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Preface:

The Consortium of Universities for the Advancement of Hydrologic Science, Inc. (CUAHSI) consists
of 110 member universities in the UlBis NSFfunded consortium exists advance hydrologic

science through broad initiatives across the academic community. The Office of Water Prediction of
the NOAA National Weather Service has established a National Water Center on the Tuscaloosa
campus of the University of Alabama to sertleedsub for the building of a National Water Model

of the United States. NOAA has also established a National Water Center Innovators Program with
CUAHSI to engage the academic community in research to advance the mission of the NOAA
National Weather Sare Office of Water Prediction at the National Water Center.

The key activity of the Innovators Program is a seven week Summer Institute at the National Water
Center, bringing graduate students and faculty advisors together with National Waterf@@nter staf
conduct group projects that involve rapid prototyping of new ideas. The intent is to create an
innovation incubator where students from many universities can exchange ideas and advance concepts
that, although developed over a short timeframe andastady are illustrative of issues that affect

the functioning of the National Water Model across the continental UnitediStates y ear 6 s Su
Institute was held from Junt6 July 28, 2017, and involved 32 graduate students drawn from 25
univesities.

The first activity of the Summer Institute was ataglfocus on emergency response, highlighted by

the Mayor of Tuscaloosa, Walter Maddox, describing his experiences in responding to the 2011
tornado that devastated TuscalodRab RobertsonEmergency Management Coordinator for
Tuscaloosa County, and Whitney Henson oNtimnal Water Center led a flood emergency
response exercise. The students took on the roles of Police, Fire, Public Works- and Non
Governmental Organizations in a simutatiba breach of the Northport Levee and the resulting
flooding of the City of Northport, which lies just on the other side of the Black Warrior River from
the National Water CenteFirst response personnel gave a field demonstration of a water rescue
from a nearby creek using a ladder trlibkse experiences gave the studentshindtimpression

of the activities that first responders undertake during actual flood emergencies.

The 2017 Summer Institute was led by five theme coordinators: FredfxpdeNational Water

Center and the University of Wyoming, Jim Nelson of Brigham Young University, Sagy Cohen and
Sarah Praskievicz of the University of Alabama, and David Maidment of the University of Texas at
Austin. Two Student Coordinators helpeithverganization and execution of the projects: Jim Coll

from the University of Kansas and Mike Johnson from the University of California, Santa
BarbaraSeveral National Water Center staff provided guidance for particular projects: Ed Clark, Trey
Flowers Fernando Salas, Nathan Swain, Brad Bates and Whitney IBemsanthe first week of

the Summer Institute, fieldwork experiences for the students were assisted by operation of a rainfall
simulator by Edward Kempema of the University of Wyoming, astteain measurement
equipment by John Sloat of WaterCube, Daniel Wagenaar of SonTek, Inc (Xylem), and Lisa Landry
of YSI, Inc. (Xylem). In addition, Jim Coll demonstrated operation of a drone and Sarah Praskievicz
demonstrated operation of a high precsioneygrade GPS.

Educational and technical support for the hsgsalution modeling theme was provided by Chuck
Downer and Steve Turnbull of the US Army Corps of Engineers, Engineer Research and
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Development Center, who led a thitag GSSHA modeling vikshop. Ehab Meselhe of the Water
Institute of the Gulf assisted with student projects related to numerical modeling of open channel
hydraulics Bob Steinke and Nels Frazier of the University of Wyoming held-daywBHydro

model workshop, and proveéechnical support of student projects, and helped the students run
jobs on the Univ. of Wyoming Advanced Research Computing Cluster, and tR&/\]DARY
Yellowstone supercomputétroject guidance and organization were guided by theJégta6for
Integrated Data Analytics which included Alison Apgiondan Read&Emily ReedJordan Waker

and David WatkinsAdditional expertise was providedBily Guertal,John McNaryand Marie
PepplerJon Nania of the lowa US@Sicealso contributed his guidanand expertise to the student
projects.

It can be appreciated that an activity of this magnitude involves a great deal of organization. Jerad
Bales and Emily Clark of CUAHSI, and Pamela Harvey of the University of Alabama, were the main
people who helpe with the institutional arrangements and with travel, housing, and living
arrangements in TuscalooSaiversity of Alabama Students Dinuke Munasinghe and James Misfeldt
assisted with field activities and student projBleéscontribution from all Univf Alabama support

is greatly appreciated.

