bbed by Venkatesh
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Merwadeof Purdue University into the 3/4 DEM. This approach was selected to best represent

both the in-stream and floodplain components of the channel geometry using the ava#able da

The interpolation toglwhich is an addn for ArcMap, was used to analyze thietailed
cross sectionin a clannetitted coordinate systeniRerforming the analysis in a channel fitted
coordinate system allows for data along and across the flow to be treated diffiriemivade et
al., 2008) The tool requires several inputsicluding: threedimensionalcross section lirge
stream centerline, a barikes layer, an average channel width, number of profiles, and cross
section spacing. Theank lines layer was defined using the channel bour(daptioned above)
representing the edge of the water stefavhen the LIDAR datavere collected This tool lacks
the ability to account for islands found within a river system. Thus, the channel boundary layer
was adjusted to not include side channdlext, thecross section lineand streantenterline
described abovevere loaded and converted to the appropriate format. An average channel width
of 20 m wasapproximatedoased on several random measurements along the study reach. The
tool wasthenused to create 21 profile lines (the tools default) with a cross section spacing of 10
m. This spacing was established usBamuels’equation,as recommendeldy the HECRAS

Hydraulic Reference ManuéBrunner, 2010b):

0.15D

Cross Section Spacing <
o

where D is the average bank full depth of the main chammediid S is the average bed slope
(m/m). This equation was used to calculate the maximum cross sdoti@ach detailed cross
section Equation parameterfor each detailed cross section wexeproximated through
inspection of the cross section geometry. dhbtailed cross sectionith the smallestalculated

maximumspacingwas applied as the interpolation spacingtfee entire study reach. Using a
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single spacing for the entire study reaamplifies the interpolation procedure andaigticipated
to be conservativeThis spacing analysis is summarizedARPENDIX B. The result of the
interpolationswas anadditional4,242cross sectionsThe number of interpolated cross sections
is much greater than the number of detail cross sections. The limitationsteskaadth this are

discussed in Section 3.3.5.

Next, the interpolated cross sections were “burned” into the surrounding topography.
This was achieved by adjusting taetirety of eachinterpolated cross section by theféeience
of the mean of the bank elevations between3tden DEM and the interpolated cross sections
as depicted ifrigure14. This adjustment was applied to allow the model to capture variations in
channel slope that were not captured initherpolatedcross sectionslhis resulted in a smooth
transition between the floodplain (obtained from ®/d@ m DEM) and themain channel

elevations (generated using interpaaj.

Upstream
Detailed
Cross Section

Adjustment
Adjustment

Downstream
Detailed
Cross Section

——— 3/4-m DEM Mean Bank Elevation

——— Interpolated Cross Section Mean Bank Elevation

Figurel4. Depiction of adjustments made toterpolatedcross sections.

3.2.1.5 HEC-RAS Model Development
The geometric data for thelEC-RAS modelwere preparedusing HECGeoRAS 10.1
(U.S. Army Corps of Engineers, 2013 EGGeoRAS is an ArcMap extension that provides a

graphical user input interface that awlgh preparingHEC-RAS geometry input data. First, the
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stream centerlin@ndbank linedayers were loadedNext, flow path centerlines were created by
manually agusting a 15m offset of the stream centerlines neededlhenthe XS Cutines layer
was generated using the detaibedss sectios) georeferenced hydraulic structuresdadjusted
interpolated cross sectiankhe adjusted interpolated cross sectiaese extended from the edge
of the 3/4 m DEM out onto the floodplain perpendicular to the streamflasgtly, ineffective
flow areas were identified using a slope raster generated from the 3/4 m B§gMe 15
provides an example of each of these layers. With the layers ¢rdstedecessary attributes
were assigned using the RAS Geometry tool within the {HEGRAS extesion. Table 7
provides a summary of the geometric data attributes genefatedly, thesegeometric data
were exported to HEERAS, where Manning’'s n values were manually assigned in the-HEC
RAS geometric editor interface. All other model geometric parameters werasldifault

values.
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Figure 15. HEG-GeoRAS geometric data near station 29+636 withslope raster background
generated from the 3/4 m DEM

Table7. HEC-GeoRAS geometric datayers andattributes.

Layer Attributes

Stream Centerline River and Reach Code | Topology | Length/Stations

Bank Lines -

Flow Path Centerlines Line Type (i.e. left, right, or channel)

XS Cutlines River and Reach Codé&tationing | Bank Stations | Downstreat

Lengths | Elevations
Ineffective Flow Areas Positions

The steadylow datawereentered intdHEC-RAS using 5streanflow change locations
thus breaking the study reach into 5 sahcheqFigure 11). The regressions discussed above
were assumed to be appropriate for eachreabh even though the regression analysis was

based solely on data from the Mouth of Canyiime streamflow change locations correspond to
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outlet points manually added during the creation of the SWAT madsteady flow analysis
plan was developed using mixed flow reginfe.mixed flow regime was selected because
transitions between subcritical and supercritical flave expectedto occuy given the non
prismatic and steep nature of the study redthmodeling options were left @efaultvalues
with the exceptionof the maximum number aterations This was set to 40 (the maximum
allowed by HECRAS) to give the program more chances to converge on a sgllittrough

this numberincrease computation time.

3.2.1.6 Model Calibration and Testing

The HEGRAS model was calibrated and testerlthe stagestreanflow relationships
The Manning’'s n valuewas the only parametedjusted duringcalibration. This is consistent
with other studies using HERAS (Beltaos et al., 2012; Md Ali et al., 2014; Saleh et al., 2013)
The study reach was broken into 7 calibration segments based on flow change |acatitres
process domain segmer{tagure11). The Manning’s n value waadjustedin each segmertb
bestconformto the first set obtagestreamfow relationshipsA trial and error procedureas
used tominimize the average error between the stage measurements and the divmatate
surface elevations. A Matlab code was developed to-aatoimate the trial and error procedure.
This code reads the cross sectgtation andcorrespondingsimulated water surface elevation
from the HECRAS model output. For each calibration segmémd code thertomputes the
error between the simulated and measured water surface elevations. For any glwatiarali
segmentvarying the Manning’s n value within a plausible range resulted in little to mgeha
the average simulated water surface elevations of calibration segments upatréam
downstream. Thus, the order in which the model was calibratedw(inat calibration segment

was assigned a Manning’s n value first, second, etc.) was determine to be irréfehanivas
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not the casdéwhich would be more likely if the calibration segments were much smadler),
sensitivity analysis would be required to determine whether each segmedbwastream or
upstream controlledThe model was then testeing the same code with the second set of

stagestreamflow relationshipgbtained from the det&dl cross sectiosurveys

3.2.2 Output Data Post-Processing

Matlab wasused to analyze the HERAS outputby comparingaveragevelocitiesand
shear stress for easlub+yeach Further, HEGGeoRAS was used to pgstocess model results
using RAS Mapjmg tools found within the extension.This process was initiated by first
importing the HEGCRAS output data into ArcMap using RAS Mapping tools. Next, flood
inundation polygondor each eventvere generated using the water surface elevations in the
HEC-RAS output and th&/4 m DEM. This allows flood inundation areas to be calculéted

eachsubteach
3.3 Resaultsand Discussion

3.3.1 SeadyFlow Data

Table8 shows thedata used as steady flamput into the HEERAS model.These data
are theresult of the SWAT outputs preprocessing (itke two powerregressios and flood
frequency analysis) foeach subreach Streamfows rangedetween 34.75°%s and305.65 ni/s

throughouthe gudy reach for the various floods.

