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Abstract

In support of efforts to quantify relationshipsweéen juvenile salmonid habitat and population
dynamics in the Pacific Northwest, over 2200 hyticamodels were generated at more than 900
individual reaches with unique bathymetry. Hydi@aaotodels generated two dimensional field
estimates of depth and velocity for each survegyipiing a key linkage used to relate
bathymetry and habitat data to juvenile salmoniduation dynamics. Generating more than
2200 hydraulic models required development of doraated process to generate input files
specifying bathymetry, computational grids, andrmtary conditions for the Delft3D Flow
software (which we run in 2D, and hereafter refeas “Delft Flow” for clarity), enabling batch-
processing of large numbers of hydraulic modelsckvis the novel advancement we present
here. Hydraulic model inputs included digital elegn models (DEM) from topographic
surveys, estimates of surface roughness basedottepgze distributions, and discharge.
Outputs included velocity vector and depth fieldsreated on a rectilinear grid of 10 cm
spacing between grid points. Modeled velocitied depths were in reasonable agreement with
field-collected velocities and depths. Certainogqaphic features, such as undercut banks and
porous structures not represented in the DEM, tesguh modeled values that failed to reflect
accurate velocities but were explained by the presef these features. By utilizing a
rectilinear grid, scaling grid spacing to compudaél resource limitations, leveraging a cloud
computing system, and selecting simplified rulesdischarge distribution for boundary
conditions and model run times, we were able tesssfully automate the hydraulic modeling
process. Overall, automation of hydraulic modeiegation met precision and accuracy needs of
habitat condition models, lowered labor costs, staddardized the modeling workflow, and

enabled high survey volume processing needs.
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1.1 Introduction

Hydraulic models have been used to effectivelynastie velocity and depth fields in stream
reaches suitable for juvenile salmonid producticeclerc et al., 1995; Schwartz et al., 2015;
Hayes et al., 2007; Pasternack et al., 2006). dxdufic model, for our purposes, is defined as
field estimates of depth and velocity for the ensitream reach, which is a length of stream of
approximately 20 times the bankfull width of theesim that includes the wetted area and
adjacent floodplains. Hydraulic models have beeveloped and studied in terms of their
relationship with aquatic organisms (Shen and Bip®08) and are traditionally run on
individual reaches, with detailed input, and arenaadly, highly customized to optimize reach-
specific topography, roughness, and hydraulic danti. Our challenge was to develop an
automated process to run multiple hydraulic mottgishousands of surveyed riverine reaches
in support of the Columbia Habitat Monitoring Pragr (CHaMP) (CHaMP, 2015), in the
Pacific Northwest of the United States. While gigant advancements enabling automated
hydraulic modeling strategies have been made entegears (Olivera and Maidment, 2000;

Gupta et al., 1999; Yagecic and Suk, 2014), tokoowledge high precision hydraulic modeling

? Abbreviations:

CHaMP: Columbia habitat monitoring program

NREI: Net rate of energy intake

HSI: Habitat suitability index

DEM: Digital elevation model

WSEDEM: Water surface elevation digital elevation model
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at thousands of unique stream reach surveys asfpantintegrated sampling plan has not been

previously accomplished.

Two dimensional models of water velocity and ddpdim hydraulic models have been used to
inform models of instream conditions describindp figbitat characteristics (Booker et al., 2004;
Kelly et al., 2012) as well as one dimensional n@{Eranmer et al., 2018, Benjankar et al.,
2018). For example, fish carrying capacity carest@mated from the net rate of energy intake
(NREI) (Hayes et al., 2007); and habitat suitapiliidex (HSI) models that consider depth,
depth-averaged velocity, and other reach leverimétion to estimate carrying capacity (e.g.
Maret et al., 2006; Rubin et al., 1991; Lacey anitiak] 2004) (Figure 1). Such depth and
velocity estimates must be at sufficiently finetsggdaesolution to adequately link velocity and
depth fields to fish biology (Tullos et al., 201&)lydraulic modeling results are able to provide
this level of precision and can be scaled up &eastrnetwork level estimates of habitat capacity
(Wheaton et al., 2017). Automation of the hydrauafiodeling process enables these network
level scale ups to be done in a statistically vailehner consistent with a complex, large scale

sampling design.
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Figure 1. Dataflow from reach level measurementsto life cycle modeling, indicating how
field survey data inform hydraulic models, which in turn inform habitat models such as net

rate of energy investment (NREI) and habitat suitability index (HSI) models.

Since 2011, over 2200 sampling events at more3B8runique stream reaches have generated
both topographic and instream habitat data asobdine Columbia Habitat Monitoring Program
(CHaMP), a program designed to evaluate statugrands of instream habitat for Endangered
Species Act - listed salmon and steelhead popukiiothe interior Columbia River basin
(Bouwes et al., 2011). Note that many unique reattave been sampled more than once, but in
different years, yielding different bathymetry atidcharge and necessitating a unique hydraulic
model. An automated hydraulic modeling processibbgpof efficiently producing hydraulic
models would allow estimation of habitat capadigotighout the interior Columbia River basin.

