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ABSTRACT: TheNational Weather Servic®lWS) forecasts floodatapproximately 3,600
locations across the United Stateewever, he river networkas defined by the 1:100,000 scale
NHDPIlus datasetonsists of 2.7 million rivesegmentsThrough the National Flood
Interoperability Experiment continental scale streamfl@imulation andorecast systemas
implemented.and continuously operated through the summer of PlOi$system leveraged the
WRFHydre_framework initialized on a 3 km gridthe RAPIDriver routing model operating on
the NHDPlusandreaktime atmospheric forcing to continuoudiyrecast streamflowl hough

this systenproducedorecass, his paperpresents atudyof thethree montmowcasto
demonstrate the capacity to seamlepsdictreach scalstreanflow at the continental scaltn
addition, ths paperevaluats theimpact of reservoirghrough a case study Trexas Validation

of the uncalibrated model using observed hourly streamflow at 5,701 USGS gages shows 26%
demonstrat®Bias< |25%], 11% demonstrate NSE 0.25 and 6% demonstrate b@Bias<
[25%|and NSE> 0.25. When evaluating the impact of reservding,analysis shows when
reservoirs are included, NSE).25for 56% of the gagedownstreanwhile NSE> 0.25for 11%
when theysaremnot.fe results presented here provideeachmark for the evolving hydrology
program within‘the NWS and suppotiteir efforts tadevelop aeach scalélood forecasting

systemforithe country.

(KEY TERMS: continental scale river dynamjcgreamflowprediction surface water

hydrology;.flood forecasting.)

INTRODUCTION

Theart.and science of flood forecasting is imperfect and has a long history thab dates
the earlyssettlements along the Nile River where farmers planted crops along its nutritious river
banks (Sutcliffe,and Parks, 1999). Although the quantitative impacts of floods have changed
significantly since then (e.g. loss of crops for an individual farmeipaoed to billions of dollars
in municipalinfrastructure damage), the ability to accurately forecast flood events with an
appropriate lead timand at a releant spatial scalbas always been a sought after achievement.
Floods within the United States are thetion’slargest natural disasters with respect to annual
cost (approximately $8 billion per year) and segponsible for an average of IBSses of life

each year with trends suggesting an increase in these toi8ldqood Loss Reporater Year
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2014. Accessed July 31, 2017, http://www.nws.noaa.gov/hic/summaries/WY2014.pdf). Both of
these costs are a result of several factors that include steady#hdrbanization within the
floodplain (Ogderet al., 2011, Vogekt al., 2011; Gilroy and McCuen, 2012), extreme synoptic
and convective precipitation evenfsigbjergNielsen, 2012; Kunkedt al., 2012; Mahoneyt

al., 2013) and,gaps in the communication of flood risk at an appropriate temporal and spatial
scale Kellenset'al., 2013; Sharitt al., 2015 Morsset al., 2015. These risks are exacerbated in
areas, such'as'the central Texas corridor and Colorado Front Range, where moist seasonal
weather pa@érns'combine with steep topography to produce flash flagdeélly characterized

as rapid responses in streamflow withi Bours)Morsset al., 2015; Zhao and Li, 2015;
Nielsenand Sehumacher, 2016

The.effects of floods are mitigated through piagneducation and theealtime
distribution.efflood information. On the planning side, water practitioners develigpshad
scale hydrologic models (McDonnetlal., 2007 Wagenegt al., 2010; Hodges, 2013) and
statisti@ally characterie observational records (Helsel and Hirsch, 2002; Vetigsl, 2011;
Salas and Obeysekara, 2D1dfacilitatethousands of watershed scale engineering studies that
contribute,to,the National Flood Insurance Program (NFIP) (NRC, 2009). Although $Hesdha
to the development of the “100-year” flood inundation map along thousands of rivers and creeks
across thercountry, a majority of the river miles within the United States lack such a map.
Moreover, while “106year” flood inundation maps aid in the planning of flood response by
communicating risk to thpublic andemergency response community (Metal., 2007), they

do not pravide real-time spatial or temporal intelligence on imminent flood events.

In the United States, the National Weather Service (Ni@/8perationally responsible
for issuing flood forecasts and warnings to the public (McEaieal,, 2005;Seoet al., 2013,
Clarket al,, 2014. This service is supported by local Weather Forecast Offices (WFOs) and
regional River Forecast Centers (RF@&t rely on myriad observations, numerical weather
prediction (NWP) models, hydrologic and hydraulic models@aat to peecommunication.
Although distributed modeling capabilities have evolved in recent decades, a sabgtatitin
of the nation’s fbod forecasting system relies on the Sacramento Soil Moisture Accounting
(SAC-SMA) model developed in the 1970s (Burnashl., 1973). The product of this system,
communicated through the Advanced Hydrologic Prediction Service (AHPS), is dlsetof
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forecasts at approximately 3,600 locations across the country. This apprexiotate forecast
for every 1,500 riverikometers as depicted ifrigure 1, andesults ina disparity between where
water flows and where forecasts are availabbe referene, the United States has 5.34 million
river kilometers as defined by the 1:100,000 (1:100K) scale National Hydrography D&{aset-
(NHDPIlug (MeKay et al., 2012).At this scale, the NHDPIus divides the coytgriver network
into approximately 2.7 million rivesegmentsor “reache? that have corresponding drainage
catchments:This rich geospatial dataset has enabled water practitioners and researchers to
seamlessly track the movement of water through a ceenpl@nnel network and has resulted in
several scientific studies whichference the NHDPIuss an adequate geospatial framework for
streamflowssimulatioriCooteret al., 2010; Boottet al., 2011; Davidet al., 2013).

(Insert FIGURE 1 here)

As computers, geospatial datasets and sensor networks evolve, the ability to seamlessly
modelthe water cyclén reattime expands and enables scientists to answer many questions that
were not possible befor®Magenest al., 2010; Hodges, 20}.3In fact, NASA’s North Anerican
Land DatasAssimilation System (NLDAS) is a prime example of the continuoustiomeof
multiple near‘reatime gridded land surface mod€lsSMs) covering thecontiguous United
States at'a.1/8th degressolution(Mitchell et al., 2004 Xia et al., 2011). However, in 2011,

Woodet al«(2011) challenged the hydrologic science community to go beyond this scale and
support the infrastructure development of “hyperresolution” hydrologic models on thed spati
scale of 1'kmConcurrently, because of thecreasing pressures on the nation’s critical water
resourcesgthesNational OceaaivdAtmospheric Administration (NOAA) erected the National
Water Center«(NWC) on the campus of the University of Alabama in Tuscaloosa as an
instantiation of the Integratafater Resource Science and Services (IWRSS) consortium (Cline,
2009) which includes NOAA, the United States Geological Survey (USGS), Uniteed Brany
Corps of Engineers (USACE) and Federal Emergency Management Agency (FEMA). Among
the missions.of 'the NWC, one is to provide timely and tiead-“street level” flood forecasts to

the public.

As such, the focus of this paper revolves around the challenge made byeVsbod
(2011) and the mission of the NWC by describing the geospatial and hydrologic framework used
during the 201M3ational Flood Interoperability Experiment (NF|Eyhich included the
continuous operation of a continental scale streamflow simulation and foresysti@girom
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May 2015 to August 2015. Though this effasdsmotivated byreattime, “street level’flood
forecastingat the continental scgléhe purpose of this studly to demonstrate the capacity to
supportreaktime streamflow prediction at theontinental scale and at thesolution of the
NHDPIus reaches arahtchmentswhich in turn could be used to suppttreet level’flood
forecasing..This paper is accompanied by a companion paper, Maidment (2016), which
introducesithe high level conceptual framework for NFIE. In contrast, this papeigsa
detailedtechnical description of the modeling framework used to operate thengeal
streamflow simulation system. This system leverages the Weather Research and Forecasting
Model Hydrological modeling extension package (WRF-Hydro) and the RoutinigcAiapn for
the Parallel Computation of Discharge (RAPID) to simusaiteanflow along2.7 million
NHDPIus riverfreached his study will presena streamflow analysis dfie 3 month nowcast,
covering thaemporalextent of the experiment, and proviaease study in Texasvaluating the
influence of reservoir operatioriBhe following sectionstart with a brief review of existing
flood forecasting and hydrologic modelingpabilities within the United Statesd is followed
by an overview of NFIE and the model configurations used during the demonstration effort.
Finally, an‘evaluation adimulated streamflows presented and discussedhin the context of

the NWS™evolving hydrology program.