59



Table8. HEGRAS steady flownput datawith area upstream for reference.

Area Streamflows for various flood events (m3/s)

Subfeach  Upstream Scenario
(kmz) 2-yr  10yr  50yr 100yr 200yr 500yr
23 647.1 Wildfire  34.75 53.60 69.90 76.84 83.81 93.16
No-Wildfire 34.75 53.60 69.90 76.84 83.81 93.16
27 963.3 Wildfire 42,52 69.33 93.74 104.40 115.28 130.09
No-Wildfire 41.79 67.23 90.11 100.04 110.15 123.87
22 1059 Wildfire  43.07 72.13 99.44 11159 124.10 141.32
No-Wildfire 42.41 69.94 95.35 106.54 118.01 133.71
28 1238 Wildfire  44.09 81.73 121.66 140.66 160.98 190.13
No-Wildfire 42.48 74.97 107.94 123.26 139.44 162.30
20 2718 Wildfire  50.22 109.51 185.30 225.43 271.04 340.96
No-Wildfire 49.09 103.39 170.82 205.97 245.55 305.65
Study 2732 Wildfire  49.37 104.87 174.21 210.46 251.37 313.61
Watershed No-Wildfire 48.28 98.20 158.22 188.94 223.19 274.62

3.3.2 HEC-RASMode Performance

The optimal calibrated values for the Manning’'s n parameter yielded gadts r@gerall.
Final Manning’s n values for each calibration segment are shoWabile9. Manning’s nrvalues
ranged from 0.025 to 0.135 throughout the study reach. Previous studies in this region have
shown Manning’'s n values ranging from 0.028 to 0.159 (Jarrett, 1984). fheusalibrated
values were considered appropriate. The model performed best during model calibuastill
performed well during model testing. Mddperformance was evaluated based the RE
between the observed and simulated water surface elevatomsll as visual inspection of the

graphical results
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Table9. Final calibrated values for Manning’s n.

Calibration Segmen Manning's n value
1 0.1
0.05
0.135
0.065
0.065
0.12
0.025

~NOoO ok Wb

The best calibration achieved for the entire study reach is RE of 0.13. This malibrat
yielded a RE 0f5.49 duringmodel testing. Supplementary error statistics calculated for both the
calibration and testingfforts are displayed ilAPPENDIX B. Figure 16 summarizes this effort
by graphically representing the HERAS model calibration and testing results. Generally, the
average error between the calibration stage measurements and the siwalatedurface
elevations was minimized to nearly zero for each calibration segrl=at, in general the
testing stage measurements agreed with simulated water surface elefagres17shows the
errors associated with the calibration and testing efforts. Calibratiors eanged from0.68m
to 0.74m and testing errors ranged frod.40 m to 0.32 m. These errors were considered
acceptable givethe uncertainties associated with the vertical accuracy of the IMENh as
well as varying topographyn several instances the calibration stage measurements were lower
than the invert of the adjusted interpolated cross sections. This discrepan@edesiito be an
artifact of the modeling limitations discussed in Sec8@5 These measurements were omitted

from the calibration procedure.
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Figure16. Steady flow data used during both model calibration and tesithg.iDAR fly date
transitions and flow changeansitions(top); the average errstbetween the calibration stage
measurements and the simulated water surfasabns(bottom left) and the errarbetween
the testing stage measurements and the simulated water surface elelattons right).
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Plot of simulated versus observed streamflow depths for each calibtajpomght) and testing

(bottomright) location.

The performance results above indicate that the comprehensive method based on
integrating high resolution LiDARhroughoutthe maleling process was an effective technique
to establish a HE®RAS model. Previous studies have used LIDAR to provide additional
floodplain topographic detail. In this studyhough, LIDAR provided a surface to burn
interpolated crossections into as wellsaprovidingcalibration information. Further, the SWAT
and HEGRAS modelcascadeand associated results presented in the chapter indiuate

methodology may be successfully implemeak for simulation of water fluxes from the

watershed to the channel scale.
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3.3.3 Wildfire Effects on Flood Streamflows

The steady flow inputiata forthe HEGRAS model were analyzed and compared in
order to quantify changes in streamflows for various fidmetween theo-wildfire and wildfire
scenariosFigure 18 displays the burn severity distribution associated with the contributiag are
to each sulveach forreference Figure 19 displaysthe streamflowincrease (rffs andpercent)
for each subbeach impacted by wildfire as well as the entire study watershed based onuése val
presented ifMable8. Note subreach 23 was omitted from these figures as well as the remaining

figures within this section becaus®t particulasegment is upstream of any wildfire influence

14
Burn Severity

o
|:|M0derate
10 -

4_- -

RCH27 RCH22 RCH28 RCH20 Study Watershed

12 L

Burn Area (%)

Figure18. Burn severity distribution associated with the contributing area to eaaleacin as
well as for the entire study watershed presented in the direction fromeamsiieft) to
downstream (right).
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Figure 19. Streanflow increass in m*/s (op) and percenthbtton) associatedvith various
floods between newildfire and wildfire scenario$or subreactes 27, 22, 28, and 2@s well as
the entire study reach.

The results shown ifigure 19 indicate thatwildfires for the scenariosdefined in this
studycan increasstreanflows betweern? and 14 percentdepending onhe reacheproximity to
the wildfire and the floodNote that the impact to sediment tsport (and related channel
alteration) due to these increases in streamflow wouldig@roportionatelyhigher due to the
nondinearresponsef sedimentapacity to changes in streamflgWilliams, 1989) Following
substantialvildfire in northern New Mexicauring 1997 peakstreamflove werereported at00
times greater thapre-wildfire levels (Bolin and Ward, 1987)Other repord responses have

been everhigher. For example, in nortentra Arizona peak streamflowsip to 2,350 times
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previous flow recorslwere foundfollowing the RodeeChediski wildfire in 2002 Gottfried et

al., 2003) However,these evaluations were performed on smaller areas with a larger percentage
of the contributing area burnéBolin and Ward, 1987; Gottfried et al., 200B)has been found

that under the scenario of wildfiresireamflow increases are a function of the upstream area
burned as well as the severity of thiddfire (Neary et al., 2008 Hence we expect streamflow

increases to be lesstime case of this study due to the small upstream fengentages

In Figure 19 we alsosee that for subeach 20 and the entire study watershed the
streamflow increase (percéi slightly less for each flood when comgéito sub-reach 28. This
appears to correspond with a decrease in total burn area upstream for these segshems in
Figurel8. The total burn area upstream dEse is suspected to stem from the fact that the North
Fork (a large contributing area with little area burned) of the Poudre joins thestaan directly
downstream of subeach 28Regardless his trend is consistent with the cited literature above
indicating that under the senario of wildfires, streamflowncreases are a function of the

upstream area burned

3.3.4 Wildfire Effects on Hydraulic Behavior

The HEGRAS model output data were analyzed and compared in order to quantify
response to wildfires in terms of hydraulic behavior for reaches downstreamnefilaneas at
the channel scal&igure 20, Figure 21, andFigure 22 presentflood area, average cross section
velocity, and average cross section shear stress increases. These inceeassscated with
various floodsbetween newildfire and wildfire scenarios for suteaches 27, 22, 28, and 20.
Changes in flood arewere extracted from the RAS mapping results and the average cross
section velocity and &ar stress increases were extracted directly from the-RIEE model

output data.
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Figure 20. Flood area increases in’rtop) and percenthotton) associateavith various flood
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between neawildfire and wildfire scenarios for suteaches 27, 22, 28, and 20.