A key to the success of the National Water Center Innovators Program is the support it receives
through the voluntary collaboration of the academic community, along with commercial and
government partners. DdwWlaidment wishes to acknowledge that his contribution to this research
was supported by the University of Texas at Austin, and by the Kisters water data management firm.
Altogether, over the three Summer Institutes held since the inaugural evenimor@Q@h&n one

hundred graduate students have had the experience of working together at the National Water Center
in group research projectsside from the technical progress that they make, equally important are
the friendships formed and professiondivokks established among the Summer Institute
participants that they carry with them into the futlires is a unique and valuable professional
experience, and we express our appreciation to the NOAA National Weather Service for hosting and
supporting tis innovative activity and this opportunity to contribute to the enhancement of water
prediction for our nation.

David Maidment, Sagy Cohen, Jim Nelson, Fred Ogden, Sarah Praskievicz
Theme Leaders, National Water Center Innovators Program Summer 204fitute



Project Summary

In August of 2016, the National Water Model became operational marking an unprecedented effort
that rightfully challenges the way research can be done and the wiayehigidnoce can benefit

society. This modeling frameworls l@so introduced ways in which interdisciplinary research
surrounding water resources can be done. By providing river forecasts for 2.7 million reaches within
CONUS, the NWM provides a nerve center in which two previously distinct@raupst a g& ner a't
and 0 d a tam uniteste answ@r new questions in a time where population pressures and a
changing climate make water management more paramount.

6Data generators® have traditionally included
the data i s as accurate as possible in as man)
data to communicate, plan, and study emerging properties grounded in water resources. With the
NWM serving as common platform to both generate awvitiprdata, these groups can interact in

ways that result in a more accurate models and more robust applications. Capitalizing on this
opportunity, the third Summer Institute at the National Water Center brought together 32 students
from 25 universitiesmging from California to New York with backgrounds across a breadth of fields.
Through an intensive seven week stretch, these students, with the help of theme leaders, industry
professionals, and government researchers, demonstrated how these twg giginctigroups

can not only come together under the framework of the NWM, but how their knowledge and
experience can integrate, suppleneentd i mprove each otherds wor k.
executed that can thematically be grouped undeortie@nd of hyperesolution modeling, flood
inundation mapping, and communicating NWM results. Combined, they explore questions relating to
the implementation of hyper resolution models, how output data be leveraged and validated, and how
outputs can be levaged to serve society.

Chapter 1lof this report introduces a new hypsgolution (stil00 m horizontal resolution) model
called the oOADaptive Hydr ol ogi c3®Imodeiowhienlwas, or
developed to simulate large watgiston a supercomputer and operates on an unstructured mesh
providing variable resolution across the modeling domain. In total 10 students worked closely with
the development team from the University of Wyomimyadtuatehis model. At the end of the

sunmer these groups mark the first individuals to successfully generate meaningful results from
ADHydro and helped showcase its potential in three specific areas that are traditionally hard to model.
Chapter2i | | ustrates a c as e siswhichtgsts how AlHydrogper@rth®i® s An
comparison to NWM in areas dominated by snowmelt and steep terrain. They were particularly
interested in evaluating the effect of spatial resolution on snow water equivalent and discharge over
the watershed. The aath of thechapter 3focused their efforts on an urban watershed in Baltimore
which takes into account building footpriatg]chapter 4investigated ADHydro's performance in

a watershed with low topographic relief in Southern Louisiana.

Another group obtudents evaluated methods for converting forecasted discharge into inundation
maps. The authors ohapter 5picked up on the previous work for HAND inundation mapping
using synthetic rating curves and developed a framework that not only validsyesiiteseurves

across the spatial domain of CONUS but also proposes a suite of correction methodologies to
improve the terrain derived rating curves in underperforming areas. The aotiapteobwere
interested in improving flood inundation predindi from the National Water Model and
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hypothesized the NWM would not accurately capture the backwater effects of Hurricane Matthew
along the Neuse river. Instead they implemented a steady state model, SPRNT, to generate discharge
andstage value$hey usg¢the HAND method to generate flood inundation maps from both SPRNT

and NWM discharge values and validated them against a remotely sensed image acquired through &
new approach for detecting floods.

Two groups worked to evaluate the accuracy and apmdicdtibe first 2year retrospective run of

NWM v1.0. The authors ahapter 7approached the retrospective data from a statistical vantage
point and built a Tethys application to compare the retrospective data to USGS station data. Their
application offies both a graphical representation of the data along with a suite of statistical metrics
to assess how well the model is performing, both at an individual reach andwidaNUBe

authors othapter 8took a more applied approach and created a Tethgsitamphhich uses the

NWM longrange forecasts to visualize and warn of potential low flow conditions, whose definitions
are derived from the retrospective record. They also created a package in R for processing
retrospective data and evaluating modirpence.