EXISTING FORECASTINGAND MODELING CAPABILITIES

Within the United States, tiéWS is the entity responsible for forecasting flood events
and issuing flood warnings for the protection of life and prop&igatherReady Nation.
Accessed July 31, 2017, https://www.weather.gov/media/news/WRN_Pilot_Préjectspdf).
This operationsis carried out daily by 122 loe#FOsand 13 regionadRFCs(McEnery, 2005
Seoet al:2013:Clarket al., 2014). Using a suite of hydrologic datasets, observations and
modek, NWS"personnel assimilate the best available information in nedimneadnd issue
flood forecasts ‘at approximately 3,600 location®ogcast points across theountry (including
Alaska but not Hawali This is enabled bthe modeling of hydrologic conditions across 3,600
subbasifis, herein referred tofaecast basins, with an average sizef 1,000 knf. These
forecast basins cover the majority of the country with gaps in the westerhatesaiong

coastal estuaried\lthough forecasting operations within each RFC differ, the outlets of the

forecast basins (i.e. the forecast points) function as a basis for operational forecasts in that they

are the locations where flood forecasts are routinely isscr@ss the country
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One ofthe models used to guide flood forecastsi&sSAC-SMA model(Burnash, 1973).
This model is coupled with a routing scheme to issue forecasts 3600 forecast points.
During a flood event, a forecaster will readily adjust antecedent soil moisturei@os,ciind run
the lumped SAC-SMA model based on specified model inputs (e.g. current and farecaste
precipitation.and air temperatjrélthough this procedure provides a robust methodology,
studies have shown that there are limitationssiog lumpedasin models as basin scale
parametersfail'to capture local hydrologic processes at the catchment scale (Bevesingd89
and Frevert,;"2003Chaneyet al., 2016). In recent years, the NWS developed a distributed
version ofSAC-SMA and enhanced it by accounting for frozen soils and vegetated canopy
cover. Thesephanced version of the model is referred to as th&H8ACFransfer
Evapotranspiration (SAGITET) model (Koreret al., 2010) and is run within the Hydrology
LaboratoryResearch Distributed Hydagic Model (HL-RDHM) framework As with SAG
SMA, HL-RDHM is used by some RFCs in operation.

Though the forecasting system within the NWS has evolved over the years, many other
advances have been made with respecbtdinentalscale hydrologic simulation and they are
partially.a.result of demands and advances within the atmospheric science con(Ritmén,
2003) In contrast tavatershed scalmodeling efforts within hydrologic sciences, gridded 3-
dimensional'mode]dike the Weather Research and Fose€&/RF) modelhave been
implemented over large domains within the atmospheric science communityefiM2007;

Gula and Peltier, 2012; Hodges, 20R&ssmussed al., 2014. Because land surface feedback
has beendemonstratedaaprimary driver of local and regional weather phenomenon,
sophisticated.LSMbave been actively developed on the order of tehsindred®f kilometers
(Liang et.als;,1994; Mitchell, 2005; Olesoet al., 2010; Niuet al., 2011; Woodkt al., 2011
Archfieldetaly2015; Clarlket al., 2015). Although higér resolution LSMs have followed,

many still employ parameterization schemes to represent subgrid scale hydrologic processes
(Woodet al., 2011 Archfield et al., 2015; Chanewt al., 2016).In fact, Archfieldet al. (2015)

notes that scaling the application of LSMs from tens of kilometers to the catchment scale
remains a challenge due to the disparate requirements and persp#dtieesxisting hydrologic
modeling communities: catchmentdld scale), land surfacee@ionalscale) and global water

security (global scale).
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Parallel to the deslopment of LSMsseveralktudieshave focused on the development of
large scale river routing models (Lohmaatral., 2004; Okiet al., 2001; MiguezMacho and Fan,
2012 Davidet al., 2013 Krajewskiet al. 2016; Tavakolyet. al. 2016). The models developed
have variedn sgphstication based orouting scheme yetll demonstrate the capacity to route
streamflow.over large domainis an effort tamaintain spatial consistency between atmosphere,
landscape andriver network and because of insufficient data avasal#etar blue lines (i.e.
river polylineg, " most of theelarge scale modeling efforts have been based in the gridded
domainroutingfrom one channel grid cell to the nfRavidet al., 2013; Hodges, 2013).
However, the emergence of the NHDPIlus (Mclkebgl., 2012) and other Geographic
Information System (GIS) datasets have now made it possible to develop laegevsecaouting
models onwector blue lines (Beighley and Gummadi, 2011; leaalg 2011 Davidet al .,

2013; Liu and Hodges, 2013; Tavaketyal., 2016). As demonstrated in Dawdal. (2013) and
Tavakolyet al. (2016), one such model is thght-weight and computationally efficieRAPID

river routingmodel which has been implemented, among other domains, over the Texas Gulf
Coast andsMiississippi River basifi$ie development of these modkis presented an
opportunity tasystematicalljfink atmospheric and land surface processes, over large dotoains,

catchment.scalpydrologic and hydrauliprocesses

In“arecent collaborationetweerNASA, NOAA and othersthe National Centsifor
Environmental PredictioNCEP) implementedareattime version ofthe NLDAS systemand
extended the fand surface flux outputs to streamflow through a grieidaics and channel
routing schemelorth American Land Data Assimilation System (NLDAS). Accessed July 31,
2017, http:/;lwww.emc.ncep.noaa.gov/mmb/nidas). Though the implementation of NA&ZAS
demonstrated.the capacityreadily operatéarge scale hydrologic models (i.e. LSMs coupled
with terrainrand river routing the resolution of the system is too coarse in space (approximately
13 km resolution) for operational flood forecastatghe catchment scal®ne modehddressing
this scale gaps the community WRFHydro modeling system (Gochesal., 2015) Originally
developed as a high-resolution hydrologic modeling extension to the widely used WRF
atmospheric modeWWRFHydro permit the dynamic coupling of coarsesolution vertical
water fluxessimulated by a numerical weather model and L. 8fith spatially explicit modeling

of highresolution hydrologic routing processes. WR¥ro is used in operations for flood and
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watea supply forecasting in the United Statesl abroad, as well as a number of research
applicationgSenatoreet al., 2015; Yucekt al., 2015; Anaultet al., 2016).

NATIONAL FLOOD INTEROPERABILITY EXPERIMENT

Conceptual Framework

The National Flood Interoperability Experiment (NFIE) was organized in part as a
demonstration effort by the NWS and Consortium of Universities for the Advancement of
Hydrologie.Science, Inc. (CUAHSI) to demonstrate the nation’s capacity taderéeod
forecasts for eachf the 2.7 million NHDPIus river reaches. As part a$ themonstration, an
experimentalstreamflow simulation system watip and run between May 23, 2015 and
August 23, 201%i.e. the simulation periodYo support this endeavor, a hitevel conceptual
framework-was-devised to organize and coordinate the various efforts withtralNé is
presentedsinsdetail in Maidment (2016). This framework is also briefly presemtetblgrovide

context for the streamflow simulation system disedss the following sections.