Subyeach 28 has the highest flood apsgicentincreass; whereasgenerally subfeach
22 has the lowest flood argmercent increase The exceptiorto this tend occurs folarger
floods (i.e., 100, 200, and 500 year) for suach 22which arefound to be slightly larger than
those of sulyeach 27The cause of thimaybe the result of the streamflows being increased for

thesespecificevents.A flood area increases range from nearly zer6 percentfor the varous

floods and sulbeaches
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Figure 21. Average cross section velocity increases in m/s with the first and thirdilegiar
plotted as whiskerstdp) and percenthpttom) associated with various floodsetweenno-

wildfire and wildfire scenarios for sub-reaches 27, 22, 28, and 20.

On average over the simulation period, wildfire conditions hagen impactedy

increase inthe average cross section velocity in eachrealch.Subtyeach 28experienced the

greatest increasgdthoughgenerally all of thencreases were quite smathnging from0.0077

to 0.0816m/s. The emaining sulyeaches experience even smaltereass. Overall, average

cross section velocity increases ranged fraarlyto 4 percent.
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Figure 22. Average cross section shear stress increases in Pa with the first and anilésqu
plotted as whiskerstqp) and percentbptton) associated with vans floods between ne
wildfire and wildfire scenarios for sukaches 27, 22, 28, and 20.

Similar to the otheresultsreportedabove, cross section shear stress increases were
greatest in subasin 28 with an increase of 13 Pa on average for thg/&flOeventFlood area
increases range from tb 6 percent for the wé@ous floods and subreaches Average shear
stresses are notgtdmaller in sukreach 20. Shear stress is functiorstwéanfiow depth as well
as slopen the upstream to downstream direction. Thinesmaller values may be a direct result
of the terrainalong subfeach 20 being less steegs suggested by the slopaculation during

the cross section spacing analy®i® PENDIX B).
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Theslight increases in flood areaverage cross section velocity, asttear stresare not
surprising, as these variables are related to streamflow. Streamflownst@riuofthe velocity
and thecross sectional areaf water. Generally, a the depth rises waould expect tcsee an
increase in flood area as well stsear stresdn this case,it is believed that thaverage increase
of all of these parameters a result of the inease in streamflow. No specific study could be
found that specifically examind®w these variables respotalwildfire. However, as indicated
previously, postwildfire conditiors have been documesd to increase peak streamflows
(Moody and Martin, 2001and thus by extension we would expecséz an increase these

variablesdue to their inherent connection to one another.

3.3.5 HEC-RASMode Assumptions, Limitations, and Future Work

Uncertainties associated with tieD streamflow modeling approach discussedhe
literature include input/output uncertainty as well as parameter uncerMartgus studies have
identifiedthe causesf theseuncertaintieswhich include model structure, numealcscheme and
topography variationDespite theséssues the 1D streanilow modeling approach is common
practice. This may bexplainedby the fact that -ID models are (in comparison to higher
dimensional models) simpler to use and require a minimal anafunput dataand computer
power. Also, the basicl-D concepts and programs have been aroundntomy yearsFurther,
higher dimensional modelsill have similar uncertainty problems to the pier one, but on a
larger scale because of the additional model parameters re@Rapdenberger et al., 2005)
Given the constraistassociated witldataability as well as the fact that i commonpractice
HEC-RAS with its 2D modeling capabilitiesvas used for this project. A detailed uncertainty
analysis as iappliesto this study is outside the scope of this projelcwever,specific concerns

with regards to these uncertainties are acknowletdgexiv.
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Uncertainty is likely to propagate from the SWAT model to the HEAS model due to
the hierarchicalnature of the modelingcascade Model uncertainty associated with the
hydrologic pation is discussed in Secti¢h3.5.Building onthat discussionmany assumptions
wererequired tgpreprocess the SWAT model putdata. First, it is ssumedhatthe regression
relationdips developed inthe steadyflow data sectionrepresentthe nonnaturalized to
naturalized streamflowelationshipat not only the Mouth of Canydne., where the data used in
the analysisverecollected) but also flow change locations upstre&treamflowsn the Poudre
are expected to fluctuate significantijepending orthe location of reservoirs and diversions
(Richer, 2009). Thus, the estabkshrelationship may not appropriately represent stiftav
conditions, butwas implemented due to the lack of available streamflow surface water gauge
data Secondthe flood frequency analysis was based on only 15 years of streamflow data. This
limits the ability to accountor climatic trendsandwatershecchangeghat are likely occurring
over long periods of timéRallision et al., 1982)Streamflows for these same fl@dere also
obtaired using the Environmental Risk Assessment & Management (eRAMs) platform for
comparison purposes. The eRANIstform contains a flow analysis tool #@f also uses the B17
methodology and thanalysis was based on 125 observatetrtheMouth of Canyorversus the
15 years ofpreprocessedBWAT model output. This comparison, shown ARPENDIX B,
revealed that HERAS steady flow input ranged from 74 to 79 percent smaller than those
reported by the eRAMs todDespitethese discrepanciese integratedhe preprocessed SWAT
model outpuinto the HECRAS model input because of our inability to develop a SWAT model
for longer simulation periods at the daily timestep due to limited data availability and time
constraints. A potential solution to both these issues may involveebelopment of aull

unsteady flow HEERAS model. An unsteady flow model would allow fa@ontinuous
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simulatiors to be performed in HERAS that matches the SWAT simulation periblistorical
diversions and reservoirs releases data could be integrated into the asodall Thus,
development ofan unsteady flow HEERAS model for use in the model cascads

recommended as future work.

Appropriately representing the riverbed and the floodplain area topographwy is
important elemenbf hydraulic modeling (Schappi et al., 201Q)mitations and assumptien

associated witthe geometric datdnat represent this topography for this study include:

- Much of the bathometricdata used in the modetere obtained throughinterpolation
techniques versus actual measuremerttsis, portions of the model may not accurately reflect
theriver channel geometry. In part, this was addressed by burning the interpolatecectings s

in the floodplain.Ultimately, given thatcross section interpolation & common approach

(Merwade et al., 2008dhis procedure was considered acceptable.

- Upon visual inspection of the final cross sectiarsmooth transition between the interpolated
cross sections and the 3/4 m DEMs generallyound. However, in locations where the channel
boundary was drawslightly incorrecly, the “burning” procedure resultedh abruptand/or
rough transitions. Aalysisof these transitions revealed these distantesbe within a 1/2 m
tolerancewith a majority of cross sectisiclose to zeroTheseerrors wereconsideredcceptable
given the uncertainties associated with #egtical accuracy of th&/4 m as well as varying

topography. A histograrof these distancas shown inAPPENDIXA.