The final two groups focused on communicating and understanding how communities and individuals
understand and can respond to the informatioapter 9administered a set of surveys to the public

to better understand public perceptions suringnitbods and flooding risk. Feedback from each
survey helped produce a conceptual framework for a set of inundation maps for Baton Rouge, LA
and Dallas, TX. In the end, they proposed a map structure that public believed to be more concise
and effectivehian current products. The authorofapter 10developed a wdimsed application

that integrates flood forecasts with potential social impacts. The application uses GSSHA to model
inundation based on re¢ahe precipitation forecasts, and a Telagedront-end to display ethe-

fly estimates of the people and places potentially threatened by an impending flood.

The students of the 2017 Summer Institute have been an absolute pleasure to work with and all
successes are a testament to their work diitity, @ collaborate, and dedication to spend their
summer away from family. The breadth of their work and respective backgrounds highlights the
impact a community model can have on bringing scientist together. They have all contributed towards
a goal othanging how water resources research is carried out and how citizens can engage with their
water circumstance. More so their relationships have brought the academic domain a bit closer
through relationships that will last a career.

The reports publisheldere represent the culmination of seven weeks of research, and present a
platform not only for these students to continue pushing forward with their advisors, each other and

t he NWC, but for the r esdemdr athoeusecGdmmutnd d dyte @ o
more engaged in the development of the NWM.

J Michael Johnson
Student Coordinator, National Water Center Innovators Program Summer Institute 2017
Department of Geography, University of California, Santa Barbara

James M. Coll
Student Gordinator, National Water Center Innovators Program Summer Institute 2017
Department of Geography and Atmospheric Sciences, University of Kansas



Chapter 1

ADHydro Introduction and Workflow

Jason Chang Irene GarousiNejad? Lauren Grimley, SiweiHe* Mariam Khanant, Tyler
Madserf, Qicheng Tang/, Eddie Tiernan®, Danielle Tijerina®, Chris Turnipseed®

1 University of Floridsswjason@ufl.edu

2 Utah State Universifygarousi@aggiemail.usu.edu

3 University of lowdauregrimley@uiowa.edu

4 Univesity of Wyomingshe@uwyo.edu

5 University of Alabamemkhanam@crimson.ua.edu

6 lowa State Universityadsen@iastate.edu

7 Pennsylvania State Univergjty9@psu.edu

8 University of Texas at Austatiernan@utexas.edu

9 Colorado School of Minattjjeina@mines.edu

10| ouisiana State Universitiiristopherdturnipseed@gmail.com

Academic AdvisorsWendy Grahant)niversity of Flgrigiavid TarbotonUtah State UniverSititold F.
KrajewskilJniversity of lpiNariaki OharaJniversity of Wyon8ag Cohenlniversity of Alabaiiestie J
Franzlowa State Univetdiyry Lin,Pennsylvania State UniBasify HodgesdJniversity of Texas at Austin
Reed MaxwelColorado School of;Milreten S Willsorh,ouisiana State University

Summer Inditute Theme Advisor. Fred Ogden, University of Wyomifoggden@uwyo.edu

1. Introduction to the Model

ADHydro is a highiesolution, physidsased, qua8D, hydrologic model that utilizes an unstructured

mesh. Developed in a parallel computing envirorinby the CIWATER research @ at the

University of Wyomig) the characteristics of this model include: 1) an innovative method for
modeling vadose zone dynamics, 2) a water management module considering reservoirs, diversions,
and irrigation, 3) a gpled scheme to estimate interception, evaporation, and snow processes through
the community Noah Land Surface Model (LSM) with-paudtineterization options (No&hP)@

® and 4) the capability to ingest downscaled atmospheric forcing from the VésatehRnd
Forecasting (WRF) meteorological model using the CHARM++ parallel programing environment.
More information on the physical process of ADHydro are summarized in the following sections.