Our primary objectives were to 1) estimate depth\aiocity fields for each unique topographic



98  survey, 2) provide quality assurance feedback miiog the accuracy of each model; and 3)

99 retain accurate and spatially fine results of aacdel.

100
101 2.1 Methods
102

103  2.1.1 Delft Flow software

104  We used Delft Flow (http://oss.deltares.nl/webA3elfo) to model fluid dynamics at each

105  surveyed reach. It is an open source, freely dvailsoftware with flexible modeling capabilities
106  for free surface flows across a wide range of gpatiales (Deltares, 2013a). It is capable of
107  batch process modeling hydraulic models. DelfinAtequires descriptions of modeled

108  geometry, boundary conditions, initial conditiofigidic properties, and numerical parameters,
109 input as a series of text files (Deltares, 2013& used a rectangular grid with uniform grid
110 spacing in X and Y directions with a fine mesh spac After early experimentation with

111 curvilinear grids, we determined the optimal bakaoteffort — whereby we balance

112 computational time against manual manipulation @ptéhmization of curvilinear grids — was

113  achieved by using a simple rectangular grid witle fimesh spacing throughout a reach.

114

115 While the bathymetry data from which we develop loyoiraulic models on is 10 cm resolution,
116  the actual survey point density from which the DEMs generated is significantly less than 10
117  cmresolution. Field crews take survey points tebt on surveyor judgment to select

118  appropriate point sampling locations and point d&ss allowing the surveyor to increase point
119  density in areas with greater topographic compjexitto detail features of interest, and decrease
120  point density in areas with homogeneous topograpiayof less geomorphic interest (Bangen,

121 2013). This topographically stratified samplingthod approach (Brasington et al., 2000;
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Fuller et al., 2003) was used in all surveys witkais in slope and topography complexity
guiding point density stratification. The resulfiDEM therefore accurately locates locations of
sharp change in bathymetric surface geometry,dattifes on the scale of 10 cm such as rocks,
wood, or vegetation are not included in the bathyimeurvey. The resulting DEM is therefore
a smoothed out representation of reality, and featauch as rocks are accounted for in the
hydraulic model as surface roughness rather thacttii modeled features. Given this survey
strategy, we generally expect features of approtaip@0-50 cm (x, y or z axis) or greater to be
included in the survey and represented by the DEKIs minimum feature size scales with the
length of the reach surveyed; smaller reacheshaile minimum feature sizes at the small end of
this range while larger reaches will have minimwatéire sizes at the large end of this range.
This feature size is also dependent on the frequand distribution of the feature within a
reach; unique features are likely to be captureslements adding complexity with high point
densities while high frequency features are mdeyito be captured as homogenous

topography.

Modeling a smoothed over bathymetric surface ampus surface roughness model lends itself
to accepting a depth averaged two-dimensional lidrenodel rather than modeling in full
three dimensional space. In addition, Delft-Flaved@imentation suggests that “[Non-tidal rivers]
are generally well-mixed and you can rely on a @8pth averaged) computation, unless the
project requires the vertical profile of some qitaed.” (Deltares, 2013a). While vertical

profiles of velocity may be of interest around sinfiedtures such as rocks, this bathymetric
information was not available and would therefooé achieve significant enhancements to our

models by attempting to model in three-dimensidnsaddition, two-dimensional depth
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averaged models have been shown previously to ssitity support NREI (Hayes et al., 2007)
and HSI models (Maret et al., 2006; Rubin et &91t Lacey and Millar, 2004). Our objective
here was not to enable refinements or improventer8REI or HSI modeling methods by
providing full three dimensional solutions, buthat to enable high volume NREI and HSI
modeling by providing thousands of two-dimensiamaldels of equivalent quality to those

previously found to be useful and informative forqtifying fish habitat.

2.2 Hydraulic model input data: Columbia Habitat Monitoring Program

The Columbia Habitat Monitoring Program utilizespatially balanced statistical sampling
design (Stevens and Olsen, 2004) to monitor wadesitdams and rivers accessible to
anadromous steelhead (Oncorhynchus mykiss) andooGk salmon (Oncorhynchus
tshawytscha) (CHaMP, 2015) (Figure 2). Most streaaches have been sampled over multiple
years in order to assess temporal changes to taplogand features, thereby requiring unique
hydraulic model for each survey. Carrying capaaitg productivity are used as the basis for
models of salmonid population dynamics (Moussaid &lilborn, 1986) used by the program

and a hydraulic model provides continuous depthvahakity fields as inputs to such models.
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162  Figure?2. Location of surveyed reacheswithin the Columbia River basin aspart of the
163 CHaMP, AEM (Action Effectiveness Monitoring), and IMW (Intensively Monitor ed

164  Watersheds) programs.

165

166  The hydraulic models utilized digital elevation netsi(DEMs, 10cm resolution) from high

167  precision ground based topographic surveys (Bowwas, 2011). Such ground based surveys
168  have become common sampling tools in fluvial geghology (Wheaton et al., 2010) and have
169  demonstrated low measurement variability (Bangeal.e2014). For each reach, DEMs were

170  produced for both reach-level bathymetry and wstieface elevation, along with a thalweg.
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Field crews also measured pebble size distribuip8g) and discharge (Bouwes et al., 2011)
which we leverage in our hydraulic modeling proceBischarge rates (is), represent low

flow conditions as sampling occurs in the summentm® (July-September).