- The geometric input is based on data thete collected at various timeguringthe latter part
of 2013 and througho014.Much of theupper Poudrevatershedconsistsof bedrock (Wohl,

2010). Thus,le channel geometry was assumed todrestant throughout this period.
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Channel geometry plays a significant role in how flood ave#ycity, and shear stress
respondo streamflow increasebor instance, @locity dependsn the geometry of the channel.
Underdecreasing streamflow, the velocity does matessarilyncrease in all cross sections. For
example, consider streamflows passing through a narrower main channeklwidd fioodplain.

For the situation with loweldws (i.e. prefire conditions) where the streamflow is contaimed

the main channel, friction and area are significantlyrekesed which causes an increase in
velocity. Converselyfor the situation with high fles (e.g, postfire conditions) where tle
streamflow is not containeith the main channel, velocities are potentially reduced due to the
large flow area as well as high friction generally associati#idl the floodplain(Javaheri and
BabbarSebens, 2014)Along with velocity, both flood area and shear stress may increase or
deaease depending on the geometry of the channel and surrounding floodplains. Gjveis this
difficult to extract a direct relationship between percent of contributing buened andhe
hydraulic behavior without considering channel geomefrfius, it 8 recommended that
thresholds and classifications of the process domain procedure used in this studytbd tadjus
be more sensitive tohanges in channel geometfijhis may prove to be useful establishing a
relationship between the upstream burn area and downstream hydraulic behavigivien a

river segment.

3.4 Conclusions

The practical implementation ofraodelling cascadevas demonstrateth this studyto
characterizestreamflow andchannel hydraulic behavior response to wildfires at the channel
scale in a major river downstream of wildfire activitihis was achieved by applyirgSWAT
andHEC-RAS model cascade toraountainoussystem recently exposed to significant wildfire

activity located in northern Colorado, USA. Steady flow data input for the-RES model was
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obtained from a previously developed SWAT modkich simulatedno-wildfire and wildfire
scenariosfor a 15 year (2000 to 2014) periolhe HECRAS model was developed uogi
detailed sets of data representing floodplain terrain, stream centertiss, sections, hydraulic
structures, boundary conditions, and stageam relationships. Then theodel was calibrated
using stagestreamflow relationships extracted for a-3WIDEM and was tested using stage
streamflow relationships obtained from detailed cross section surveyisnaD Manning’s n
values wereachieved during calibration andrer statistics were calculated to rate model
performance in regards to staggeeamflowrelationships. Results indicate confidence in the
model, with a RE of 0.13 during calibration a#d49 during testing periooverthe study reach.
HEC-RAS steady flow data input and simulation reswitsre used to investigate changes

occurring inrespons to wildfires

Specific objectivesof this study were tanvestigate changes streamflows for flood
flood inundation area, flow velocity, and shear stress for reaches downstream dfdreasall
at the channel scalé&treamflow increases were lesan those reported in literatyureith
increases betweehand 14percent depending on the reaiproximity to the wildfire and the
flood. Slight increases in flood area, average cross section velocity, and sbesarstseen

whichis consistent with the relationship to streamflow.

Results report in this study indicate an overall satisfactory perfoenahthe model
cascade in simulatinghe nowildfire and wildfire scenarios and in quantifg response to
wildfires in terms of hgraulic behavior.However, this method required comprehensive
knowledge of the channel and was time consuming and compuaitioriensive. Further, this

study demonstrates the potential benefits of usmgnsteady flow model versus a steady flow
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model when using a modebhs@ade, as well as highlightingumerous issueassociatedvith

obtaining geometric data input forflstreamflowmodeling.
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CHAPTER. 4 CONCLUSIONS

The headwaters of many from mountainous regions are relied upon for freshwater
resources. Inconveniently, wildfiregorldwide in these same regions are becoming an increasing
concern. However, limited work has involved the development, calibration, and testing of a
numerical model to simulate hydrologic processes in a mountainouacaaating fotand use
change(i.e., wildfire) to investigate hydrologic response to wildfiresreover theapplicability
of a modeling cascade where hydrologic and hydraulic models are linkadhierarchical
fashionfor the specific purpose of investigating wildfieffects across muiple scales for a

particdar event is not well documented.

Thus, this research was undertakemvaluate the effectsf a significant wildfire event
across multiple scales using simulation. We this study(i)veharacterizé the hydrologic
response to Wdfires at the sulbasin and watershed scales in mountainous regions using long
term simulation scenario analysis; and @@@monstrate the practical implementation of a
modelling cascade to characterize channel hydraulic behavior response toesvilfthe
channel scale in a major river downstream of wildfire acti8WAT was used to perform long
term simulation of wildfire and nwildfire scenarios. The unique situation of a significant
wildfire occurring in agaugedwatershed along with the modeligp capabilitiesof SWAT,
allowed for the characterization of the hydrologic response to wildfiidSC-RAS was used to
perform evenbased analysis using results from the SWAT model to evaluate wildfetetin
the hydraulic behavior of the system at ttennel scaleOverall, the SWAT andHEC-RAS
model cascadeas useful for evaluatingffectsof wildfire at watershed, sudbasin, and channel

scales.
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Figure23. Distribution of elevation within the study watershed based on theDBM.
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Table10. Comprehensive distribution of LUL{D study watershed based on NLCD 2001, 2006,
and 2011.

Portion of study watershed (¥

Class Description

2001 2006 2011
Water Open Water 0.30 0.28 0.29
Water Perennial Ice/Snow 2.27 2.27 2.27
Developed Developed, Open Space 0.57 0.57 0.57
Developed Developed, Low Intensity 0.17 0.17 0.17
Developed Developed, Medium Intensity 0.01 0.01 0.01
Developed Developed, High Intensity 0.00 0.00 0.00
Barren Barren Land (Rock/Sand/Clay) 1.36 1.36 1.36
Forest Deciduous Forest 0.58 0.58 0.57
Forest Evergreen Forest 56.17 56.07 56.00
Forest Mixed Forest 0.04 0.04 0.04
Shrubland Shrub/Scrub 17.59 17.69 17.76
Herbaceous Grassland/Herbaceous 18.76 18.79 18.79
Planted/Cultivated Pasture/Hay 0.24 0.24 0.24
Planted/Cultivated Cultivated Crops 0.01 0.01 0.01
Wetlands Woody Wetlands 1.49 1.50 1.50
Wetlands Emergent Herbaceous Wetland: 0.44 0.43 0.43
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Tablell.Original SWAT database land use / land cover lookup table.

NLCD NLCD description SWAT SWAT LULC description
code code

11  Open Water WATR Water

12  Perennial Ice/Snow WATR Water

21  Developed, Open Space URLD ResidentialLow Density

22  Developed, Low Intensity URMD ResidentiaMedium Density

23  Developed, Medium Intensity URHD ResidentiaHigh Density

24  Developed, High Intensity UIDU  Industrial

31 Barren Land (Rock/Sand/Clay) SWRN Southwestern US (Arid) Rang

32  Unconsolidated Shore SWRN Southwestern US (Arid) Rang

41  Deciduous Forest FRSD ForestDeciduous

42  Evergreen Forest FRSE ForestEvergreen

43  Mixed Forest FRST ForestMixed

51  Dwarf Scrub RNGB RangeBrush

52  Shrub/Scrub RNGB RangeBrush

71  Grassland/Herbaceous RNGE RangeGrasses

72  Sedge/Herbaceous RNGE RangeGrasses

73  Lichens RNGE RangeGrasses

74  Moss RNGE RangeGrasses

81  Pasture/Hay HAY Hay

82  Cultivated Crops AGRR Agricultural LandRow Crops

90 Woody Wetlands WETF WetlandsForested

91  Palustrine Forested Wetland WETF WetlandsForested

92  Palustrine Scrub/Shrub Wetland WETL WetlandsMixed

93  Estuarine Forested Wetland WETF WetlandsForested

94  Estuarine Scrub/Shrub Wetland WETL WetlandsMixed

95 EmergentHerbaceous Wetlands WETN WetlandsNon-Forested

96  Palustrine Emergent Wetland (Persistet WETN WetlandsNon-Forested

97  Estuarine Emergent Wetland* WETN WetlandsNon-Forested

98 Palustrine Aquatic Bed WATR Water

99  Estuarine Aquatic Bed WATR Water
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Tablel12 Prewildfire editiedlookup table and corresponding curve numbers.