Thereonceptual framework for NFIE has five main components: Ngd&-NFIEHydro,
NFIE-River, NFIEResponse and NFIEervices. NFIEGeo refergo the geospatial framework
and datasets needed to support continental scale #toeesimulation. NFIE-Hydro refers to
the continental scalstreamflowsimulation system and its individual model componeN&E-
River refers to the datasets and methods for converting streamfleatdoleveland inundation
extent NFIE-Response refert® the framework needed to coordinate and plan flood response.
And finallys"NFIE-Services refers to the suite of Web services that support the four other
component®fNFIE. Each component can be seefrigure 2with arrows indicating hoveach

componensupports the other(s)

(Insert FIGURE 2 here)

This paper willonly focus on NFIE-Geo and NFIE-Hydro where NFIE-Hydro refeis to
loosely coupleadtontinentakcale implementation of the WRffydro framework and the RAPID
river roating modelin this implementatiora suite ofatmospheric forcing datasets are used to
drive WRFHydro which provide8 kmgriddedsimulations osurface and subsurface runoff to
RAPID. Using a Muskingum channel routing scheRAPID simulates streamflo@nd operates
on the NFIEGeoriver network The following section will begin by describing the core
modeling layersvithin NFIE-Geoand the subsequent sections will describe\dRE=-Hydro
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streamflowsimulation systenand the model configurations used dgrthe experimenihe
authors would like to note that although the goal of NFIE is to provide reach scale flood
forecastsat the continental scalthis paper will only discusgach scale streamflogimulation
as forecasting ahead in time requires a discussiqmemipitation forecastahich is beyond the
scope of this.study. Furthermore, flooddeling is treated as a distiriopic related to NFIE
River and NFIE-Response andl not be discussed here as pairthe analysis

Building a'Consistent Geospatial Framework

As conveyed abstractly throu@iigure 3 a consistent geospatial framework is needed to
support continental scale streamflow simulation. This framework is neededdrate (1)
continuous atmospheric and hydrologic phenomena, (2) continuous terrain and landscape

processessandy(3) discrete geospatial features. Within the United States, the NHDPIlus catchment

andreachfeatuesprovide a geospatial framework through which continuous grids can be
spatially aggregated at the catchment scale while discrete point and polygon features can be
referenced at the reach scale; one can think of this like a hydrologic addrgsseng for the
country.As suchNFIE-Hydro leverages the NHDPIlus datasetggregate gridded surface and
subsurfaeesrunoff (output from WRF-Hydro) at the catchment scale to drive flowg @APID)
through NHDPIlugeachesBecause the evolution of the NHDPIlus dataset is ongoing, the
modeling framework discussed herein pertains to the 1:100K resolution NHDPlusn\V2&rs
datase{NHDPIlusV2).

(Insert FIGURE 3 here)

The'NHDPIus dataset enables both the addressing of water related features through
referencing (i.e. location of a feature along a river) and tracing of watergtinthe landscape
using a callection of related drainage catchments and river reaches, both indexeddueand
common ‘Cemib’ identifier. Contained within the NHDPIusV2 dataset is a geodatabase of
related GlS.features, attrites and tables. The reach featuweshin the* NHDFlowline” layer,
are organized by 21 Vector Processing Units (VPU) which comprise of 12 major drairage
within the contiguous United States as seen in Figuiéndse drainage areas are herein referred
to as NFIEmodeling regions and do not include areas outside of the contiguniiesl States as
NHDPIlusreachesrenot available in teseareas. As described by McKaal. (2012), the

“NHDFlowline’ layer is corprised of river reaches, defined by their junctions, and represent
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several feature types such“asificial path”, “canal/ditch”, “coastline”, “connector”, “pipeline”
and“stream/river; an artificial path represents the reaches contained within thé area o
waterbodylf the reach has a flow directiqa majority do), it is indicated through the
“FLOWDIR?” field as “with digitized”. For the purposes of this continental scale simulation, only
reaches indieating “stream/river”, “artificial path” ancbhnectot in the “FTYPE” field and

“with digitized”4n the “FLOWDIR” field were preserved within NFI&eo as hydraulics within

canals coastlinesand pipelines were not included ingimodeling effort.

(Insert FIGURE 4 here)

Withinsthe NHDPIusV2 tablesithe information necessary to trace up- and downstream
through the river networlEach“with digitized” river reach has an upstream and downstream
node defined.at.the ends of the reach anddtstifiers are contained within the “FromNode” and
“ToNode” fields of therelated“PlusFlowlineVAA' table. As part of the development of
NHDPIlus/each node in the network was processed in a manner that ensures one is able to trace
and navigate throughémetwork even if there exists a gap in the geographic representation of
the features. Far example, in areas where rivers disappear underground or where reaches are
disconnected.as a result of the digitizing process, river reach featuremtisyconnected in
space but will’maintain network connectivity through the “FromNode” and “ToNot@jdes.

This is alsahe case along thdnited Stateborderwhere reacheare not defineda reach
flowing out of theUnited Statesvill be connected to eeachflowing in at another locatian
Together,this information is used to build network connectivity and is provided asaripat t
RAPID madel.

Although the majority of river reaches in the NHDPIlus dataset are associated with an
immediate drainage area catchment feature through thedmiD” field, there are instances
where river reaches do not have catchments and instances where catchments do not have river
reaches. During the digitization process of NHDPIlus, the length of some river reaches were
smallerthan:30 meters and did not have a catchment delineated since the resolutiotowf the f
accumulation.grid used to derive the catchment was 30 meters. The@svenstances where
reaches did not connect to one another and resulted in the additioallofesrohes to ensure
continuity from upstream to downstream. In these situations, reaches were natajolenents
as they were only used as symbolic connections between reach features. Conversely, there are
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also catchments that dmthave associated river reaches in instances where there are non
contributing areas as is the case in the northwest part of the Brazos River basin i i@xgis.
these details seem irrelevant to a continental scale modeling framework, these artifacts are
critical to the prgoessing of the river network and its connection to the landscape processes (i.e.
runoff) andwere thudaken into account when assigningpoff from theWRFHydro grid to the
NHDPIus reachesThis process is discussed in more detail in the followeagion.

In addition to defining the primary drainage network, one must also account for lakes and
reservoirshatreside along rivers. Within the NHDPIlus datasety mvaterbodies are contained
in the“Waterbody” layer and vary in siz€Vhile largewatertodieswereincluded in the vertical
land surface/fluxes aVRFHydro (waterbodies larger thahe 3 km land cover grid), lake
routingand.reservoioperations were natystematically accountddr within the RAPID model
dueto data.constraintge.g. lack of lake/reservoir geometries, operation rulestétmever,
because NWS RFCs routinely issue flow forecasts downstreamajofreservoir§some, not
all), NWS forecast basins and forecast points were included in-SEkcalong with the
NHDPIus catchments, reachasd waterbodies. As describedmoredetail in the following
section NWS forecast points-tmcated with major reservoimgereused to study the impact of

reservoir releases througicase study in Texas.

Lastly, as the USGS maintains the streamflow monitoring network for thergoting
locations of reporting SGS gagegreporting during the simulation period) were also included in
NFIE-Geooprovide points at whidtreamflow estimates could be evalubagainst
observationss=Though the coordinates of USGS observation points represent the approximat
location of the physical gage, these coordinates may not align with the NHDPlugmnégtien
of the river channel. As such, the NHDPIlus provides an at&iwithin its “Gageoc” layerthat
links thegageto.the ‘ComlID’ field of the related NHDPIus river reach; the “FLComID” field
This layer not only maintains the geographic representation of the gage but also allows one to
connect thesobservations to thigtputs of thenodel Table 1llists the NFIEGeo layers that were

used to suppert the NFIE-Hydro streamflow simulation system.