2.3 Hydraulic modeling wor k flow

DEM and related field data are processed with iBp&sc(R Core Team, 2014) and Delft Flow to
generate a hydraulic model for each stream reaghr@3). A pre-processing script is used to
generate the numeric grid (step 1), build the negubDelft Flow input files, (step 2), and set up
the required files and file structures for batcbgassing (step 3). Delf3d Flow is then run in
batch mode (step 4), and outputs are convertedertdormat (step 5) and then post-processed
to generate final depth and velocity outputs (&epWe review outputs for quality (step 7) and
final results are stored in an online data warebdstep 8). The required Delft Flow inputs
consist of a series of input files describing, agother things: bathymetry, surface roughness,
boundary conditions, initial conditions, and nurnanstants, as well as a master definition file
(Table 1). R-code, example input files, and docutamgon are available at:

https://github.com/SouthForkResearch/Hydraulic-Mode

11



CHaMP Metrics:

D84, Discharge

CHaMP topo
survey outputs:
bathymetry, water
surface elevation,
thalweg

Pre-Processing R- _
Script (Steps 1-3)

Delft Input Files
Delft Hydro Batch
File
Meta Data File

! Quality
Assurance Plots Meta Da'? File
Convert to for Boundary (Date. Time,
.csv file nditions additional info)
;

Viewer Selector

7 (Delft 3D Format)

Delft 3D Flow

1
1
1
|
1
|
ost-Processin, output file e ow
: RS ) [* | (et o / 1 e
1
| 3
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! 7 S )
| e e e e e e e e e o o = = = = = —————————— e ———————
Results to
188
189  Figure 3. Hydraulic modeling work flow
190
191
Delft Flow Input File Description
Created by Pre-Processing
R Script
test.grd File defining the numerical grid
test.enc Grid enclosure file
test.dry Dry points file
test.dep Bathymetry
test.bct Downstream boundary condition locations
test.bnd Downstream boundary condition
test.src Discharge locations
test.dis Discharge rates
test.mdf Master definition file; lists filenamegs fall
other input files and contains key physical
and numerical constants
192
193  Table 1. Delft Flow input filesgenerated using a pre-processing R script
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2.3.1 Step 1: definethe numeric grid used by Delft Flow

The first pre-processing step is to develop theengal grid. A rectangular grid with extents in
the cardinal directions equal to the maximum andimim extents of the surveyed DEM is first
generated. Over this rectangle we plot the thalarebdetermine the closest edge (North, South,
East, or West) to the upstream and downstreamarttie thalweg (Figure 4). The trend in
water surface elevation along the thalweg can kd tsidentify which boundary is upstream

and which is downstream. Note that the inlet amited can occur on the same edge of the

computational grid.

Reach Extent — Thalweg
Wetted Area — Inlet Boundary
-1 ---- Computational Grid Extent —— Exit Boundary

5286350
1

Northing (m)

5286250
1

5286150
]

700900 700950 701000 701050

Easting (m)

Figure 4. Extent of reach surveyed, computational grid and inlet/exit boundary location for

example reach ENT00001-1E3
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208  The inlet and outlet boundaries are then trimmeds®sr-defined extents (2m default) to ensure
209 that the edges of the computational grid crossadettiges of the reach at both the inlet and
210 outlet boundaries (Figure 4). While this trimmigp results in some loss of total area modeled,
211 it allows efficient and automated definition of cpatational grid boundaries without a priori

212 knowledge or manual user specification of upstreachdownstream edges.

213

214 By using a rectangular grid outlining the streamcte we necessarily include a significant area
215  in our computational grid that is not part of theveyed stream reach (Figure 4, white area

216  within the computational grid). Grid points ousithe reach are defined as dry points, and are
217 not included in Delf3D Flow calculations, reducirggjuired computational power.

218

219  Models are limited by computer memory requiremaints can be consistently run on

220 computational grids containing approximately 500,@@d points. Our algorithm therefore

221  varies the grid spacing by the size of stream réaaing modeled and uses as fine of a grid as
222 possible without exceeding that limit. Additionalgrid spacing is set at either a multiple or an
223 integer fraction of the 10 cm DEM grid spacing, giifiying and minimizing systematic error in
224  the interpolation between the DEM and computatigmnial. We ensured the computational grid
225  spacing was sufficiently fine by comparing simwatresults at the grid spacing, as determined
226 by our 500,000 cell limit, to those run at two dadr times the 500,000 cell limit algorithm-

227  based grid spacing. Our grid spacing algorithnusststhat our computational grid spacing was
228 finer than the effective minimum feature size syed as described above.