Code  NLCD description S:gaf SWAT LULC description CN2A CN2B CN2C CN2D
111 Open Water WATR  Water - - - -
121 Developed, Open Space PFLA PreFire ResidentiaLow Density Low Burn 31 59 72 79
122 Developed, Low Intensity PFLB PreFire ResidentiaMedium Density Low Burn 31 59 72 79
123 Developed, Medium Intensity PFLC PreFire ResidentiaHigh Density Low Burn 31 59 72 79
141 Deciduous Forest PFLD PreFire ForestDeciduous Low Burn 45 66 77 83
142 Evergreen Forest PFLE PreFire ForestEvergreen Low Burn 25 55 70 77
143 Mixed Forest PFLF PreFire ForestMixed Low Burn 36 60 73 79
152 Shrub/Scrub PFLG PreFire RangeBrush LowBurn 39 61 74 80
171 Grassland/Herbaceous PFLH RangeGrasses Low Burn 49 69 79 84
181 Pasture/Hay PFLI PreFire Hay Low Burn 31 59 72 79
190 Woody Wetlands PFLJ PreFire Wetlandd~orested Low Burn 45 66 77 83
195 Emergent Herbaceous Wetlands  PFLK PreFire WetlandsNon-Forested Low Burn 49 69 79 84
211 Open Water WATR  Water - - - -
221 Developed, Open Space PFML PreFire ResidentiaLow Density Moderate Burn 31 59 72 79
241 Deciduous Forest PFMM  PreFire ForestDeciduous Moderate Burn 45 66 77 83
242 Evergreen Forest PFMN  PreFire ForestEvergreen Moderate Burn 25 55 70 77
243 Mixed Forest PFMO  PreFire ForestMixed Moderate Burn 36 60 73 79
252 Shrub/Scrub PFMP  PreFire RangeBrush Moderate Burn 39 61 74 80
271 Grassland/Herbaceous PFMQ  PreFire RangeGrasses Moderate Burn 49 69 79 84
290 Woody Wetlands PFMR  PreFire Wetlandd-orested Moderate Burn 45 66 77 83
295 Emergent Herbaceous Wetlands PFMS  PreFire WetlandsNon-Forested Moderate Burn 49 69 79 84
321 Developed, Open Space PFHT  PreFire ResidentiaLow Density High Burn 31 59 72 79
341 Deciduous Forest PFHU  PreFire ForestDeciduous High Burn 45 66 77 83
342 Evergreen Forest PFHV  PreFire ForestEvergreen High Burn 25 55 70 77
343 Mixed Forest PFHW  PreFire ForestMixed HighBurn 36 60 73 79
352 Shrub/Scrub PFHX  PreFire RangeBrush High Burn 39 61 74 80
371 Grassland/Herbaceous PFHY  PreFire RangeGrasses High Burn 49 69 79 84
390 Woody Wetlands PFHZ  PreFire Wetlandg~orested High Burn 45 66 77 83
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Table13. Post-wdfire editiedlookup table and corresponding curve numbers.

Code  NLCD description Sé/c\)/gg SWAT LULC description CN2A CN2B CN2C CN2D
111 Open Water WATR  Water - - - -
121 Developed, Open Space FRLA  PostFire ResidentialLow Density Low Burn 36 64 77 84
122 Developed, Low Intensity FRLB  PostFire ResidentiaMedium Density Low Burn 36 64 77 84
123 Developed, Medium Intensity FRLC  PostFire ResidentiaHigh Density Low Burn 36 64 77 84
141 Deciduous Forest FRLD  PostFire ForestDeciduous Low Burn 50 71 82 88
142 Evergreen Forest FRLE PostFire ForestEvergreen Low Burn 30 60 75 82
143 Mixed Forest FRLF  PostFire ForestMixed Low Burn 41 65 78 84
152 Shrub/Scrub FRLG  PostFire RangeBrush Low Burn 44 66 79 85
171 Grassland/Herbaceous FRLH  PostFire RangeGrasses Low Burn 54 74 84 89
181 Pasture/Hay FRLI PostFire Hay Low Burn 36 64 77 84
190 Woody Wetlands FRLJ PostFire Wetlandd~orested Low Burn 50 71 82 88
195 Emergent Herbaceous Wetland FRLK  PostFire WetlandsNon-Forested Low Burn 54 74 84 89
211 Open Water WATR  Water - - - -
221 Developed, Open Space FRML  PostFire ResidentiaLow Density Moderate Burn 41 69 82 89
241 Deciduous Forest FRMM  PostFire ForestDeciduous Moderate Burn 55 76 87 93
242 Evergreen Forest FRMN  PostFire ForestEvergreen Moderate Burn 35 65 80 87
243 Mixed Forest FRMO  PostFire ForestMixed Moderate Burn 46 70 83 89
252 Shrub/Scrub FRMP  PostFire RangeBrush Moderate Burn 49 71 84 90
271 Grassland/Herbaceous FRMQ  PostFire RangeGrasses Moderate Burn 59 79 89 94
290 Woody Wetlands FRMR  PostFire Wetlandg-orested Moderate Burn 55 76 87 93
295 Emergent Herbaceous Wetland FRMS  PostFire WetlandsNon-Forested Moderate Burn 59 79 89 94
321 Developed, OpeBSpace FRHT  PostFire ResidentiaLow Density High Burn 46 74 87 94
341 Deciduous Forest FRHU  PostFire ForestDeciduous High Burn 60 81 92 98
342 Evergreen Forest FRHV  PostFire ForestEvergreen High Burn 40 70 85 92
343 Mixed Forest FRHW  PostFire ForestMixed High Burn 51 75 88 94
352 Shrub/Scrub FRHX  PostFire RangeBrush High Burn 54 76 89 95
371 Grassland/Herbaceous FRHY  PostFire RangeGrasses High Burn 64 84 94 99
390 Woody Wetlands FRHZ  PostFire Wetlandd~orested High Burn 60 81 92 98

101



Tablel14. Meteorological stations used for this study.