1.1 Interception, Evapotranspiration, and Snowmelt

The inteception, evapotranspiration, and snow melt processes@edesi using the NodhP

modef 2 The NoahMP model considers biophysical processes such as interactive vegetation
canopy, multilayer snow pack and soil, overland runoff, and unconfirexd adfhifdynamic water

tables for underground storage. Its major components indayg tanopy,-layer snow, and 4

layer soil. In NoaMP, precipitation is partitioned into rainfall and snowflsing surfacair
temperature as a criterion, the pgneater scheme simulates the canopy water interception and
evaporation, a 1yridl schdme calzidatesnthet skin temperagure of the canopy and
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snow/soil surface separately using an interactive energy balance method. Snow and soil layer
tempeatures are used to assess the energy for melting and freezing for the snow and soil layers.

1.2 Routing

The overland flow can be simulated using dynamic wave or diffusive wave shallow water equations
(SWEs), which include one mass conservation equationeamomentum equation. In this model,

2D SWEs with the diffusive wave approximation are used for the overland flow routing. Diffusion
wave approximation assumes the velocity terms are negligible and it is applicable in situations where

Froude number isrsll.
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Where/g is in the direction of the maximum slope, and n is Manning's roughness coefficient.

1D SWEs, which are also known as Sarant equations, are used for the channel routing method
in this model,
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WhereA is cross section area of the channelQasdolumetric flow rate.
For lakesand reservoirs, the reservoir routing method is used,

—, OUu Y O %Y v 0]
Qo
Where S is volume of storage in the reservbirs inflow, O is outflowR is rainfall,.E is
evaporation$, is seepage, atis lateral overland flow

1D SWEs, which are also known as $a@nant equations, are used for the channel routing method
in this model. For lakes and reservoirs, the reservoir routing method2®useztland flow feeds



into 1D channels and the discharge is calculatacehp@ical equation that was proposed by Blade
et al¥ for the natural channels.

@04 ¢ 0@ & h Sa & a d

a is headwater surface elevationis tailwater elevation, afad is weir crest elevation, L, is the
length of 1D channel element in contact with 2D mesh eddéisaadonstant (generally 0.8 <
0.6%.

1.3 Subsurface Flow

The subsurface flow in this model is simulated with a3@uéeiw scheme, which indes the 1D
infiltration in the unsaturated zone and the 2D horizontal flow in the saturated lzoriD
infiltration and redistribution method in the discretized moisture content domain (i.e. the unsaturated
zone) is the Greelmpt with RedistributionTalbotOgden, proposed by Ogden é?ahd Talbot

and Ogdef.

Qe — 0 —  $0—s Q
0o  — — P &

Where Zis position of surface wetting front of bin—,is initial water content or the water

content of the first bin that is not fully saturated betweegrabedwater table to the surface, and
— is the water content of the righbst bin in the surface wetting front that contains wated. K(

and K&) are the unsaturated hydraulic conductivity eftaed— bins, respectivelf) is depth

of surface ponding, and-hj is the capillary pressure-efbin. The movement of a groundwater
wetting front can be described by,

QO — U — ko)
00 —— P 5 y

Flow inthe saturated zone is simulated using the 2D unconfined aquifer groundwater governing
equation, which is also known as the Boussinesq equation.

Towa%;wToo(%;w ®

Where H is totagroundwater hydraulic head, h is groundwater deptlaye 0 hydraulic
conductivity, R is the vertical recharge rate to the saturated surfates tinedspecific yield.

The interaction between channel and groundwater is simulatecktinp@ thatvas proposed by
Gunduz and Arél, and the flow direction depends on the river water surface elevation and the
groundwater head.
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Where0 is river bottom sediment conductivity, is river bed wetted perimeteg is the river
bed thickness, & river water surfacesehtion, H is groundwater head.

1.4 Water Management

The emphasis of the watmanagement module is placed on the engineered aspects of water
management and usé&his is where storage reservoirs, diversions, and irrigation are simulated.
Statistical based methods and operation rules based optimization methods are used. Typical
constraints and rules include maximum and minimum elevations, target elevations for wet and drought
seasons, maximum and minimum releases, and contractual, legal, and institutional obligations.
Interactions between reservoirs and river/aquifer systenoarensisiered.

2. PreProcessing

Before ADHydro is run, there is a necessary process to create the triangulated irregular network (TIN)
that the model 06s e nThis preprocassirig stage bfysing ADHpdwtiselhe o n .
most laboiintensive, bt the quality of the mesh produced in these steps dramatically affects the
effectiveness of the ADHydro model ruksor exampl e, the owall cl oc
measure of how much faster the model runs than real time, is largely a funetioonobgieneity

of mesh elements created in thegooeessing stage.