229

230 2.3.2 Step 2: generation of Delft Flow input filesfor bathymetry and boundary conditions

14



231  The pre-processing script generates Delft Flowtifipes specifying the bathymetry (“test.dep”),
232 downstream boundary conditions (“test.bnd” andt‘éeg”), and the distribution of discharge at
233  the upstream boundary (“test.src” and “test.di@g®well as initial conditions, required

234  simulation times, and a master definition file {teslf) describing surface roughness, fluidic
235 properties of water and time step information. ¥ed a horizontal eddy viscosity of 0.0%/sn
236 and a diffusivity of 10 fffs. Our time step is set at 0.0025 seconds fonadlels and was

237  selected as a sufficiently fine time step that é&dhbtable numerical solutions in all cases with
238 the minor expense of numerical efficiency that ddug achieved if a time step were optimized
239  for each individual model. The Courant-Friedrichsaly number, at this time step and for

240 typical depths of approximately 1 meter, is abad60 The Delft Flow manual (Deltares, 2013a)
241  suggests keeping this value below 10 to ensureacgand numerical stability. We chose to
242  stay well below this, although efficiencies maydagned by attempting to optimize this value.
243 The Delft input file for bathymetry (“test.dep”) generated by spatially interpolating bathymetry
244  from the DEM grid onto the computational grid, ws8¢he computational grid point lands

245  exactly on the DEM grid point, in which case théues are transcribed exactly. Since both
246  grids are rectangular and uniformly spaced, the f@arest DEM points form a square, within
247  which the computational grid point is located, nmakior easy interpolation. The downstream
248  boundary condition (specified in files “test.bndida‘test.bct”) specifies the water surface

249  elevation at the exit boundary and is specifiethaghalweg water surface elevation where the
250 thalweg crosses the exit boundary. Dischargesisiduted across the wetted length of the

251  computational upstream boundary and is definetler‘test.src” and “test.dis” files. The total
252  discharge is distributed along each cell of thetibbundary such that the volume flow rate at

253  each cell was proportional to the measured watgthde

15
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Because the inlet and outlet boundary conditioasspecified at edges along cardinal directions,
there is often boundary condition specificatioroeas the flow direction is rarely orthogonal to
the boundary. In some cases, the wetted boundge extends across multiple edges (e.g. north
and west edges). Experimentation with boundarylitimms suggested that boundary condition
errors typically propagated no more than one orwegtied widths from the inlet or exit

boundary, which is a small fraction of the ovestttam length modeled for modeled stream

reaches (CHaMP, 2015).

We recognize that boundary condition errors fohhgistream and downstream boundaries
could potentially be reduced by using a curvilineamputational grid, which would allow the
boundaries to be more perpendicular to flow diceti We prioritized simplicity over boundary
condition precision to enable high volume modelilgrly work developing curvilinear grids
resulted in high rates of manual intervention, whi@s inconsistent with our automation

objectives. We may consider updating the processctude curvilinear grids in the future.

In small streams, surface roughness is primariledrby the distribution of pebble sizes in the
substrate. Because features at this spatial saal®ot be directly modeled, we accounted for
surface roughness using the White-Colebrook mddeleprook and White, 1937; Colebrook,
1939). We use D84 as a proxy for surface roughn®és experimented with different scalars
applied to D84 as the surface roughness inputededbghness model, and optimized around this

scalar (see section 2.5).

16



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

Initial conditions for the model are set such tinat water level at all points is equal to the water
level at the downstream boundary condition. Wenébthat the steady state solution was not

dependent on initial conditions.

To ensure our computational solutions reach ststatg, we estimate the volume of water
present in the reach from the DEM and water suréeeation digital elevation model
(WSEDEM) and then run the simulation until the rattelischarge multiplied by the simulation
time is equal to twice the total water volume d teach. We find this always provides ample

margin, ensuring simulations reach steady state.

The master definition file is a key input file usedrun Delft flow and lists the names and
locations of all input files (Table 1), surface ghmess (D84), and constants describing the
physical properties of freshwater (Deltares, 2013d)is file is generated by the pre-processing
script after all other input files are generatedysation time has been determined, and surface

roughness inputs are determined.

2.3.3 Step 3: set up batch processing

Delft Flow is run in batch mode, bypassing any nieeananual operation. A .csv file containing
a list of reach visits, discharges, and surfacgmaess (D84), and file locations for DEM,
WSEDEM, and thalweg files is user generated and bgahe pre-processing R code. A batch

file is also generated that is used to converttitw output into text files (step 5).