Stationname Latitude Longitude Elevation (m) Notes
STOVE PRAIRIE 2 WNW CO US 40.6263 -105.391 2357.9 Precip. only
RED FEATHER 5.9 NE CO US 40.86 -105.509 2414.9 Precip. only
BLV 4.0 NW CO US 40.6754 -105.215 1631.9 Precip. only
BUCKHORN MOUNTAIN 1 E CO US 40.6167 -105.283 2255.5

HOURGLASS RESERVOIR CO US 40.5831 -105.632 2901.7

RUSTIC 9 WSW CO US 40.7167 -105.717 2347

VIRGINIA DALE 7 ENE CO US 40.9656 -105.219 2138.2

RED FEATHER COLORADO CO US 40.7981 -105.572 2499.4 Temp. only
DEADMAN HILL CO US 40.8  -105.767 3115.1

JOE WRIGHT CO US 40.5333 -105.883 3084.6

WILLOW PARK CO US 40.4333 -105.733 3261.4

102



Tablel1l5. SWAT calibration parameters.

Calibration hputs

Parameter Description File Unit Initial  Lower Upper Ca::'fl:i}ed
value bound bound
DEPIMP_BSN Depth to impervious layer for modeling perched water tables. .bsn mm 3000 0 6000 1356
EPCO Plant uptake compensation factor. .bsn - 0.5 0.01 1 0.2306
SFTMP Snowfall temperature. .bsn °C 0 -5 5 1.381
SMFMN Minimum melt rate for snow during year. .bsn  mm/°C-day 5 0 10 2.078
SMFMX Maximum melt rate for snow during year. .bsn  mm/°C-day 5 0 10 2.078
SMTMP Snow melt base temperature. .bsn °C 0 -5 5 -0.9346
SNO50COV Snow water content that corresponds to 50% snow cover. .bsn mm 0.5 0.01 0.99 0.3092
SNOCOVMX Minimum snow water content that corresponds to 100% snow cove .bsn mm 1 1 650 152.1
SURLAG Surface runoff lag time. .bsn day 4 1 24 12.5
TIMP Snow pack temperature lag factor. .bsn - 0.5 0.01 1 0.5362
ADJ_PKR Peak rate adjustment factor for sediment routing in thebasn. .bsn - 1.25 0.5 2 1.052
PRF Peak ratadjustment factor for sediment routing in the channel. .bsn - 1 0 2 1.803
ALPHA BF Baseflow alpha factor. .gw days 0.048 0 1 0.6387
GW_DELAY Groundwater delay. .gw day 250 0 500 472.1
GW_REVAP Groundwater "revap" coefficient. .gw - 0.1 0.02 0.2 0.04354
GW_SPYLD Specific yield of the shallow aquifer.* gw m*/m? 025 -05 1 -0.08856
GWHT Initial groundwater height. .gw m 12.5 0 25 1.101
GWQMN Threshold depth of water in the shallow aquifer for return flow to .gw mm 2500 0 5000 4442
occur.

RCHRG_DP Deepaquifer percolation fraction. .gw - 0.05 0 1 0.2275
REVEP_MN Threshold depth of water in the shallow aquifer for "revap” to occur .gw mm 250 0 500 472.9
CANMX Maximum canopy storage. .hru mm 0 0 10 3.057
ESCO Soil evaporation compensation factor. .hru - 0.05 0.01 1 0.3678
OV_N Manning's “n” value for overland flow. .hru - 0.15 0.01 0.3 0.2764
SLOPE The mean slope within the HRU.* .hru m/m 0 -0.1 0.1 -0.09433
DEP_IMP Depth to impervious layer in soil profile. .hru mm 2000 1500 2500 2304
SLSUBBSN Average slope length. .hru m 50 10 150 90.45
DDRAIN Depth to subsurface drain. .mgt mm 1000 500 1500 1173
TDRAIN Time to drain soil to field capacity. .mgt hr 36 0 72 55.54
CH_KII Effective hydraulic conductivity in main channel alluvium. .rte mm/hr 256 -0.01 500 401.2
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Tablel15. Continued.

Calibrationinputs

Parameter Description File Unit Initial  Lower Upper Ca::'fl:i}ed
value bound bound

CH_NII Manning's "n" value for the main channel. rte - 0.15 0.01 0.3 0.0255
CH_slI Average slope afnain channel* rte m/m 0 -0.05 0.05 0.02677
SOL_AWC Available water capacity.* .sol mm/mm 1 -0.1 2 0.9813
SOL_K Saturated hydraulic conductivity.* .sol mm/hr 2 -0.5 5 -0.4585
SOL_ALB Moist soil albedo.* .sol - 0.25 -0.5 1 -0.3694
SOL 7 Depth from soil surface to bottom layer.* .sol mm 0.25 -0.5 1 -0.1593
CH_KI Effective hydraulic conductivity in tributary channel alluvium. .sub mm/hr 150 0 300 244.2
CH_NI Manning's "n" value for the tributary channels. .sub - 0.15 0.008 0.3 0.2437
CH_SI Average slopef tributary channels.* .sub m/m 0 -0.05 0.05 -0.02402

* These parameters were varied as a percentage of to maintain spatial variability
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Tablel16. Supplementary error statistics for SWAT model.

. . Simulation . . Root mean  Coefficient of
Simulation . Timestep Bias )
period squared error  correlation
Prewildfire testing 2000-2004 Daily -1.49 6.51 0.86
Calibration 2005-2013 Daily 0.18 7.78 0.91
Postwildfire testing 2014 Daily 2.12 11.34 0.96
All 2000-2014 Daily -0.29 7.63 0.91
Prewildfire testing 2000-2004 Monthly  -1.48 4.77 0.91
Calibration 2005-2013 Monthly 0.19 5.59 0.94
Postwildfire testing 2014 Monthly  2.14 5.20 0.99
All 2000-2014 Monthly  -0.27 5.30 0.95
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Tablel7.RTK-GPS survey errors.

Survey

NGScontrol

Coordinates

Error coordinates

Name  Type . . Orthometric  Northin Easting Orthometric

Northing (m) Easting (m) height (m) (m) 9 (m) 9 height (m)
XS1-03172014-A Dailey GPS 454905.9531 936595.173 1622.1 0.0903 -0.0193 -0.0448
XS1803182014-A E135 Vertical 455312.8498 915035.7917 2077.098 20.3977 -14.7762 -0.0819
XS1503182014-B HIPP GPS 456174.3238 919096.2049 1990.6 0.0306 -0.0272 -0.0431
XS4-03192014-A R135 Vertical 455740.9589 934570.1336 1662.997 -4.7061 13.7569 -0.3642
XS7-03192014-B P135 GPS 455112.2391 930658.9574 1731.121 0.0802 -0.0072 -0.1776
XS10:03202014-C L135 GPS  454758.303 924534.6487 1833.548 0.0544 0.0409 -0.1438
XS-S1-A-10-14-14 E135 Vertical 455312.8498 915035.7917 2077.098 20.3607 -14.7699 -0.0733
XS-S2A-10-14-14 G135 Vertical 455036.5071 918816.2514 2005.012 -37.8996 20.4308 -0.1085
XS-S4-A-10-18-14 P135 GPS 455112.2391 930658.9574 1731.121 0.0484 0.0909 -0.2028
XS-S5C-10-18-14 Dailey GPS 454905.9531 936595.173 1622.1 0.2038 -0.7975 -0.1539
XS-S6-C-10-18-14 L135 GPS  454758.303 924534.6487 1833.548 0.0563 0.1078 -0.1015
XS-S7-A-10-19-14 HIPP GPS 456174.3238 919096.2049 1990.6 0.0408 -0.0574 -0.0629
XS-S8A-10-19-14 L135 GPS  454758.303 924534.6487 1833.548 -0.0216 0.0887 -0.1297
XS-S9A-11-01-14 E61 Vertical 456763.6215 936257.6352 1639.016 26.6714 20.4362 -0.0596
XS-S10-A-11-01-14 R135 Vertical 455740.9589 934570.1336 1662.997 -4. 7572 13.8575 -0.1048
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Table18. Cross section spaciagalysissummary.