2.1 TauDEM Stream and Catchment Delineation

The initial step of ADHydro preprocessing is stream and catchment delineation, which was completed
through the use of TauDEM (Terrain analysisguDigital Elevation Models), within the ArcGIS
Toolbox. TauDBEM, developed by Tarboton et®aéxtracts and manipulates data from Digital
Elevation Maps (DEM) for utilization in hydrologic and hydraulic mode&agures include the
removal of pitsand computation of flow direction and contributing area in DENEs.outputs of

TauDEM are the initial catchment and stream network shape files (.shp).

2.2 ArcGIS smoothing

These initial catchment, stream network, and NHD waterbodies files are tednnmeinctGIS

through the use of the Topological Toldhe refining process includes steps to ensure the catchment
and shape files have no geometric gaps and do not oVhrtagreates contiguous shapefiles which

in aggregate form a complete watershA&sh, through ArcGIS specific regions of a watershed can

be refined further for a higher resolution in the subsequentimésh.i s i n t his step
resol ut iThatis, foi asspesifec tesolution, ArcGIS removes or interpolates verees
shapefile that are less spatially discrepant than the resolution tdierdmEevay, the minimum

triangle edge possible is the resolution tolerdhesoutputs of the ArcGIS smoothing are the initial

files for the mesh creation.



2.3 TriangIMesh Creation

The refined catchment, waterbody, and stream network files are then used in the creation of a 2D,
unstructured mesliFigure 1) through a program called Triangl€riangle, developed by
Shewchuk’, creates several ASCIl files which defime triangular elements and their
relations.These ASCII files are then utilized by ADHydro as a computational domain, which the
subsequent meteorological forcing data is applied ldoerever, before a simulation, physical
parameters must be interpethionto the newly created mesh. The parameters include a digital
elevation map (DEM) from the National Elevation Dataset (NED), land use maps from the National
Land Cover Database (NLCD), and soil data from the Natural Resources Conservation Service
(NRCS)

Figure 1. Example of a mesh created by Triangle program, Mermentau River Basin.
3. Processing

The workflow for running a simulation with ADHydro is still under development, and the modeling
software itself does not yet have an ordained procesghgc@ user interface. The distributed

nature of ADHydro causes outputs to be computationally expensive to obtain, and as a consequence
ADHydro is most effectively run by parallelizing the 1/0 and operations within a supercomputing
environment.Traditianally, supercomputing environments are driven by command line prompts and
not executions within a GUI, which helps explain why the development of a graphical platform for
ADHydro has not been a priorith. number of existing platforms and methods musthipoyed

to initially created the distributed network that ADHydro will run on, as well as myriagnagsdom
scripts. A disclaimer that must be at this juncture is the conspicuous lack of a parameter calibration
process once the mesh is created andeli®model is runThat due diligence process would be

10
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necessary for a publicatworthy hydrologic study, but was not included in the tests of ADHydro
described in the following chapters.

3.1 Mesh Massage

After the cumbersome ppeocessing steps hdeen completed, and the triangle meshes with joined
elevation, soils, and land cover data are organized within an ASCII folder, the procedure for actually
running the ADHydro model may commenoethe model command script, called a "superfile”, the
ASCII mesh files are set as inputs, and a model setting called "mesh massage" isThetivated.
purpose of this, additional, pr®deling step is to ensure that each triangle catchment has somewhere
to drain, and warnings are thrown if any catchments arepedgtdigital dams" from which water

cannot escapéf these digital dams are occurring, there is likely an error in the triangle creation, and
the preprocessing steps must be revisitgg.doing this check before putting any water into the
modeled sstem, much computational headache and confusion can be aMogdesh massage is

the initial step of what is essentially agtage model running methodolégy

3.2 Drain Down

The second step of the model running methodology is to syntheticadiycenta groundwater

moisture initial condition into the systebneating this groundwater initial condition can dramatically
decrease theupmpmounme od wmepPgéeh needs beThsre it
groundwater moisture initialipah st ep i s call ed the o0drain down
the mesh massage, with a model setting activated within the job stpeyildifference, however,

is that the drain down accepts, as inputs, the geometry and parameter Net€&iDRireg) the

mesh information created in the mesh massage stage (converted from ASCII format), and its output
is updating the state and display NetCDF files, as well as copying over the geometry and parameter
files into the output directonAnother diference is that, in order to successfully run the drain down,
forcing data must be providethe implementation of forcing data in the drain down phase is a little
countefintuitive; the drain down takes the forcing data (sans precipitation) fronsttheefir

instance, and assumes that forcing state persists for twAdtiitienally, the drain down setting
artificially saturates the catchment at the beginning of the simulation. In this way, the drain down can
isolate two modules of the ADHydro modijtration and evapotranspiration, such that water is

only leaving the catchment, and a plausible groundwater moisture condition is left behind. Time is
all owed to oO0advanced only i n ementeof foromd edhtg wi t
occurring.

