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ABSTRACT. Over the summer of 2015, the Natioldhter Center (NWC) hosted the National
Flood Interoperability Experiment (NFIE) Summer Institutee NFIE organizers introduced
nationalsscal@listributed hydrologic modelinffamework that can provide floastimates at
around 2.67 million reachedgthin the continental United State$he frameworlgenerates
discharges by coupling a giveand Surface Model (LSMyith the Routing Application for
Parallel:Computation of Discharge (RAPIDhese dischargesme then accumulateécbugh the
National Hydrograpy Dataset Plus (NHDPIlusjream networkThe framework can utiliza

variety of LSMs to provide the runoff maps to the routing comporiéwtresuls obtained from
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this framework suggested ththere still existsoomfor further enhancements its performance,
especially inthe area of peatkming and magnitude. The goal of our stugyo investigate a
single source of the errors in the framewoxkischarge estimates, which is the routing
component. The authors substitute RAPID which is based on the simplified lineaniyluski
routing methed by the non-linear routing component the lowa Flood Center (IFC) have
incorporated in‘their full hydrologic Hillslopeink Model (HLM). Our results show

improvanéentin'model performance across scales duadorporatingnew routing methodology.

(KEY TERMS: surface water hydrologWFIE; runoff; rivers/streamdyHDPIlus Datase}

Introduction

Floods result from complex interactions between rainfall and sewgh&r processes
occurring insthe atmosphere and landscape&curate quantification and prediction of stream
dischargesnis=a challenging topic thhé hydrologic research community has been trying to
overcome for decadever thesummer of 2015the National Wate€enter(NWC), located in
Tuscaloosa, Alabama, USAgunchedthe National Flood Interoperability Experiment (NFIE)
Summerlnstitute, a summer workshdpat allowed participants(mainly graduate students)
experiment with research topics related to national flood estimation arch$trg ranging
from runoff generation and discharge estimation to digital inundation mapping and flood risk
management.the first author participated in NFIE 2015 and evaluated the performarnite of
NFIE-Hydro framework a hydrologic modeling framewotkat can provide nationwide stream

flow estimates in the United States

In this-article, we build on this effort by identifying possible ways to improtiee NFIE-
Hydro framework(Maidment 2016). The NFIE-Hydro frameworkconsists of a combination of
arunoff-generatng Land Surface ModelLSM), Noah Mult-ParameterNoahrMP) LSM (Niu et
al.,, 2011, and.the runoff discharge routing componewctlled the Routing Application for
ParalleFComputation of DischargeAPID) (Davidet al., 2011). It is also simple to incorporate
the runoff estimates from other LSM’s, such as or the Variable Infiltration Capacity (VIC) (Xia
et al.,, 2012a, b) as a substitute to the runoff estimates from iN#&h Previous studies
evaluated he VIC-RAPID combination (e.g., Daviet al., 2013 2015; Tavakolyet al., 2016)
over multiple regionsn the United Statesln addition, studies (e.g., Daval al., 2011; 2013)
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evaluated the accuracy of stream discharge estimates resulting from different LSMs (e.g., VIC,
Noah LSM) when combined with RAPIDA recent study presented in Zhabal., (2017)
showed that the choiad the routing componemould make a great impact on the performance
of the simulated monthly and daily discharges of multiple Global Hydrological Ma@elsi§).

In this studys, howeverwe restrict our focus testudying thecontribution of the routing
component. to.the quality ahe discharge estimat@s hourly scale over the USWe do so by
using thesamerunoff estimates from the VICSM to derive two routing components in a
controlled“environment that ensures that tHigedinces in the stream flow estimates result from
the routing components alone.The two routing components are RAPID, and the routing
component developed by the lowa Flood Center (IFC) and implemented in tieCfutk-house
hydrologic'model called theélillslope-Link Model (HLM) (Small et al., 2011; Ayalewet al.,
2014; Krajewskkt al., 2016).

In thisgarticle we do not intend to compare the routing components as software packages,
which would™require includingother aspects (e.g., computational time and ease of
implementationiin different study areeis), howe\er, previous studies investigated these issues
(e.g., Davidet al., 2016 for RAPID; and Smalét al., 2011 for the HLM). The routing
methodologieésyincorporated in the routing components hee simplified linear Muskingum
routing 'methed: in the case of RAPID (Cunge, 1969; Davidl., 2011), and the nehnear
routing methodology based on the power law relationship between the stream discharge and
mean flow velocity, and the network hydrauljeometryself-similarity assumption described in
Mantillaetal., 2005 and Mantilla 2007.