(Insert TABLE 1 here)

Description of NFIE-Hydro Streamflow Smulation System
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The NFIEHydro component of NFIE refers to the continental ssaamflow
simulation system producing streamfléov 2.7 million NHDPIus river reacds This includes
(1) the assimilation of atmospheric forcing from N\WiBdels and precipitation datasets, (2) the
WRFHydro framework running the Noah-MP LSM and (3) the RAPID river routing model
operating on.the NHDPIlus river netwotR.this section, (2) and (3) will be discussed with (1)
discussed in th®llowing section.For referenceFigure 5depicts he high-level workflow used

within NFIE=Hydro tosimulatestreamflow

(Insert FIGURE 5 here)

WRFR=Hydro is adistributedhydrologic modelingystenthat conforms to the WRF
modeling framework (Gochigt al., 2015). WRFHydro canseamlessly couple with WRF and
provide a medeling solution that dynamigadolves the feedback betwekamd-surface and
atmosphere.orsrun in an offline mode where a user provides predefined griduegheric
forcing. In‘addition to the forcing optiond/RF~Hydro includes a number of LSM options, on-
the-fly regridding tools, and multiple process-based modules simulating spatitaityutiesl
hydrology.Far this implementatioryersion 3 of WRF-Hydrevasusedwhich has the capacity
to model.severdiydrologic pocesses: (Iyerticalland-surface fluxon a grid through the
implementatiomnof an LSM (e.g. NoddpahMP), (2) lateralsubsurface flowon ahigh-
resolutionreuting grid, (3) lateraloverland flow on a high-resolution routiggid, (4) channel
flow on a highresolutionchannelgrid, (5) lakereservoirflow through lake/reservoir objecésd
(6) groundwater flow througbonceptual bucketbjects (Gochist al., 2015).Due to
computational constraints and the desire to route streamflow through defaoddfeatures (as
opposed to.channel grid cells), module (1) was the only medtiien WRFHydro
implementedor. NFIE. To routestreamflow, the RAPID model was implementadside of
WRFHydrerand loosely coupled through area weightedatchmeniased regridding process
(i.e. mapping of WRF-Hydro gridded runaéf NHDPIlus catchments)

For NFIE, theNoahMP LSM wasinitialized within WRFHydro on a 3 km Bmbert
Conformal"*ConiqdLCC) grid covering the contiguous United StafdsahMP is a
dimensional LSM that builds on the widely used Noah model and solves the energy ancemoist
fluxes along the land-surface boundary through an explicit representation of vegatafed ca
cover andamulti-layersnow meliprocesgNiu et al., 2011). Land surface and soil
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classificatiors for theNoahrMP model were respectivegbtained from the 2011 National Land
Cover Database (NLCD) and 1 km NRCS State Soil Geographic (STATSGO) datatlase
regridded to fit the &m model domain. Because subsurface and groundwater modules were not
used within WRFHydro, subsurface runoff was assumed to cdrom vertical drainage from
the bottom_ef.the NoaMP soil column(assumed to be 2etersthick across the domajn
Similarly, since'WRFHydro’s overland routing modules were not used, surface runoff was
assumed to'come from the infiltration excess flow at the surface of theNW®aioil column.
Otherdatasets useadithin NoahMP and WRF-Hydro, such as vegetation structare,
referenced in Gochit al. 2015 and provided by the well documentéRF Prepocessing
System (WPSIWRF Preprocessing System Version 3.8: Updates. Acceslsesll)2017,
http://mww2:mmm.ucar.edu/wrf/users/wpsv3.8/updates-3.8.html). Though it is gosibl
calibrate the parameterization schemes within WHEro and Noah-MP, no calibration was

performed for NFIEdue to the limited temporal scope of the experiment.

Runoff from the WRF-Hydro grid cells is routed through the NFIE-Geo river network
using the RAPID river routing model (Davétial., 2011).The RAPID model routs water
volumes,through defined river segment features using the Muskingum mashiodicatedn
Figure 5, inputsito the RAPID model include a network connectivityrtileoff file (i.e. surface
and subsurface'volumes), a pair of Muskingum parameter files and optional forcimghfites
represent locations where users can interrupt thertboming scheme and provide user defined
flow (e.g.in"cases where reservoir releases are available). At these locations, the model uses
defined flow to route water downstream instead of the internally computed upstreafDdiow
et al., 2011b).. A depiction of the computational modeling unit within RAPID is seen in Figure 6
and demonstrates how surface and subsurface rumoffppedrom theWRFHydro/NoahMP
grid cellsstorheNHDPIluscatchmerg. NHDPlus @nnectivity from catchment to river reaish
then used to definateral inflow intothe channel. This flow is combined with eithiee currat
volume of the target reaghouted upstream flow or user defined flow), and routed to the next

downstreansegment

(Insert FIGURE 6 here)
As alluded toin the previous section, the network connectivity file is derived from the
“FromNode” and “ToNode” fields contained within the NHDPI#UsFlowlineVAA' table
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using a customized geoprocessing tool within ArcGIS. The Muskingoanametervaluesare
derived from the geometry of the individual reachsisig a arbitraryl km/hr wave celerity

while theMuskingumx parameter is maintained at a constant value of 0.3 as prior studies have
demonstrated minimal influence of this parametethe routingprocesgKoussis, 1978, David

et al. 2013)..Fhe locations of forcing inputssged for the case study in Texas) were extracted
from a nationallayer of NWS forecast points by intersecting the fe@tiresvith NHDPlus

waterbodies:

Finally sunoff fileswere generated using customized ArcGIS geoprocessing@ools
produce spatially averaged catchment runoff. To supporettog, the3 kmgridded domain of
WRFHydro was converted to a set of polygon featurestiae intersected with NHDPlus
catchment.features to produce a “weight table”; areas were derived using the Albers Equal Area
projection,to.ensure proper area calculatiéios.each time step output frodRFHydro (a one
hour timestep for NFIE)gridded unoff was regridded to catchment runoff. Using the related
catchment and rea¢iComlIDs”, catchment runoff was associated with its corresponding river
reach and usetd definelateral inflowto the RAPID modellt is important to note that
catchmentrunoff is connected to the routing scheme at the upstream node of eaehafvand

flow output from the model represents flow at the downstream node.

ANALYTICAL METHODS AND EVALUATION

NFIE-Hydre.Madel Configuration

As depicted in Figure 7,diween May 23 and August 23, 20N&;IE-Hydro(i.e. a
loosely couple@nd uncalibratetmplementation of WRfHydro and RAPID)wvas run
continuously every 3 hours using 15-héanrecastdrom the High Resolution Rapid Refresh
(HRRR)model(Bytheway and Kummerow, 2015; Pirdgb al., 2015). he HRRR model is an
operational.NWP model supported by NOAA and is operated on a 3 km grid with hourly outputs
(The High-Reselution Rapid Refresh (HRRR). Accessed July 31, 2017, http://ruc.noaa.gov/hrrr/ ); HRRR
is currentlysthe highest resolution NWP model run in teaé at thecontinentalscale. Because
of its resolutiomandspatial and temporal coverage, thépo romHRRRwas usedn NFIE to
provide atmospheric forcing to WRF-Hydf®.g. precipitation, temperature, wiatt.); the full
list of forcing variables neede¢d run WRFHydro is available in Gochet al., 2015.Before
initializing the next model run (3 hours aheaWRFHydro was run for the previous 10 hours
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(herein referred to as a “spin cycléd)update the initial conditions of the No&iR? and RAPID
state variables before the subsequent foreltastintrasto each forecasthese spin cycles used
HRRR analysis field§.e. initial conditions for HRRR forecastis) combination with hourly
precipitation from the MultRadar/MulttSensor System (MRMSHRRR analysis fields
providedestimats of reattime atmospheric conditiorssxd MRMS providedpatially consistent
precipitation estimate&hanget. al., 2016).MRMS precipitations a 1 km operational dataset
that assimilates radar, satellite, NWP models and gage infornfitidtai-Radar/MultiSensor
System (MRMS). Accessed July 31, 2017, http://www.nssl.noaa.gov/projects/r8imts) .itis

an assimilated antdlended productyIRMS precipitation was assumed to match observations
more closelythan thexisting precipitation fielslin the HRRR analysis cycleAs such, gridded
precipitation from MRMS was regridded to match the 3NhE-Hydro grid and used to drive
WRFHydro for ‘each spin cyclePrior to thesummer experimersimulation period for NFIE,
initial state variablefor NoahMP were derived frona 5year WRFHydro simulation using
1/8" degreeatmospheric forcing from theLDAS-2 dataset