Cross Slope Cross Estimated , Calculated
. . ; Estimated .
Station sectlon betweep Cross sectlpn bank full bank full minimum
(m) invert sections spacing elevation depth (m) cross section
(m) (m/m) (m) (m) spacing (m)
54964.59 2067.84 0.0095 1107.08 2070.82 2.98 47
53857.51 2057.31 0.0082 1076.67 2059.14 1.83 34
52780.84 2048.51 0.0138 1313.08 2051.48 2.97 32
51467.76 2030.4 0.0088 915.36  2032.23 1.83 31
50552.4 2022.34 0.0126 959.61 2024.80 2.46 29
49592.79 2010.24 0.0119 1227.86 2011.51 1.27 16
48364.93 1995.68 0.0091 1046.30 1997.45 1.77 29
47318.63 1986.12 0.0121 1093.61 1987.86 1.74 22
46225.02 1972.94 0.0100 1229.95 1975.29 2.35 35
44995.07 1960.63 0.0141 1208.71 1965.11 4.48 48
43786.36 1943.6 0.0243 860.95 1945.27 1.67 10
42925.41 1922.7 0.0313 411.31 1927.30 4.60 22
42514.1 1909.83 0.0161 755.53 1911.86 2.03 19
41758.57 1897.64 0.0244 462.62 1899.41 1.77 11
41295.95 1886.33 0.0284 727.40 1888.41 2.08 11
40568.55 1865.69 0.0123 626.62 1869.07 3.38 41
39941.93 1857.98 0.0106 550.74 1859.04 1.06 15
39391.19 1852.15 0.0085 625.40 1853.24 1.09 19
38765.79 1846.85 0.0094 601.40 1848.34 1.49 24
38164.39 1841.17 0.0117 623.43 1844.16 2.99 38
37540.96 1833.86 0.0149 672.11 1835.89 2.03 20
36868.85 1823.84 0.0100 613.08 1825.79 1.95 29
36255.77 1817.73 0.0134 612.69 1822.10 4.37 49
35643.08 1809.54 0.0145 639.26 1814.32 4.78 49
35003.82 1800.28 0.0145 696.86 1801.28 1.00 10
34306.96 1790.21 0.0127 1029.36 1791.48 1.27 15
33277.6 1777.1 0.0094 1042.67 1778.17 1.07 17
32234.93 1767.34 0.0142 1228.76 1768.87 1.53 16
31006.17 1749.87 0.0091 1239.86 1751.96 2.09 34
29766.31 1738.54 0.0068 1245.32 1743.43 4.89 107
28520.99 1730.04 0.0102 1036.53 1731.46 1.42 21
27484.46 17195 0.0167 1178.12 1721.69 2.19 20
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Table B. Continoued.

Cross Slope Cross Estimated , Calculated
. . ; Estimated .
Station sectlon betweep Cross sectlpn bank full bank full minimum
(m) invert sections spacing elevation depth (m) cross section
(m) (m/m) (m) (m) spacing (m)
26306.34 1699.85 0.0103 1068.09 1701.28 1.43 21
25238.25 1688.85 0.0113 1149.51 1691.27 2.42 32
24088.74 1675.91 0.0081 1091.45 1677.89 1.98 37
22997.29 1667.04 0.0100 1217.02 1670.65 3.61 54
21780.27 1654.92 0.0086 1226.90 1656.44 1.52 26
20553.37 1644.35 0.0082 1501.71 1649.22 4.87 90
19051.66 1632.11 0.0054 878.58 1633.92 1.81 50
18173.08 1627.36 0.0067 1172.01 1628.85 1.49 33
17001.07 1619.52 0.0060 1224.00 1621.77 2.25 56
15777.07 1612.19 0.0049 820.36 1616.12 3.93 119
14956.71 1608.14 0.0067 847.26 1611.87 3.73 84
14109.45 1602.48 0.0050 590.81 1603.81 1.33 40
13518.64 1599.5 - - 1601.23 1.73 -
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Table19. Supplementary error statistics for HIRAS model.

Root mean NashSutcliffe

Simulation  Bias =
squared error efficiency

Calibration 0.0006 0.20 0.25
Testing -0.0429 0.19 0.17
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Table 20. Flood streamflows comparisobetween SWATno-wildfire scenario output and
eRAMSflood analysis tool results.

Flood flow (ni/s)
Event No-wildfire scenario Difference (%)
(year)  eRAMS*
steady flow data
200 389.05 223.19 74.31
100 328.62 188.94 73.93
50 274.86 158.22 73.72
10 171.14 98.20 74.27
2 86.30 48.28 78.75

* Based on 125 observations at the Mouth of Canyon from 1882 to 2(
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NashSuitcliffe Efficiency(Nsg)

The NashkSutcliffe efficiency Ens) is a normalized statics that indicates how well

observed versus simulated plot fits a 1:1 lingz I computed as:

?:1(}11'0175 _ Yl_sim)2

ENS =1- 1le=1(}/iobs _ Yimean)2

where for this study ¥°is theobservedstreamflow,Y*™is the simulated streamflow, and"?"
is the mean of observed streamflofiash and Sutcliffe, 1970The optimal valuedr NSE is 1
although can range between and 1.0, with values between 0.0 and 1.0 generatigrdedas
satisfactorylevels of performanceévalues<0.0 indicate the mean simulated value is a worse

predictor than the observed value (Moriasi et al., 2007).
Relative Error

The Relative Error (RE) gives an indication of how good simulated vahegelative to

the magnitude of corresponding observed valRé&sas a percentage is computed as:

B =) |

RE =
N

100

where for this study ¥°is the observed streamflow and™is the simulated streamflow.
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The Bais is a measure dle tendency of simulated values to be larger or smiléer

corresponding simulated valu&ais is computed as:
18 il .
Bias = _Z Yiobs _ YiSlm
Nédi=q

where for this study ¥°is the observed streamflow and"Vis the simulated streamflow. The
optimal value for bias is 0. Positive values indicate simulated streamflows tendet@stimate
the observed streamflows values on average whereas negative values indcdstedi
streamflows tend to overestimate theserved streamflow values on averdiforiasi et al.,

2007).

Root Mean Square Error

The Root Mean Square Error (RMSE) is a measure of the diffidence betwedatesiimu

and observed values with respect to magnitude and timing. RMSE is computed as:

1O .
RMSE = _Z YiObS _ Yl_SLm
Né—di=1

where for this study ¥°is the observed streamflow and™is the simulated streamflow.
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Coefficient of Correlation

The Coefficientf Correlation (R) is a measure of the correlation between observed and

simulated values. Rs computed as:

Yobs Ystm YiObS _ Yisim
TL -1 yobs Sysim

where for this study ¥°is the observed streamflow, ¥ is the simulated streamflow, obs is

the standard deviation of the observed streamflowssgna is the standard deviation of the

simulated streamflows.
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APPENDIXD. PROCESS DOMAIN CLASSIFICATION WORKFLOW
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ArcMap was used to classify the study reach using the procedure outlined below.