2.3.4 Step 4: run Delft Flow

17
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Once all pre-processing is complete, Delft Flowwis for a batch of surveys; time required for
each reach to be modeled ranges from a few mitoitssveral hours, and we use typical batch
sizes of 20 to 50 reaches. Models are run usirgiieledloud computing (EC2 service, Amazon
Web Services, https://aws.amazon.com/) and alliredjsurvey data inputs are stored in
Amazon storage buckets (S3) in .csv formats. AsyEEC?2 instances as needed are generated,
and there is unlimited potential to scale computegpurces. We typically used the instance
type “C4.4xlarge” as it provides sufficiently fagimputing with sufficient memory to run up to
50 models in a single batch, at otherwise minimost<($0.796 per hour per instance, as of
November 2017). Modeling thousands of reachedljos@uld not have been practical, and
Amazon Web Services was an effective tool to prewdst effective computational power.
Model outputs are saved for from 10 evenly dispetsee steps throughout the simulation and

these can be used to ensure the flow reachesdy sitzde.

2.3.5. Step 5: converting Delft flow output to .txt format

Delft Flow output is not readable by R or other coom data viewers, so we use the viewer
selector tool (vs.exe of the Delf3D flow suite, faeés 2013b) and the batch file generated in
step 3 to produce output files in text format facke model. These output files contain the X-
location, Y-Location, X-velocity component, Y-velgccomponent, bottom elevation, water

surface elevation, and dry points of each hydraulclel.

2.3.6. Step 6: post processing: translating model outputsonto original DEM grid locations

and generating quality assurance plots

18
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The viewer selector output text files are read Rtand the velocity and depth results from these
files are then interpolated back onto the origittacm DEM grid. The viewer selector tool
exports files (X-velocity, Y-velocity, and waterréace elevation) with data points that are not all
reported at the same grid locations. Depths grerted at cell centers, while X-velocity and Y-
velocity components are reported at half grid ingeat offsets in the X and Y directions,
respectively (Deltares, 2013a). Interpolationirstfdone to translate velocity results to the
computational grid centers, then both velocity dadth and are interpolated to the original 10
cm DEM grid. To reduce file size, only points itiéad as wetted according to either the
hydraulic model solution or to the original crew\sey are included in the results file. Location,

velocity and depth metrics are included as outfarteach grid point (Table 2)

Output Description Units

X, Y Geographic Cartesian coordinates fom
Northing and Easting, respectively, in
meters

X Velocity, Y X and Y vector components of m/s

Velocity velocity

Velocity Magnitude Magnitude of resultant velocitgctor m/s

Depth Water depth m

WSE Elevation of water surface, above sem
level

Bed Level Elevation of bed, above sea level m

Depth Error Difference between surveyed depthm

and modeled depth

Table 2. Hydraulic modeling output written to each row of the .csv output file. Output file

containsonerow for each point on a uniform 10 cm rectilinear grid overlaying each reach

19
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The post-processing script generates a seriesnddaoplots displaying velocity, depth, and
water surface elevation. Plots of spatially expbstimates of error in modeled depth are also
calculated as the difference between surveyed demthmodeled depth and provide an overview

of model accuracy allowing quick visual assessment.

2.3.7 Step 7: perform quality assurance checks

Quiality assurance checks to assess the accurdouotiary conditions or flows that fail to wet
the entire reach are performed after each batch Baundary condition issues are the most
common problem observed, but are easily found igaal review of boundary condition plots.
Results from reaches with erroneous boundary donditare not finalized (Figure 5). In almost
all cases, boundary condition issues can be fix@dnanual specification of the boundary
conditions. To date, we have been unable to mmlgla single reach from the more than 2200

field surveys.
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Figure5. Boundary condition error resulting from failure of automated process. Manual
specification of inlet boundary condition isrequired for thisreach. Inlet boundary near

middle of the reach isthe erroneous boundary.

2.3.8 Step 8: upload resultsto database
Once model batches have been completed and gassityed, model results are uploaded to a
centralized cloud storage system and sent to aadelatabase repository

(www.champmonitoring.org).

2.4 Mode validation
In 2013 velocity and depth data were collectedoitits along 169 transects spread over 36
reaches. The validation reaches covered a bra&tyaf reach types and flow rates (mean =

0.63 nis?, sd = 1.59 rfs™), and included reaches from the Asotin, EntiatnJbay, Lemhi, and
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Tucannon watersheds (see Figure 2). At each reaehs identified 3-6 validation transects.
Each transect was divided into 15-20 equally spattedvals where depth and depth-averaged
velocity were measured. Measured depths and degtlaged measured velocities at each point
along validation transects were compared to modddgdhs and velocities. Also, the surveyed
depths were compared to modeled depths acrosstine wetted surface. Approximate depth
averaged velocity measurements (at 60% of deptrg ta&en rather than full vertical profiles.
This data collection decision was made to mininfielel costs and in belief that it would support

the type of two-dimensional modeling efforts preasty used to develop HSI and NREI models.

2.5 Model optimization

In modeling of complex natural systems, it is ingiGal, both in terms of computational power
and our ability to create DEMs at high enough mieqi, to include true features in a DEM that

can be described as “surface roughness.” Therefenesed the White-Colebrook model for
surface roughness and assumed a scalar value gbiD8iles a reasonable proxy for surface
roughness. For calibration, we varied the scdiuetpr over a range of values from 1 to 8, and
then compared resulting velocity and depth fieldsleted at each scalar value to depths and
velocities measured at a series of validation gaamia subset of stream reaches. We selected our
scalar on D84 to be used to input surface roughae$se value that minimized the overall error

in validation.