3.3 SpHup

The second to last step of the ADHydro modeling workflow is a critical, correctional step known as
the spinup. A spinup period is commonly used in the modeling world to ensure that the initial
conditions are as realistic as possildlele the drain down helps create a physically real groundwater
condition, that cannot be assumed to accurately represent the initial condition of the catchment before
the storm event of interesBeveral studies have shown model sensitivity to initislozsnsuch

that removing uncertainty in those conditions is now considered an important step in any modeling
process.The spinup is computationally identical to the actual model step (in terms of using forcing

as the impetus for reoff), with the solelifference being that the output, updated state and display
Net CDF fil es, arendt consi der ed \Aadleiofdthumlp pr o x i
for spirup duration is two weeks, but there is no general consensus for this rule and more studies

11



the sensitivity of initial conditions to spmduration are needed/hen the amount of spup time
required exceeds the forcing data available, one potentially useful strategy is to feed the preliminary
spinup output back into the same forcingplcand repeatntil convergence is reactied

3.4 Model Runs

Once appropriate initial conditions have been approximated, the actual storm period can be simulated
(Figure 2). This simulation duration can be as long as necessary to fully capturentemtcatch
response behaviorhe model run step has the same format as thepspaecepting the output of

the spirup as the initial conditions, and a continuation of the forcing data to drive theTimedel.

output of the model run is once again updaie atat display NetCDF fileAfter the model is run

and the output data is obtained, useful results can be visualized using a number of conversion scripts
and diferent visualization platforfts

4. PostProcessing

Postprocessing of ADHydro outputceana k e many f orms depending upc
result is.However, the three groups collaborating on this workflow were primarily interested in
streamflow behavior at the outlet of their respective catchments, so hydrographs were the desired
deliverable.A python script was used to read the streamflow from the state NetCDF output and plot

the data over time.

10 ‘ Flow qut of 1(|)8

Flow (m*/s)

0 20 40 60 80 100 120 140 160
Instance

Figure 2. Example of the output of mesh_hydrograph.py script for Dead Run c8honel therflent\idgiven time instance,
in this case hours after midnight on May 4, 2017.

4.1 PaMiew

For other posprocessing needs, .xdmf files can be created using a C++ program to act as a medium
by which a visualization program, sudPaea/iew, can be used to create animations of sstateal

variables over time in the mesh or channel shaféfijese 3). This was used to create maps and

ani mations of the peak fl ood extent for the s

12
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Figure 3 Example plot frBard/ iew showing thatiele\change in the Dead Run catchment with building top.elevations include
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Abstract: A proper spatial resolution for hydrological modeling is essential due to the spatial
heterogeneity of atmospheric conditions, topography, land cover, and soil properties. The National
Waer Model (NWM) is a hydrologic model that simulates observed and forecast streamflow over the
entire continental United States (CONUS). The NWM provides complementary hydrologic guidance
at current National Weather Service (NWS) river forecast loaadisighéicantly expands guidance
coverage and category for underserved locations. At present, NWM simulates all hydrological
processes at a spatial resolution of 1 km exc
simulation. ADHydro, on ¢other hand, is a physibaked hydrological model using unstructured

mesh developed for parallel computing environment. Compared with NWM, it represents
hydrological processes using point locatiafe equations which can be applied forrasgghution

simulation. In this study, ADHydro is first run with a spatial resolution of 30 m over the Animas
watershed, an alpine mountain area in Colorado, USA. Then, the simulated results of ADHydro and
NWM outputs, which can be downloaded from NWM Exploreryakgaged in terms of streamflow

and snow water equivalent over the study area. The results indicate that snowmelt contributes greatly
to the stream flow. The reason is that we assume a uniform snow water equivalent as initial condition
over the entire stydarea. We found that ADHydro successfully captured the time lag between
snowmelt event and streamflow peak at the outlet. With appropriate calibration and initial conditions,
we expect ADHydro could have a good performance over the study area.