(Insert FIGURE 7 here)

Using.the same operational procedure as above, the RAPID model was run every three
hours for 15 hours into the future. Before initializing the subsequent simulation (3 hoaa$, ahe
the outputsfrom the WRRydro spin cycle were used to update the streamflonditions of
the RAPID model. AlthoughVRFHydrowas initialized using &-year simulation, the initial
conditions of the RAPID model were not and started at/6an May 23, 2015. Once initialized,
both WRE-Hydro and RAPID ran continuously for 3 months through August 22, 2015. The
complete modeling process resulte®ihour updates of 15-hour WRF-Hydro forecasts of land
surface.conditionée.g. runoff)Jand 15-houRAPID forecasts of streamfloat 2.7 million
NHDPIlus-riverreaches. Because of limited data availability, reservoir releases were not
accounted for within the continentdale RAPID simulatons. However, as mentioned
previously estimated reservoir releases, available through the M&®, usedn a case studin

Texas ta'evaluate the impact of reservoirs (discussed in following section).

Model Domain, Case Study and Analytical Methods
Although lake, reservomnd lateraflow routingprocesses were not accounted for within

NFIE-Hydro (among other hydrologic processes), this paper provides a preliminary ievaddiat
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streanflow at 5,701USGSgagesas seen in Figure ©f the 9,322 high-quality gag&gthin the
GAGESII datasetkalcone, J.A., GAGH}, Geospatial Attributes of Gages fBwaluating
Streamflow [digital spatial dataset]. Accessed July 31, 2017,
http://water.usgs.gov/GlS/metadata/usgswrd/XML/gagesll_Sept2011.xml), only 5,701 had
records during.theimulation periodOf the 5,701 reporting gages, 1,145 are considered
“refererce®,gages ogages minimally impacted by anthropogenic development and infrastructure
(Falcone)Usingthe RAPID output from the 10-hour NFIE-Hydspin cyclesa 3 month hourly

streamflow simulationvasanalyzed to evaluate modéils across theontiguais United States

In addition, his studyalso performs a detailed analysisstreanflow at 367 USGS gages
within the Texas Gulf Coast basin where flash floods frequently occur along thel Certaa
corridor; see.kigure 8. This corridor, which runs from San Antonio to Dallas parallel to the
Balcones escarpment, is known*&tash Flood Alley. Of the 367 reporting gages within the
basin, 60 are considered reference gagesare depicted in Figure 8tb demonstrate the effect
of reservoirs, RAPID waerun over the same-gonth period usingl) WRFHydro runoff
from the spin cycles and (Bstimated reservoir releadesm the NWS West Gulf River
Forecast.Center (WGRFReservoireleasdime seriesvereobtainedor 72 reservoirs within
the study domaias seen ifrigure 8b. Although many major reservoirs exasb(nd 20p NWS
estimates-forreservoir releasesre only available at 72 major reservoirs; this represents 15% of
the total number of NWS forecast points wittie basinand about 1/3 of the major reservoirs
in Texas.Of the 367 gages used for comparison, dfithese gages are located downstream of
the 72 reservoirs included in the RAPID simulatisee Figuré3d. The downstream tradeom
each of these.reservoirsshiaeen symbolizeish purplein Figure 8c These traces represent
approximately.5% of the total river kilometers in the baBor all these gage ssiits
(summarized-in Table 2), the following metrics were used to analyze simbtaidy
streamflow: (1) \percent bias (PBias), (2) hourly N8&sitcliffe Efficiency (NSE) and (3) hourly

Pearson correlation.

(Insert TABLE 2 here)
(Insert FIGURE 8 here)

Evaluation of Retrospective Smulation

This article is protected by copyright. All rights reserved



© 00 N o uu B~ W N R

N NN R R R R R R R R Ry R
N B O VW ® N OO U hd W N B O

23
24
25
26
27
28
29
30
31

Correlationand NSE of hourlgtreamfloware shown in Figure 9. Figure 9a dfidure
9c show statistics faall 5,701reporting gagewhile Figure9b and Figure @ show statistics for
the 1,145eference gageélthough neither WRFHydro nor RAPIDwere calibratedor NFIE,
Figure 9aandFigure 9b depicstrong correlation in the Pacific NorthweRibcky Mountains,
CentralUnited,States and Eastdomited Sates(0.50 —1.0) andmoderatecorrelation in the
Rocky MountainsCentral United Statesnd Eastern Wited Sates(0.50 - 0.75). In contrast, one
can seaveak correlatiorfless than 0.50) thearid Southwest, and Northern Plaivghile
correlationstatisticscan be used to diagnose adequate representation of model processes, they
are not sufficient for demonstrating model skvioriasiet. al. (2007)suggests thataily
streamflowsimulations demonstiag PBias< |25%|and NSE> 0.50 can be considered
satisfactoryfor hydrologic modeling. Howevergbause this analysis based on uncalibrated
simulations ohaourly streamflow, wéave relaxed the Moriasi criteria by adjusting the NSE
metric,NSE> 0.25, to provide a benchmark for future studies. As such, Figure 9c and Figure 9d
show the locations where simulations meetRB&as< [25%) criteria and plot NSEor these
gagesn varying shades of blue. As one can see in Figure 9c, most of the country does not meet
this criteriathowever, parts of East Texas, the AskarRiver basin, the Ohio River basin and
Northeast:do. Although the influence of reservoirs across the contiguous UnitedsState
primary _seurce of error, reference gage statigti¢sgure 9d suggest sources of error linked to
space, climate angydrographyas the spatial patterns are similar to that of the complete dataset
Of the4,556 impacted gages and 1,¥éferencegages, 266 (5%8) and 75 (6.80) me both the
biasand NSE-eriteria, 165 (25.6%) and 297 (26.0%)etonly the biascriteria and479(10.5%)
and 12310:/%6) metonly the NSE criteriathese results are tabulated in TableBw.

(Insert TABLE 3 here)
(Insert FIGURE 9 here)

Within the Texas Gulf Coast basin, depicted in Figureoh@,can see thathen
reservoirs arecluded, model results improve. Figure 10a and Figure 10b BBo&as and NSE,
respectivelywhen resevoirs are noaccounted foin the simulationFigure 1@ shows the
locations wherd@Bias< |25%| while Figure 10b shows the locations where NSB. It is evident
in Figure 1@ that most gagdsave a bias greater than25%| indicating poor overall
performance341of the 367gagedall into this categorylf one looks solely at NSE, the results

appear more positive with 89 gages showing RSE25.However, NSE scores can be strongly
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influenced by bias and sd the 89 gages, on§2 demonstrate an NSE(.5. Figure 10c and
Figure 10ddemonstratémprovement in both these metrics as the figures depict model results
that account fothe 72 modeled reservoirs. While Figure 10a only shows 26 gageRBBvib<
|25%]|, Figure 10c shows 63. A similar improvement can be seen in Figure 10d whgagés<l0
demonstrate.an NSE0.25, compared to 89 in Figure 10bf these 40 gages, 9have NSE
scores> 0.5.

(Insert FIGURE 10 here)

Figure &la and Figure 11b shdve locations where simulations meet the relaxed
Moriasiet. al=(2011) criteria. Of the 367 reporting gages, onlyrit both criteriavhen
reservoirs are naccounted for in the simulation, as seen in Figdee When reservoirs are
accounted.for.however, 52 gages meet sk Figure 1b. These results are summarized in
Table4 and.are compared against subsets of the 367 gages used in this study; gagfesatown
of modeled reservoirs (n =12) and reference gages (n = 6A). metrics show an improvement
when reservoirs are accounted for in the simulaii@nmany gages stilemonstrate poor
performance withPBias> |25%| and NSE scores less than 0.25. Onewill also notice in these
figures that,most of the better performing gagessde in the eastern half of Texalsere the
climate is moreshumidnd groundwater influenés minimal.