Using a scalar multiplier on the metric D84 proedféctive at calibrating the model. As the
multiplier is increased, modeled depth tended twetese, while modeled velocity tended to

increase (Figure 6). At a D84 multiplier of approately 3.0, velocity and depth errors were
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389 minimized. Because our intention was to model samds of uniquely surveyed reach / visit
390 combinations, we used this value for all reachatfier than optimizing the scalar on a reach by

391 reach basis.

% Error

—&— DEM Depth
=&  Depth

© _-4- Velocity

T T T T T T T

2 3 4 5 6 7 8
D84 Multiplier

392

393 Figure6. Estimated mean error at validation locations vs multiplier applied to scale D84 as
394 surfaceroughnessinput to model. Error isdefined as percent difference between modeled
395 valuesfor a) depth asmeasured in DEM survey, b) direct depth measurements at

396 validation points, and c) direct velocity measur ements at validation points. Vertical bars

397 indicate 95% confidence bounds.

398

399 3.1 Results

400 To date, more than 2200 hydraulic models have baecessfully run, representing multiple
401 years of surveyed reaches. Based on a randommsplestor which we tracked required

402  computation times, the computational times aver&ged minutes, with a standard deviation of

403  39.8 minutes. The minimum and maximum computatibmees from our subsample were 15.6
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and 224.1 minutes, respectively. In generappeared that large reaches and reaches with low
discharge rates required longer modeling timeg#ch a steady state.  All computations were
done using “C4.4xlarge” Amazon Web Service instanadich are powered by high frequency
Intel Xeon E5-2666 v3 (Haswell) processors (Detavlailable at

https://aws.amazon.com/ec2/instance-types/).

To ensure our grid spacing was sufficiently fine, @ompared simulation results at the grid
spacing determined by our 500,000 cell limit tosoun at coarser grid spacing across a variety
of stream reaches. Varying grid spacing demorestrétat our grid spacing algorithm produces
sufficiently fine grids. Doubling the grid spacingsulted in minor deviations in velocity fields
(Figure 7) and corresponding depth fields. As gpdcing was further increased to 4X the
default grid spacing, significant differences inogity and depth fields occurred, indicating that

that grid spacing would be too coarse.
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Figure 7. Velocity magnitude differences, relative to simulations at default grid spacing, for
simulations performed at 4X and 2X default grid spacing, for low, medium, and high flow

reaches.

3.2 Mode validation

We used linear regression models to compare modelgiths to validation depths for each
validation reach and survey depths (water surfsmeaton — DEM elevation) at all wetted
channel survey points. Modeled depths were afsgni predictor of measured depths for 73%
of the validation transects (123 of 168 transeéts,0.53, p < 0.05). Modeled velocities were a
significant predictor of measured velocities foP#bf the validation transects (69 of 168
transects, = 0.39, p <0.05). Graphical comparisons of modetsdlts and validation data
showed reasonably good agreement. The majorityamthes had only small amounts of error,

relative to the total within reach variability, wiheomparing surveyed depths to modeled depths
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439

at each validation data transect within each rébjure 8d). Similarly, the distribution of
velocity and depth values at validation points rattreasonably well between modeled and
measured values (Figure 9). In almost all casesleted velocity and depth profiles were much
smoother and showed lower levels of localized \litg than the depths and velocities
measured at validation points. This was expedteztghe survey process produces a DEM that
lacks spatial variability at spatial scales as samfeatures such as rocks, cracks, and woody
debris. Because the DEM on which the model isutaled is considerably less locally variable

than the actual bathymetry, the modeled depthsalutities lack the localized variability
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440  captured by manual validation measurements.
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443  Figure8. Veocity (A), depth (B), surface elevation (C), and depth error estimated as
444  difference between surveyed depth and modeled depth (D), for reach ASW00001-SF-

445 F5 P3BR. Arrowin (A) indicatesflow direction.
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448  Figure9. Example modeled depth and velocity compared to measured depth and velocity
449  at validation points. DEM measured depth is depth derived from DEM survey. Measured
450  depth and velocity are direct measurementsat transect locations. Arrow indicates flow

451  direction. Notethat some number of transect pointsvaries with stream width at transect.

452
453  Comparing modeled depths to crew-surveyed deptudteel in better agreement than to
454  validation data depths. When we examined theieeagame transect points of the validation

455  data, we found modeled depths were a significaediptor of crew-surveyed depths for 100% of
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466

the validation models (168 transecfsz10.973, p < 0.05). This result was expectedasriodel

was based on the crew-surveyed data.