We tested bothmouting componentgperformancesver theCedar Riverbasin an average
sized basin'located in eastermowa. The basin coverspproximately 16,862 ki and is
monitored” byabout 11United States Geological SurveYFGS gauges. Taonduct a fair
comparisonwe used the same strediowline and subcatchment geometries provided by the
National Hydrography Dataset Pligersion 2 (NHDPlus V2. The commonrunoff input
obtained*from the VIC model has a spatial resolution 6f /88 and a temporal resolution of 1
hour. We used the model outputs provided by NASA’s Hydrology Data and Information
Services Center (HDISCavailable at (http://disc.sci.gsfc.nasa.gov/hydrology/iatdings).

The VIC model is widely used and has been extensively evaluated in the past, it provides
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advanced capabilities in terms of runoff production such as variable indittresipacity cuns
and baseflow conceptualization (Tavakel\yal., 2016; Xiaet al., 2012a).We followed the same
runoff-routing coupling process explained in Tavakayal. (2016). Our results showan
improvement inthe streamflow estimatesespecially in the aspectof peak timing and

magnitude,.due to thenplemenéation of the new routing methodology.

M ethods

Hydralegic.routing is a approximation of th@nedimensional SairYenantequation that
involves ignoring the discharge momentum term of the equatimi agshe Muskingum method
described InCunge (1969)or the Nonlinear Cascade Reservoir metledcribedn Kim and
Georgakakos (2014) On the other hand, some hydrologic routing methodologies a
simplified “version of the Momentum equati@uch as theMuskingum-Cungedescribedin
Cunge (1969) or thenontlinear method presented in Mantilla (200@ased on scale invariance

and netwark hydraulic geometsglf-similarity.

In thigrarticle, we are going to compare two hydrologic routing methods, the Muskingum
method and the method presented in Mantilla (20@#).importantaspect othis studyis that it
comparestwo_hydrologic routing methods using the same input from the widely usediICSM
in a controlled environmentherethe runoff amounts ingested into the saichments of each
routing component are identicallhis ensures that the discrepancies in the discharge estimates
obtained from._the routing components are strictly due to the difference in the routing
methodologiesithey utilizeln the next twosubsectionswe provide a brief description tfiese

routing compenents/e use in this study and the methods they utilize.

The RAPID stream flow routing component

The Muskingum method incorporated in RAPI® a onedimensionaldiffusion wave
approximationof stream dischargleased on the continuity equatitratignores the monrgum
equation in_other words, it is a storagmsed equation The equation depends on two
parametersa storage constaktthat has a dimension of time, anda dimensionless weighting
parameter based on the relative influence of the inflow and outflsvdescribed in Davidt

al., (2011a), the finite difference form of the Muskingum method is

q;(t + At) = c1[qP (¢ + AY) + qf(t + AD)]
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+c2[q; " (®) + qf (O] + c3q:(0) (1)

where
At
- ~kix;
Cp; = —2—— 2
. ki(l—xi)+% @
At
- — kix;
c, = —24"" 2 3
2t k(1 —xi)+% ( )
and
At
ki (1—ae)=4E
C3i =~ (4)
ki(1=x)+=

For any reach indek C,; + C,; + C3; = 1. In equation 1g; is the outflow of a reach q; is
the lateral\flow within a reach (surface and subsurfage);”is the inflow to the reach from
upstream linksandt, At are the simulation time and the time stegspectively. The output
flows from RAPID are affected by the fact tilaé Muskingum method assumes a uniform water
surface profile between the upstream and downstream ends of a channelAisaclobtaining
accuratek andxvalues is a difficult task thaiften includes calibration and optimization by using
observationgand is dependent on the calibration data3ée RAPID routing componentas an
option tomeptimize the parametdrgandx based on available USGS gauge observatidnghis
study, we.used the calibratedt and x datasetavailable atTavakoly (20¥; Zenodo. DOI:
10.5281/zenodo.3228B8&nd described in Tavako# al., (2016). RAPID assurasthatthe lateral
flow g€ enters the channel instantly at the upstream junctidhe stream Lastly,the common
approach foershandling the runoff maps usk@PID (e.g. Davidet al., 2011, 2013, 2015, 2016
Tavakoly et.aly 2016umps surface and subsurface runoff estimates from the LSM and routs

them into thestreamchanned simultaneously

The HL M routing component

The HLM routingis based omhe methogresentedn Mantilla (2007)where the velocity
in the channel. elemertan be obtained using @onlinearpower law relationship with the
upstream served area and the strd@aoharge gimilar to thatoy Paik and Kimar(2004)),where

the velocity correspomalg to a certain dischargecan be described as

v(q) = VoQuini 1A% (5)

Consequently, the flow transport equation can be described as follows:
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dqink (t) _ Voqlliilk(t)Alz
dt TR

ap (qsurf (t) + CIsubsurf (t))