(Insert TABLE 4 here)
(Insert FIGURE 11 here)

Finaly, Table 5 depicts gages that demonstrate PBja$%]| and NSE > 0 as a function

of drainage ar@for all 5,701 reporting gages across the contiguous United ;3tess statistics

represent NEIEHydro smulations when reservoirs are raatcounted forOne can see thkess

than 11% of the gages, in each category, meet both of these metrics. Of the gages that do, one

can seeriririgure 12(on the far lefthe distribution of NSE for eaalange of drainage area
through a set of box ploth.is evident in Figure 12 thatfairly consistent rangef NSE exists
across all sized. drainage ardasluded in Figure 12t¢ theright) isNSE in Texasvhen
reservoirs are accounted for and when they areThetplot on the far right depict®iodel results
when reservoirs are accounted &émd demonstratesiproved modkeskill across all sized

drainage area®ne can see that the sample size in large drainage areas increases substantially

when reservoirs are includedid his is most likely aesult of modeled reservoirs residing along
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rivers with higher stream orders; gages with smaller drainage areas are not as likely to be
impactedby major reservoirs.
(Insert TABLE 5 here)
(Insert FIGURE 12 here)

DISCUSSION

Although ths preliminary analysigbased on an uncalibrated modgipwspoor
performance over large areasdsubstantial variability across space with respeBtB@s NSE
and correlationy one can also see signific&ifitfor both small and large drainage aréashe
model’s ability'to reproduce dynamic elements of the hydrologic cycle. Based on othies st
using the WRF:Hydro system and Nolf (Caiet. al., 2014; Mendozat. al., 2015; Yucelet.
al., 2015; Silveret. al., 2017), we expect model calibratiguarticularly soil parameter
calibrationgas«is commonly done in hydrologic models, to improve performance in sage ar
As indicated in previous sections, the WRiFdro modelconfigurationimplemented for NFIE
only included the 1-D LSM and did not routeface and subsurface runofferthe terrain or
laterallythrough the soil column ateepeigroundwater systenMoreover the implemented
RAPID meodelwas not spun up prior to the simulation period, did not take into account the
routing of flow-through lakes aeservoirsaanddid not account fobackwater effects or storage
of flow within"the floodplain Although the implemented models contain other simplifications
and assumptions (with respect toziea soil water, flow recession etthg aforementioned
components are arguably the most prominent within the contekteaimflow simulation

especially when looking atarmseasorhigh flows.

Asone can see in Figuge several areas of the country demonstrate poor model
performance although correlationefficients are> 0.5. This indicates the model is responding
to the observed. forcing and is in sync with the timing of the respooseyir Figure 9c and
Figure 9d liustratethe volume estimates aren’t consistéinbne looks aPBiasat the reference
gages, as.depicted in Figure 13, one will see nedaitgin thenorthwest and Rocky Mountains
and positivebias across thgouthwestgcentral plains and southeast. It's possible thahdgative
bias observed in theorthwestand Rockies is a result of poor modeling of snowpack dynamics
which in these areasmn be a dominant drivef streamflow especially in the late spring and

early summer seasorin.particular, we suspect our 2015 model spinup suffered from early
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snowpack meltout in the Western U.S., resulting in negatimemer streamflow biases. This
error could be reduced through winter precipitation bias correction, bettergtarastimation

in NoahMP, or snow data assimilation. On the other hand, the positive bias across the south
(including_Texas) suggests that these areasurface and subsurface routing dynamics are
critical to the.modeling of streamflowks described in previous sections, the implementation of
NFIE-Hydro assumes that excessoff in LSM grid cellsimmediately drains to the channel,
which is'net'the' casance lateral redistribution likely attenuates flovhislack of redistribution
cau®s therivers to respond too quichly is illustrated in Figuredh and Figure 14c.
Furthermare, the influence of groundwater dynaram®ss the soutéind in North and South
Dakota furthersupports the positiv@sobservationssincelateralsubsurface andeep
groundwater flow was not accounted for within NFIE-Hydro. Although deep groundwater
systemsare not prevalenh the southeast, we suspect ttit positivebias is a result of the soil
column draining too quickly, especially in Florida where sandy soils are presemtansurface
dynamics (both surface and subsurface) dominate the hydrologic redpioadlg, because
NFIE-Hydrowrelies primarily on thprecipitationprovidedby MRMS, a further investigation into
precipitation bias isequired to fully understand the behavior of the system. For exa’gple, i
possible aeross the central plains that convective stwareoverestimatedor not welt
captured.bythe 3 km resolution) throughout the summer seasdohose storms moved east

however, they stabilized and resulted in more accurate precipitation and streamflow estimates.

(Insert FIGURE 13 here)

Although part of this study was motivated by the capacity to model streaifline
continental scalghecase study in Texas was performed to augment the analysis and study the
impact ofreservoirsAs can be seen in Figurd and Table 4, model performance improved
significantly-aleng rivers impacted by the 72 modeled reserviiis.is also further illusated

in Figure 14b and Figure 14d where hydrograjsine plottedvhen reservoirs are accounted for

and when they aneot Figure 14b depicts an area in East Texas where the flood plain is large. In

this case, even though reservoirs are accounted for in the simulation, the lack o&ffoodpl
storage in the Muskingum routing scheme is noticeable in early June (high flow baube
2015 Memorial Day flood eventThough the literature provides several advancements in the
area of reservoir modelingabadie,2004) it is clear that managed reservoirs have complex

rules and would be difficult to implemeint reattime or forecast mode #te continentascale.
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As such, the approach used hassumes thaeservoir releaseareprovided by the reservoir
operator or a third party (in this case the NWS) and uses that informatioartaphthe channel
routing processvithin RAPID. Due to recent advancements in cyberinfrastructuré\setul
services, it is reasonable to assume $hah data will exist in the future and will be available as
input to a data.assimilation schergeally, because NFHElydro operates on the NFIGeo

river network (based on NHDPIlus river reaches), it is possible to conféatg anthropogenic
processegispacdnot only reservoirs)his includes locations of diversions, canals, pipelines

and more!

(Insert FIGURE 14 here)

In 2016, the NOAA/NWS National Water Center (NW@)onjunction with the
National Center. for Atmospheric Research (NCARyan evaluating an evolved implementation
of theNFIE-Hydro system the National Water Model (NWMJpBimilar to NFIEHydro, the
NWM leverages the WRHydro modeling architecturén contrashowever, the NWM runs the
NoahMP LSMon a 1 kmgrid and couplesvith (1) an overland and subsurface flow routing
schemeon a250 mgrid and (3 a conceptual groundwater bucket model. Furthermore, a
Muskingum-Cunge based channel routing scheme, operating on the NHDPIlus dataset,
executed within' WRF-Hydro artdkesinto account lkes and reservoirs using a simplified level
pool routing'scheme. Based on the preliminary analysis from NFIE, it would be reagonable
conjecture that the inclusion of these additigprakesses will substantially improve the
agreement between simulatetiaobservedtreanfiow in particular regions of the countr@ne

specific example is demonstratedliexaswherethe simulation produces flashy behaviaat is

not observed.(see Figure 14a and Figure 14c). The inclusion of a terrain routing process would

certainlydamperthe flashinessf the simulation.

There will however remain challenges with respect to implemeatingperational and
nationally consistent hydrologic model at the reach qtlade includes Alaska and HawaiQne
substantial.ehallenge will be the inclusion of a fully coupled and dynamic groundwatdr mode
Another challenge will revolve around the coupling of overland flow routing processes with
reach scalehannel routing pressegi.e. coupled floodplain inundation and channel dynamics)
as there areomplications that arise when mapping gridded lateral flow to reach feéDaeisl
et al., 2009) The implementation of higher resolution models will also need to be evaluated
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especially within urban and peri-urban areas susceptible to flooding. Finallgcthsion of

reattime reservoir operations remains a challenge but is essential to modeling flow accurately as

many of the nation’s channels are significantly impacted hbyagped reservoirs as demonstrated

in the previous section.