Since habitat capacity models are often aggredatadeach scale (e.g. average depth, NREI, or
HSI for an entire reach), we reviewed model peréomoe among reaches by comparing average
depth and velocity values among measured and nubdesalts. Average reach velocity and
depth were both strongly correlated between vatidaand modeled points’(= 0.93 (Figure

10a) and 0.90 (Figure 10b), respectively). Cotiats of surveyed to modeled depths and
validation depths also produced higlvalues of 0.85 (Figure 10c) and 0.87 (Figure 10d),
respectively. This suggested that survey precisias generally acceptable and localized

variation observed in validation data does not appe measurably affect reach-scale averages.
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Figure 10. Reach level validation: measured ver sus modeled velocity (a), depth (b);
modeled ver sus surveyed depth (c), and measur ed ver sus surveyed depth (d). Each point

represents a reach average; all reacheswhere validation data were taken areincluded.

3.3 Modd Limitations
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Although modeled results were generally in agre¢math validation data, we have found cases
where the presence of non-bathymetric featurestaifghydraulics caused localized, inaccurate
model results. Such features included undercutand large, sometimes porous, woody
structures. While undercut banks and porous watdigtures are assessed as part of the
sampling protocol used to generate our input dhtse features were not included in the
topographic surveys and therefore not includethénREM. As a result, their impacts to the

depth and velocity fields were not reflected in yeraulic models.

For example, at a reach in the Entiat (WA) the syrasrew noted a large tree that had fallen
across part of the channel. The hydraulic modghdit account for this, and we found large,

localized depth field errors upstream of the faltggn (Figure 11).
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Figure11. Depth error, with respect to surveyed depth, for reach ENTO0001-1E3.

L ocalized area where modeled depth is underestimated, likely dueto afallenlogin river.
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L ogs, shrubs, and other woody debrisisnot reflected in DEM, thusincreasein water

surface elevation upstream from log is not reflected in the hydraulic model.

Undercuts were another feature not representezpwgtraphic inputs and therefore not
accounted for in hydraulic model results. ModdeMs of reaches with undercuts reflect
stream banks that run vertically down from the edligine overhanging bank, rather than an
undercut bank. At a reach in the Asotin (WA), thew observed a considerably undercut bank.
The modeled reach has a smaller wetted cross sattiadth than in reality. The modeled flow
was more constrained than the actual flow, anddbkelting modeled depth was greater than the

actual depth near the undercut location (Figure 12)
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Figure 12. Depth error, with respect to surveyed depth, for reach ASW00001-NF-

F4_P1BR. Undercut bank, on river left, isnot reflected in DEM, thus hydraulic mode
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over predicts depth because modeled cross sectional area islessthan actual cross sectional

area, by amount of area in under cut.

In addition to the limitations discussed above ra@gnize that there are small features (at
scales of less than 30-50 cm) that are importa@ast habitat and very localized flow conditions
that our modeling approach cannot predict, botlabse we utilize a 2D depth averaged model
and because the feature size captured in the DipMs is generally larger than 10 cm.
Nevertheless, previous research has indicatedgfumtiulic modeling at the scale of the features
captured at this scale in depth averaged modeproaide useful information regarding habitat
capacity at the reach scale (Hayes et al., 20By)enabling habitat capacity estimates at this
precision level, for high numbers of reaches, rdacél habitat models (HSI, NREI) can be

upscaled to inform salmonid population life cycledrls (Wheaton et al, 2017).

4.1 Discussion

We have successfully generated accurate and piegisaulic models for more than 2200 field
surveys, covering more than 900 unique reachedupnog estimates of depth and velocity
fields. These products have been instrumentdierdevelopment of high resolution models
estimating energetic capacity and habitat suitgihitir salmonids (Wall et al. 2016; Wheaton et

al. 2017; McHugh et al. 2017)

We have met our objectives of modeling large numbéreaches with varied physical features
and geometries with a practical, efficient methidbdels may also be manually adjusted to
meet explicit needs of individual reach conditiosisch as flow adjustments for side channels,

reduced boundary conditions, or to model non-meakflow conditions. Our simplistic
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541

approach in processing, parameter, and batch-md=ution limited the amount of required
manual intervention, generally at the expense ofprdational efficiency. For example, we used
simple rectilinear computational grids rather ticarvilinear or adaptive mesh grids and our grid
spacing was often finer than needed for much ofitbhdeled flow. However, given the
abundance of computational power available, it mase effective to use simple rectilinear grids
at the expense of computational efficiency, rathan add the complexity of automating and
validating curvilinear grids for every reach. Wesaautomated the grid spacing algorithm to
enable automation over individual model level ofptation and found our automated algorithm
to be sufficient. Trimming a small amount of theveyed reach out of the computational
domain represents another tradeoff that enable®lngdf high numbers of reaches. Slight
reductions in the spatial extent modeled helps bk automated generation of boundary
conditions, as is required for process automatibime series of modeling choices we made
during process development (Table 3) are commanast hydraulic modeling efforts.

However, our recommendations are specific to tleels®f our end users (primarily developers
of HSI and NREI habitat models) and the need toeh®800s of individual reaches. Modelers

facing different challenges may reach differentgessing decisions.