1.Motivation

Hydrological modeling in mountaus areas is very important in several ways. For example,
mountainous areas are where streams are originated, and snowmelt of the mountainous areas account:
for 75% of annal discharge for the western ®U3However, hgrological modeling in the
mountainous area proves to be difficult due to the spatial variability of atmospheric conditions,
topography, land cover, solar radiation, precipitation, and soil properties. Therefore, one of the
obstacles of current hydrologimadels in mountainous area is their spatial resolution. Generally, the
high-resolution models should have more advantages over theresmw®n models in the
mountainous areas in that they can represent this spatial variability more accuratzlymiddels

with coarse resolution are more computational

14



National Water Center Innovators Program Summer Institute 2017

with highresolution models, which require intensive computation resources and are difficult to get
high resolution data.

2. Objectives and Sope
2.1 Objectives

The main objective of this work is to assess the impact of the spatial resolution on hydrologic modeling
at mountainous areas, especially for snowmelt. By implementing ADHydro aesolbigin

model , we O6r e a bl neate tewain preperties anel tiderd sokhr ragiationn more
realistically. This allows us to have a more detailed simulation of water and energy balances in complex
mountainous area. And with this work, the performance of National Water Model (NWM) will also

be quantitatively evaluated over the same mountainous area. Furthermore, we hope this work would
be able to provide useful information for the further development on configuration of NWM.

2.2. Case Study

Our case study is one subtershed of the Animas/B& watershed. This sulatershed is delineated

based upon one of the USGS stream stations (Animas River at Durango, 09361500, CO). The
watershed extends approximately 82 km from the headwaters in the San Juan Mountains above
Silverton Colorado to the Damgo city. The drainage area above the outlet is about 2,8lfifekm

flow rate and volume of streams in this watershed vary greatly seasonally. The seasonal high flow
occurs during the spring snowmelt period, which is from late April through earliiehenaeT14

USGS stream gages located within the study area, as $hgune ib However, for now, only 6 of

them are active and have available data. Except for the stream gages, there are 6 Snow Telemetr
(SNOTEL) gauges located in this watershed, wiraabperated by National Resources Conservation
Service (NRCS). Elevation of the study area ranges from 1985 meters near the Durango city to 4311
meters in San Juan Mountains as illustrated fingtlme 1 The average annual precipitation of the

study aga ranges from 1118 mm in the highest elevations to 386hmamin the lowest elevati®ns

As shown irFigure 2, at lower elevations landcover is generally forest land, while at higher elevations
where most of USGS gages and SNOTELSs are locatediatgl th@verages are herbicides and barren

land.

3. Previous Studies

Haddeland et al. (2002) studied the influence of spatial resolution on simulated streamflow by variable
infiltration capacity (VIC) macroscale hydrologic model over a snowmelt donsiteatdcbdvand a

rainfall dominated watersRed his study shows that the lower resolution models preserve the general
form of the hydrographs at the basin outlets. However, total runoff is lower at coarse spatial resolution
than at higher spatial resaatfor both snowmelt and rainfdbminated basins. Singh et al. (2015)
studied the effects of fhseale topography and soil texture on CLM4.0 simulations over the
Southwestern U.S. by simulating at 1, 25, and 100 km reé8olthimmesults show chasgde the

total amount of CLMnodeled water storage, and changes in the spatial and temporal distributions of
water in snow and soil reservoirs, as well as changes in surface fluxes and the energy balance. Furthe
this study demonstrated that although Higlher grigresolution model is not driven by high
resolution forcing, grid resolution changes alone yield significant improvement (reduction in error)
between model outputs and observations. Vivoni et al. (2005) studied the effects of triangulated terrain
resolution on distributed hydrologic model response by conducting a multiple resolution validation
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experiment utilizing th&IBS model over a wide range of spatial aggregatidpl. Ieveieir study,

the relationship between the hydrologic sensitivity to resolution and the spatial aggregation of terrain
attributes is presented as an effective means for selecting the sobdiEnceAlso, this study

highlights the important effects of terrain resolution on distributed hydrologic model response. Sulis
and Camporese (2011) studied the impact of grid resolution on an integrated and distributed response
of a coupled surfagsubsirface hydrological mo@elThis study indicates that discharge volumes
increase as the resolution is coarsened, and that coarser grids are also wetter overall in terms of wate
table depth and soil water storage.