CONCLUSION

In Maidment (2016), a conceptual framework for NFIE is presented as a road map for
evolving the nation’s capacity to respond to impending flood evientempanion, lis paper
describs the components within NFIE-Hydro which produce continstresamflow foreasts at
the scale of'2:7 millioNHDPIlus river reacheacross theontiguoudJnited States. This is made
possible througlil) the implementationf a 3 km NoahvIP LSM, within theWRF-Hydro
frameworks«(2)ithe RAPID river routing model(3) the processing akattime HRRR model
outputs andMRMS precipitatiorand(4) the keveraging of the NHDPIluasnd several geospatial
datasets available through the IWRSS consortium. As suttisistudywe layout the
geospatial framework, NFIE-Geo, utilized within NFIE to conrlkete disparate modeiad
establish a baseline for future modeling efforts. It is demonsttiatedgh a retrospective
analysig(iz=e=-anewcastthat the implementation of NF{Bydro is capable of producing
reasonable flow simulatioris certain regions of the country even though several hydrologic
processes were neglectéd areas wherpoor model results are observed, one can argue that the
straegic model enhancements outlined in the discussion sedatiaignificantly improve
agreement with observations. Finally, thpact of managed reservoirs wagsented through a
case study within the Texas Gulb@st basirand demonstrates the importarof
communicating=operations data whemulatingstreamflow As there now exists the potential to
model flewrat:the continental scale, it will be critical to develop scalable terrain processes that
enablereaktimeinundation mappingo that the communication n$k to infrastructurdoecomes

standard practice.
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Catchment NHDPIlus Versior2 | Unit used to spatially aggregate gridded runoff
NHDFlowline NHDPIus Version 2 | River network used to route streamflow

Waterbody. NHDPIus Version 2 | Feature used to represent lakes and reservoirs
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Continental Scale
All Reporting Gages 5,071
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Gages Impacted by Anthropogenic Influencq¢ 4,556
Reference Gages 1,145
Texas Case Study

All Reporting Gages 367
Gages Impacted,by Modeled Reservoirs 112
Reference Gages 60

TABLE 3: Pearson correlation, PBias and NSE for all reporting USGS gages and subsets, across

the United’States.

Correlation>"0:50 2,579 @5.2%) 2054 @5.1%) 525 @5.9%)
PBias < |25% 1,462 @5.6%) 1165 @5.6%) 297 26.0%)
NSE > 0.25 602 (10.6%) 479 (10.5%) 123 (10.7%)
PBias < |25%|and
341 6.0%) 266 (6.8%) 75 (6.6%)
NSE > 025

N o b

TABLE 4:"Relaxed Moriaset. al. (2007) criteria for 367 gages within Texas Gulf Coast basin.
Statisticssdemonstrate improved model skill when reservoirs are accounted for in the simulation.

Gages downstream of modeled reservoirs and reference gages are included as subsets.

w/out ) w/out ) w/out _
_ | w/ reservoir ) w/ reservoir ) w/ reservoir
reservoir reservoir reservoir
PBias=|25%]| | 45 (12%) | 82 (22 %) 10 8.9 %) 46 @1 %) 0 (0 %) n/a
NSE=,0:25 | 89(24 %) | 140 38 %) 12 (11 %) 63 (56 %) 11 (18 %) n/a
Phias < [23%peg 13 35%) | 52 (14 %) 2 (1.8%) 40 (36 %) 0 (0 %) /

.0 70 0 .0 70 0 0 n/a

NSE=,0.25

TABLE 5:'PBias and NSE metrics, as a function of drainage area, for the 5,701 reporting gages

spread across the contiguous United States.

0-100 (n = 1,921)| 100- 500 (n =1,812) | 500- 5,000 (n=1,607)| 5,000 < (n=361)
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PBias< [25%| 478 Q5%) 492 Q7%) 412 Q6%) 80 (22%)
NSE >0 284 (196) 339 (19%) 311 (19%6) 58 (16%)
PBias< [25%|
119 (6.26) 165 (9.246) 162 (10%) 30 (8.3%)
and NSE > 0

FIGURE CAPTIONS

FIGURE 1. 8,600 National Weather Servifaecast points (in purple) and a subset of the 2.7 million NHDPIlus
river reaches (stream order 2 and above). Although not pict#ilzska is included by the 3,600recast points
while Hawaii"has none. The box on the right shows the defdidaPlus network as a set obnnected river

reaches (blue) and catchments (green).

FIGURE 2. Conceptual framework for the National Flood Interoperaldiperiment (Maidment, 2016).

FIGURE 3. Conceptual framework for integratiegntinuous gridded processes across space with discrete
geospatial features. The geospatial framework of the NHOfPGwsdes a mechanism for conflating these two

distinct data types.

FIGURE 4. Vector/Processing Units (VPUwjthin the NHDPIusV2 dataset (left). ConcatenatedBENfegions for
the contiguous, United States (right). Reaches autsidhe United States are not available within the
NHDPIlusV2:dataset.

FIGURE 5. High level workflow used to ruthe RAPID model within NFIEHydro. WRFHydro runoff and
estimated reservoir releases are used to drive the RAPID mddeh, operates on the NFGeo river

network.

FIGURE 6. Computational modeling unit within RAPID river tng model. Gridded surface and subsurface
runoff (from WRFHydro) is regridded from the model grid (depicted in orange) tolthiePlus catchment
features, (depicted in green) through an area weighted reggigdicess. Catchment runoff is then associated
with a river reach through the “ComID” field and fed into th&PRD model. Users can also specify locations of

user defined flow to emulate managed reservoir releases.

FIGURE[7. Depiction of model cycling within NFHHydro configurdion. Both WRFHydro and RAPID were run
every three hours with a 10 hour spin cycle to update ioiiadlitions. The arrows along the bottom of the
figure depict the atmospheric forcing used while spinning up tHE{Nfydro initial conditions and the graph at
the top depicts the forcing used to drive thendbr forecasts. The initial conditions for the ffikd~IE-Hydro
run (indicated as “Present” in the graph) were derived frényear retrospective simulation using atmospheric
forcing from NLDAS. Leadig up to the first run, HRRR analysis fields were usetbnjunction with MRMS
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precipitation. The two blue arrows at the bottom of the figepeasent the 10 hour spin cycles and the purple

arrows at the top represent theHdur forecasts.

FIGURE 8. Model domain within Texas Gulf Coast basin; Figure 8a. Modekdtomith locations of 72 modeled
reservoirs; Figure 8b. Other major reservoirs in Texas (2fdtal) are highlighted in yellow. Texas Gulf Coast
basin withrlocations ahodeled reservoirs, downstream traces from each, and USGS giaues;8c.

Locations of reference gages and gages impacted by modeled msséfigoire 8d.

FIGURE 9. Pearson correlation and NSE of NFigdro hourly streamflowimulations to observed streamflow.
Figure 9a’andyFigure 9b show gages that demonstrate correddtibnvhile Figure 9c and Figure 9d show
gages that,have PBigg25%] and positive NSE. The maps on the left show statistics at 5,701 USGS gages
(includingreference gages) and the maps on the right show statisties 5145 reference gages. The grey

circles in‘thelbackground depict gages with weak correlation asalisfiactory NSE.

FIGURE 10. PBias and NSE for NFHEydro simulaions with and without reservoirs. Figure 10a and Figure 10b
depict results without accounting for reservoirs while Figixe and Figure 10d depict the converse. The grey

circles in‘the background represent gages with unsatisfactdag BBd NSE.

FIGURE 11. Gage locations where PBig$25%]| and NSE > 0.25. Figure 11a depicts results that do not account

for reservoirs while Figure 11b depicts results that do€g&rvoirs were modeled in case study).