Decision Primary Considerations Recommendations*

Modeling Software  Cost, usability, 2D vs 3D Delft Flow
capabilities

2D versus 3D Spatial resolution of input dataDepth Averaged 2D

uses for hydro model results,

computational power available
Curvilinear or Automation requirements, Rectangular
Rectangular Grid  sensitivity to boundary

condition errors
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Computational Grid Feature size captured by surveyCreate grid as fine

Spacing size of reach as possible within
memory
requirements

Batch processing  Number of models required Batch processing

(automated) vs

manual processing

Cloud computing or Number of models required Cloud computing
local processing

* Recommendations based on our end user requiremét8l and NREI models for 1000’s of
reaches

Table 3. M odeling choices made and recommendations

Within individual reaches, we generally found madktiepths reflected surveyed depths better
than validation depths. Since the hydraulic magslelased on survey information, this suggests
that topographic survey precision may be the Imgiiactor of hydraulic model accuracy.
Nevertheless, we find that hydraulic model resgéiserally account for much of the variation
observed in validation data. At the reach scatefaund excellent agreement between reach
scale average velocities and depths when compavieiage modeled results at validation points

to our validation data.

Using cloud computing was crucial in enabling usnet our automation objectives. It simply
would not be feasible or cost effective to run themds of hydraulic models on an individual

computer or a fixed collection of computers.

Our hydraulic modeling process provides both aastitened modeling process and a core
bathymetric dataset that can be used to quantfetfect of habitat restoration on salmonid

population dynamics. Restoration scenarios camib@cked by altering measured DEMs,

35



561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

modifying discharge rates to simulate restored $loar changing surface roughness to model

changes in surface features (Wall et al. 2016)s &hables not only a quantitative comparison
of multiple restoration options, but a methodoldgyoptimizing restoration given a restoration
strategy. This simplified hydraulic modeling presés an accessible and valuable tool for the

exploration of future restoration scenarios.

Lessons learned during this process developmehidachose applicable to field crews to
improve topographic surveys. Future field datdeotion efforts should carefully define what
feature sizes to include or exclude from the feldvey and that information should be
considered in modeling applications. Field cremsld ensure upstream and downstream
endpoints are at locations that will enable cleannolary conditions and avoid known
problematic boundary locations (Figure 5). Inabasof features obstructing hydraulic flows and

improved undercut representation could also behgéitaulic model products.

4.2 FutureWork

Most of our hydraulic modeling efforts have focusedmeasured discharge during summer low-
flow conditions. However, the hydraulic conditicatsseveral times throughout a year can be
important factors for salmonid habitat capacityhisTmodeling approach is well suited to
modeling hydraulic conditions for discharges asthkey times of year. This would allow
estimation of energetic capacity and habitat siitalo inform salmonid habitat availability
during multiple life stages. Porous structuresluding large woody debris, beaver dams,

undercuts, and similar features are important lm@aids and other fish species (Majerova et al.,
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2015) and are often part of habitat restoratioatstiies (Bouwes et al., 2016; Bennett et al.,
2016), but are not well represented by the DEMsl is@ur model development. Developing
strategies for simulating such structures will pdevadditional flexibility in restoration scenario

development and could pinpoint additional featweesiclude in field surveys.

Using rectangular computational grids instead e¥iinear computational grids was one of our
major tradeoffs, and we knowingly accept an inaéasoundary condition error at the
upstream and downstream ends of our modeled reaélusre work may reconsider this
tradeoff through development of automated curvdimgrid generation methods that rarely

require manual intervention.

Using cloud computing resources was critical to el@shplementation, and further cost
reductions and speed improvements can likely beddiyy moving to Linux based computing
and utilizing Amazon “spot” instances, where udedson available instances, possibly

decreasing computational costs by an order of nbhadyi

Ultimately, the hydraulic modeling process (frorldi data collection to finished hydraulic
models) is a compromise between localized accuaadyprecision and the need to estimate
habitat throughout entire watersheds. All projectssidering large-scale production of
hydraulic models should consider tradeoffs betweeal spatial precision, watershed coverage,
and resource constraints. Questions around magedist, development, and precision are likely
to continue with technological advances in LIDARIaamote sensing that can inform and offer

hydraulic modeling options: “Should more resourgesoward obtaining finer scale field data
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and developing higher precision, three dimensibgdraulic models and habitat models, likely
at the expense of overall sample size?” Similddigpuld (possibly) lower resolution field data
covering a more complete subsample of watershenidevest be used to develop broader, but
perhaps less locally precise hydraulic models?timately the answers to these questions are

likely project-specific, balancing project obje@s/and needs with resources and resolution.
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Highlights: How do we efficiently generate high-resolution hydraulic models at large numbers
of riverine reaches?

*  We present an automated process to generate hydraulic models for small stream reaches
» Automation of the hydraulic modeling is the novel advancement presented here.

» Tradeoffs made to enable high volume model generation are discussed

» Validation of model results shows that results are generally accurate