4. Methodology
4.1 Model Description

In this study, NWM and ADHydro were used as coarse andesddiition hydrologic models
respectively. The first version of NWM model, namely NWM 1.0, became operational in August 2016
and the newest version, NWM 1.1, was unveiled in May 2017. This nubatelssihe water cycle

with mathematical representations of the different processes and gendnaiesvadal prediction

for the CONUS. The configurations of NWM including land surface processes are over 1 kilometer
grids and terrain routing over 256tens grid. Both land surface and terrain routine processes are
based on the Weather Research and Forecasting hydrologic moddlydviREeveloped by
National Center for Atmospheric Research (NCAR) implementing diffusive wave overland flow
routing, satated subsurface flow, and Muskingiumge channel routing down NHDPIlusV2
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ADHydro, developed by @ATER watershed modeling team, uses explicit finite volume method

to solve conservation laws for flow calculation. Even though ADHydro uses the samiadand s
model as NWM, it only uses the paicdile processes such as evapotramspiand snowmelt from
Noah-MP®. A comprehensive description of ADHydro model is manifestegline 3. One of the

special aspect of ADHydro which we believe can a#drydinologic modeling in mountainous area

is associated with the solar irradiance calculation. ADHydro uses unstructured triangular meshes.
Unstructured triangular meshes are more efficient in their use of DEM data than fixed grids when
producing solar mdiance information for spatially distributed snowmelt calculations, and they do not
suffer from the aifact problems of a gridded DEEMIn fact, slope and aspect (from DEM) are
identified as large contributors to the spatial variability of the sméagy balance, causing
significant differences in snowmelt timing and magnitude. Kumar et al. (2009) indicated that
unstructured meshes can provide a-dugitity representation of the terrain using many fewer
elements while maintaining conformance tgeoenetrical and physical properties of the basin to
some predefined tolerafite
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4.2 Input Data for ADHydro

4.2.1 Atmospheric data

For this study, we used the same forcing data as NWM for ADHydro, not only for the benefit of
comparison with NWM, but for its higlccuracy as well. NWM uses a combinatiaiffefent

datasets, including Multi Radar Multi Sensor (MRMS), High Resolution Rapid Refresh (HRRR), and
Rapid Refresh (RAP), for OAnal ysis and Assin
Precipitation Estimation (QPE) product which integrateg 4BO operational radars, i.e. observed
precipitation, and generates a seamless 3D radar mosaic across CONtinetal United States (CONUS)
at very high spatial (~ 1 kilometer) and temporal (~2 minutes) resolution. HRRR is a NOAA real
time 3km resolution, harly updated, clouesolving, convectiesdlowing atmospheric model,

which is initialized by 3 kilometers grids with 3 kilometers radar assimilation at the time resolution of
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15 minutes. Compared with HRRR, RAP is assimilated by radar data hourlyingotkerttivee
datasets, a g#éiping method, which is developed by David Kitzmiller
(http://github.com/NCAR/wrf_hydro_forcing, is used by NCAR. If MRMS is unavailable at some
areas, e.g., mountaisareas, or it is of bad quality, HRRR and RAP are then used. The final forcing
includes a set ofkilometer precipitation ratiegfni’s), surface pressuieg, downward shortwave
radiation\\v/m?), downward longwave radiatiéh?), 10meter uwind conponent (n/9), 10meter

v-wind componentni/s), Z2meter air temperatur€)( and 2neter specifibumidity kg/kg. Figure

4 shows the spatial variability of the average precipitation (from NWM forcing) over the study area.

4.2.2 Land Cover and Soil

In this study, NLCI®? and SSURGE databasaerecategorizetbasedn Noah-MP parameter
tableghttp:// www.ral.ucar.edu/research/land/technology/noahmp/HRLDAS
v36/SOILPARM.TBL) to generateequired soil properties (showrrigure 5) for running
ADHydro.
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Figure 4. Average precipitation of May 201 Figure 5.Soil Type over the study area

4.2.3 Mesh

Three steps are taken to generate the mesh for the wlaleaabEM preprocessmgs1S smoothing

and Mesh creatiddter getting the DEM and NHD data, TauDEM is then used to delineate the
watershed and streams (with a threshold of 800m) base®8mitnod. TauDEM itself, is a suite

of DEM tools for the exaction and analysis of hydrologic information from topodraiBwysetting

the cluster tolerance as 30m for the outputs from TauDEM (catchments, streams and waterbodies),
we deleted features under the resolution of.3the differene between the T&MND outputs and
aftersmoothing (modified) outputs are showRigure 6 and 7 Unstructured meshes are generated

for the watershed using Delaunay Triangulation as illustrgitgaréS.
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