FIGURE 12: Box plots as &unction of drainage area depicting gages that demonstrate Bi#t%| and NSE > 0.
Box plot on the far left shows results at the continentakgcaservoirs not accounted for) and box plot on the
far right'shows'results for the case study in Texasweservoirs are accounted for. The box plot in the center
shows results for the case study in Texas when reservoingtaaecounted for. The mean of each distribution
is represented by the red X.

FIGUREM3:PBias' at GAGESI reference gages across ttantiguous United States. Negative bias is observed in
the west while positive bias is observed acrossémiral plains and south. The best streamflownegéis (with

respect'to PBias) are observed in the northeast part of teessiiipi River basin.
FIGURE 14. Hydrographs measured irffsat select USGS gages in Texas. Figure 14a and Figudepiét gages

with relatively small drainage areas while Figure 14b andrEigidd depict gages with relatively large drainage

areas.

This article is protected by copyright. All rights reserved



jawra_12586-16-0037_f1.tif

This article is protected by copyright. All rights reserved



NFIE-Geo: National NFIE-Response: Wide
geospatial area planning for
framework for flood emergen
e rhid

hydrology response
e } 1

I
LINIFIE—H1,,I'1:i ro: National NFIE-River: River
high spatial m=®  channel information
esolution hydrologic and real-time flood
Uj forecasting inundation mapping

ul

C\JFIE—Sewicaa: Web services for flood information

jawra_12586-16-0037_f2.tif

Author Ma

This article is protected by copyright. All rights reserved



Continuous Continuous-Discrete Discrete

. V Obs, streamflow

Reservalr releases

A Diversions

Temperature
Precipitation Geospatial Framework
Surfoce runoff
Lokes
Fesensoirs
Impaurdments
Vegetation
tand cover River Network
soil type

Catchments
\ Flood maps

jawra_12586-16-0037_f3.tif

Author Manu

This article is protected by copyright. All rights reserved



jawra_12586-16-0037_f4.tif

)
-
C
(O

=
. —
O

-
-

<C

This article is protected by copyright. All rights reserved



Adrmuephe i Fursing
PANTALSHERR

WRFHydro RunctT
B AT TR

Surface sobmooe Runaf’

rer b

Canfectivng MUSEINGLT DanmeTers Himamed shraampo fer

werchi BRI o fawee el

U

(1)
t=
et

AL LR

i

jawra_12586-16-0037_f5.tif

Author Ma

This article is protected by copyright. All rights reserved



L ,Icr_-.._{ | L:.“-u |','l "Fill I]Fl-" = T\'-:‘H_h

L,

s |
| N 2 WS Y s R s
Forcing: Runoff and reservoir releases MHDPlus Catchment 20

7
i

jawra_12586-16-0037_f6.tif

Author Man

This article is protected by copyright. All rights reserved



Foor asaal L

Szalat Gecdd piliclivod] Fuzbenl Fealar, Rralat Foabar R=iiari

.
>

LG Huia

{

:“’
-

=
e
el

=+

c -ﬁm HLZA% ARP Anizhesiz
e - T T T TR
=| B HLZ:a5 FARAS
_E ~nspher | HEEL i s }
§| P2 | MARAY
18w nl cus
E‘ o 4RRR Aakss 3
2 Preripfadinn SRS [

jawra_12586-16-0037_f7.tif

Author Manu

This article is protected by copyright. All rights reserved



RHO Pirs i

jawra_12586-16-0037_f8.tif

Author Ma#

This article is protected by copyright. All rights reserved

T

t ™ :.\_"'.T.-.lll‘:_.-_l 3= =
‘l' Dgwt
el r 'l.“_' ) =
5 2l
'\-\.}._ P ook
B i
* Lageed [ x N
o Dneacied Soge iy "-Hﬁ__f'_ I PP o
" Pm‘“i.:-mi = e -



- r:'. ] -
a n ¥ A 5
u T
i 1 a5 "
4 i::-..r'l t'..dl Ty
—— s — —_— —— q.. o
Ll Laguid ool has al
21 114 ' '+
i1 IR
[T T ILET -
B RRE e & (41 -
4+ DEd = DBl -
nrd e n

CL AN 1 (A 1] o BEL-NT a0 FE P
i | doidtiel Il i

jawra_12586-16-0037_f9.tif

Author Ma

This article is protected by copyright. All rights reserved



1
LR A "M
& ORl 2R o ] 1
® RL-00 — Iomt R
s W

W N e

%
B G410 L h"l
& DR -0RE L | L
®ORL-9n — focalc Rl AN

jawra_12586-16-0037_f10.tif

This article is protected by copyright. All rights reserved



3 o O )
B | : TI # Hiram k|
* & - A
i R TP
By S L £ T W il

| -

jawra_12586-16-0037_f11.tif

Author Manuscr

This article is protected by copyright. All rights reserved

o B S e

5, . _ﬁ.‘:'_'\-\_- H rIT""
- - e e o
? L Y oy .":‘-H‘" - 0
i '_."'__ Fam's }-. b » ;



n-xl n=33

o K %
T
| n=|= 4 -
o - o= 2 - I o h - ol & f

HNEE
-
i
=
TR
=
&
\‘_
MEL
-
®
L]
MEF
-
I

L]
|| i
i
;

-

4

ul -
Trnited Stades Texaz Tesxas
o it 1 1 ] 1
LR TH| RoVHe s (LI A R [ LI RELHES
[Irainage Arez 3. ki Drinzpe Aren =g, b}

jawra_12586-16-0037_f12.tif

Author Manuscri;

This article is protected by copyright. All rights reserved



k]
w’l L] : 1*:. . L]
.. | -‘l-.!. 'i ¥ ‘I.
# R ‘ " #: - i l " X ‘t" T =-..’:a1 % :-_,..m
- " F . @ x ol i L Pl
- P = W . i - g * Jﬂ-
"g:_ ‘.-i' : -li *.f: o e ‘--E-J_,',;"* b
. " o v 5 Ta, -n-i; ."I.:_ e » .
()_ I.-.}J .. "‘:t"?f!'.ﬂ-ﬂlﬂlah
*l- ™ £ ); d h"—f—" I:.-""
L J‘# i 4 'T‘
:.'..- -,
Percant Bias ) ]
oo '
© sahes PBige < -20
< [Bias < 25
: ﬁ;: s i eI W B [ 2 000 km
: e o1 1 L

jawra_12586-16-0037_f13.tif

Author Ma

This article is protected by copyright. All rights reserved



e Uk opedaclzemellie L% SR ISIF

i
Arcn: AT km’ b e (]

SARIL-AL s (e

o Jms

S il”

|
LJL—-— alit LL_ |

i A LW ks —_—— - s

. atg vt r"" o 5_..-"“' o
el B T
e o "- il nv % o

i 14
g Area: 145 km? — R d st
- —kLE-Hdpa D
4o
o
oo
g
5 e
i
2 I
ire I |
£ i
; Ll ; .
- o e R RSP =
il PP . L gl L R L
L P i W = -|.-"":'l

Author Man

IWves B mr Bomhoror, 1 08110550

x"ll ﬁ‘llf M g

£ Lt
o Areal ARAAY ki —rpiE AT |
il [N RO PR R
’
it
|II ||I| ji!
u il
| | L .~.. '

i

sEEEE

Shezrm Doy )
3 ;

z

T .Jﬂ Lo \__.ﬂ T
R Bl il ." a '..-'-"":' e
Priele B e ibaser, 175 {ESIFRTIO
- [T |
1 Area HO4T K T, ;e R

|
I || —hﬂ.E-\;l:-'u'. et
|

ot -:""" ..15"" e .hu'" e oy
_Ill""',c .-T" -1.- |.|f o s 1;!'51' |,-'.':=' "u'.lf"'iﬂx"-}“

jawra_12586-16-0037_f14.tif

This article is protected by copyright. All rights reserved