1. The 10 m DEM and 3/4 m DEM were loaded.

2. The reach layer representing the stream netwerkerated during the creation of the
SWAT modelwasloaded and modified a@®llows to create a layer that represents the
river centerline:

a. The SWAT reach layer was clipped and merged to create a continuous line within
the reach study area.

b. Generalization was applied with a d@0tolerance to smooth the line.

c. The line wasadjustedmanually to insure line adequately represent the river
centerline usin@ slope raster of the 3/4 m DEM.

d. Line wasarbitrarily delineated into 50éh sections.

3. The averagepstream to downstream directisiope of each section was calculated using
eachsections length anelevatiors extracted from th&a0 m DEM.

4. A buffer using a distance of 2B was created around thewlyriver centerline.

5. The average slope withizacharea buffer sectionf the 10 m DEMwas calculatedvith
thezonal statisticsool. This average slope was calculated to represent the lateral slope.

6. Sections where the averagpstream to downstream directislope was greateahan 2
percentand the average lateral slope was gre#itan 16 percentwere defined as
confined sections. All remain sections were defined as partially confined.

7. To simplify the resultssections were generalized so that the minimum length of a
confined section was an arbitrary 1500 m.

116



APPENDIXE. DETAILED CROSS SECTION DATA SUMMARY

117



The relationship between streamflow depth (h) and streamflow area (A) drally
radius (R) for each detailed cross section was desctitvtedgh hydraulic geometry using the

following equations:

A=ah*+ ¢

R =1rh™ + €p

where @ and f a scale factors and and g are shape factors, andeg are at a station residuals
that represent uncertainfguhman et al., 2002). Thesparameters at a given cross section were
determined using a leastuares nonlinear regression. Examples of the power functions
displayed above obtained through thegression areshown inFigure 30 for a sekected detailed
cross sction.A complete list oparameter$or each detailed cross section is showiable21.

Also, these values were also plotted as showtigare 31 andFigure32.
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Figure 30. Select detailed cross section (abow)served data, and fitted power functio for
streamflow area (lower left) and hydraulic radilosver right) for cross section 32+162.
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Table21. Summary of hydraulic geometry parameters for the study reach.

Station & & meang,) variance€a) r r meangg) variance€r)
13506.4 13.18 1.62 -0.0859 0.0360 0.59 1.05 -0.0051 0.0012
14097.2 17.97 1.39 -0.0468 0.4902 0.80 0.77 -0.0282 0.0208
14945.6 22.11 1.44 0.3029 10.3684 0.77 0.87 -0.0321 0.0180
15767.4 29.62 1.33 -0.4018 2.5748 0.76 0.96 -0.0212 0.0085
16982.3 14.80 1.56 -0.4385 2.5156 0.63 0.97 -0.0262 0.0163
18155.9 12.15 1.60 0.5803 8.0636 0.82 0.79 -0.0155 0.0144
19034.5 11.03 1.59 -0.2597 0.6249 0.60 0.96 -0.0114 0.0240
20539.6 10.22 1.67 0.2718 14.6741 0.59 0.98 -0.0133 0.0518
21748.9 5.28 1.87 -0.0059 20.9395 0.45 1.06 0.0231 0.0500
22963.2 10.10 1.70 -0.1161 0.4576 0.55 0.96 -0.0046 0.0148
24059.8 3.05 2.21 0.5268 4.8713 0.69 0.66 -0.0139 0.0282
25205.8 10.96 1.61 -0.3998 4.0645 0.53 1.03 -0.0051 0.0172
26275.3 6.27 1.68 0.0618 15.0941 0.59 0.95 0.0010 0.0363
27454.8 16.08 1.72 0.5850 13.3179 0.71 0.80 -0.0219 0.0259
28492.2 16.39 1.47 -0.1219 0.0618 0.64 1.01 -0.0056 0.0013
29738.2 10.67 1.58 -0.1872 1.7788 0.61 0.97 -0.0109 0.0271
30948.1 11.05 1.68 0.0364 1.3574 0.59 0.99 -0.0035 0.0094
32161.9 21.96 1.59 -1.0730 12.9554 0.52 1.14 0.0093 0.0037
33205.3 11.57 1.74 0.1722 2.8193 0.60 0.93 -0.0084 0.0109
34224.9 10.89 1.57 -0.1008 8.8258 0.68 0.93 -0.0211 0.0384
34921.1 13.07 1.56 -1.1331 19.9589 0.51 1.08 -0.0003 0.0201
35559.6 11.01 1.60 -2.5035  100.5938 0.45 1.08 0.0119 0.0261
36172.2 12.57 1.51 -0.5758 20.9106 0.64 0.97 0.0013 0.0304
36786.5 11.35 1.55 -2.9417 85.7037 0.51 1.05 -0.0106 0.0257
37458.6 15.18 1.61 -0.5171 2.4772 0.57 1.02 -0.0127 0.0049
38078.9 12.87 1.59 -1.0120 9.3746 0.52 1.08 0.0054 0.0075
38657 18.99 2.01 -0.3962 1.5382 0.46 1.42 -0.0001 0.0015
39282.1 15.22 1.68 0.0943 0.7293 0.64 0.89 -0.0085 0.0038
39828.8 17.58 1.69 -0.4666 2.6843 0.52 1.16 0.0030 0.0049
40455.9 30.14 1.39 -2.0638 17.8163 0.67 1.01 -0.0493 0.0248
41183.7 13.06 1.61 0.2562 2.3588 0.67 0.91 -0.0069 0.0114
41647.9 22.16 1.37 -0.6585 2.3609 0.66 1.05 -0.0086 0.0025
42393.3 8.99 1.69 0.2339 11.8052 0.65 0.86 -0.0282 0.0560
42804.7 12.68 1.39 -2.2682 53.5351 0.79 0.84 -0.0681 0.1135
43654.5 16.24 1.38 -1.3694 6.7385 0.66 0.99 -0.0346 0.0148
44859.7 6.72 1.81 0.3726 6.8375 0.74 0.69 -0.0176 0.0537
46088 15.12 1.52 -0.9502 7.0741 0.55 1.10 -0.0164 0.0237
47156 11.12 1.80 0.5220 9.9023 0.73 0.76 -0.0210 0.0179
48147.7 9.34 1.83 -1.9721 38.7297 0.39 1.20 -0.0072 0.0508
49363.2 16.20 1.50 -0.2966 0.8985 0.62 1.01 -0.0034 0.0032
50316.7 15.41 1.84 -0.1979 1.0847 0.49 1.13 0.0053 0.0030
51225 7.28 1.83 -0.4028 7.9626 0.46 1.10 -0.0074 0.0256
52539.9 6.07 2.17 -0.5350 5.1486 0.26 1.52 0.0228 0.0115
53616.5 11.74 1.82 -0.3071 1.5392 0.47 1.14 0.0024 0.0035
54697.4 8.27 1.98 0.0499 0.3779 0.51 0.88 -0.0057 0.0043
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Figure31. Hydrualic geometry shape and scale parameters for the study reach.
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Figure32. Hydrulic geometry error statistics for the study reach.
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