_QIink(t) + Qup (t)] (6)

whereq,;,andq;,,, are the output dischargéom a link and inflow from upstream links at time

t; A is the total upstream area draining into the hillsjopg and! arethe hillslopearea and
length, regpectivelyandl,, 1, andv, are global parameters of the water velocity component in
the model and are set 62, —0.1 and0.3, respectively The parameter estimation for HLM is
performed using theower lawrelationship between channel velocity, discharge and upstream
areasat unregulated USGS stream gauges across libngaprocess doesn’t include optimization
based on observed hydrographs as a training\Mete on how to estimate these parameters and
how they yary across geographic locations in the United Stategdgidtan be found in Mantilla
(2007) andGhimireet al., “A Power Law Model for River Water Velocity in U.S. Upper Midwestern
Basins.” Unpublished manuscript, 2017 this article, the surface and subsurface runoff estimates,
Qsurr ANAGsyupsurr CONSequently, are lumped prior to routing in a similar fashion to RAMB.
matched our model setup to that used to prepare the RAPID parsimataes to ensure fair
comparisehmHeweverye conduct ouicomparisons at a misized basin included in this domain
because it is well monitored with USGS stream gauges across a wide range of $cales.
addition, the“effect of artificial storage in this basin is negligiltles alsoimportant to note that
the estimation of thedLM model parameters is independent of taefall-runoff model’s input
Mantilla (2007)

Evaluation procedure

We conduct our evaluation at the Cedar River basin, which is located in eastarn low
The Cedar.River Basin has a drainagea of 16,814 kfn Eleven USGS gauges monitor the
area and cover a range of scaliesni 776 knf), and are not affected by river regulatiofihe
USGS gauge locations are shown in Figure 1 and the areas they serve are fistelégend

Our study period is the warm season (May through Septemb&(lef. We allowed atwo-
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month spirup period (runs staetlon March 1st) and proper initialization for both modeBoth

simulated and observed discharges used in this study have an hourly tesgmuion.

We calculae three statistical skill scores each gauge locatipthe percentRoot Mean
Square ErffoRMSE, correlation coefficient, and NaShtcliffe efficiency(NSE). The reader is
encouraged toreview Moriast al., (2007) and Tavakoly et al., (2016) to learn more about
models performanceclassifications based on NSE, RMSE, and Correlation Coefficient

performance categorie3.he equations used to calculate these scores are as follows

ne,t _ At 2

% RMSE = \/Zl(qsimn qobs)
1

.1 7

max (qobs) 00 ( )
Corr = E[(‘hbs‘l;obs);‘kim_#sim)] (8)

obs Osim

n t  _t N2

NSE =1 + 2t=1Gobs—qsim) (9)

711(‘1:';1;5—570bs)2

In order~to”better assess the performance of both models in detecting peak times and
magnitudes we calculated thi rate (HR), false alarm ratio (FAR) and the critical success index
(CSI) at each station using tl2e year return periogheakdischarges mvided by Eastet al.,

(2013). Unfortunately these records are not available at all statoues to lack of sufficient
stream diseharge record®©nly one station out of our eleven stasqgation number 7hasan
insufficientpeak discharge recardrhe formulaswve used to calculate HR, FAR and CSI are as

follows:

HR = (10
FAR === (11)
cst = i a2

This article is protected by copyright. All rights reserved



192
193
194
195
196
197
198
199
200
201

202

203

204

205

206

207

208

209

210

211
212
213
214
215
216
217
218

where a is the instances where the discharge exceeded a certain threshold in both model
estimates and observed flow; is when the model estimates exceed the threshold but the
observed flow is lower than this threshold; ands when the observed flow exceeds the
threshold but the model estimatesmiut. All these parameters are calculated based on hourly
discharges.ln.short, HR represents the instances when the model predicted that the flow would
exceed a certain_threshold correctly (ranges from Z2ooi( to one (Good)).FAR represents

the instances*when the model overestimated the discharge and exceeded ahcestaiid
(ranges fromzero (good) to oneopn). CSI, also known as threat score, represents how well
the exceeding events of the model correspond to those of the observations by accoungng for th

incorrect modeled exceedances in the denomilfetnges from zero (Poor) to one (Good)).

In addition, wecalculated the difference in time to pedk? and percent difference in peak
discharged QP asdefined in Vergarat al., (2016), where, as shown in (13) the difference in
peak timeWill be negative in case the simulated [§E&k , ...) occurs ahead of the observed
peak(T?, .....q)»bUtpOsitive in case the simulated peak occurs after the observed peak.
Similarly, from (14) the pecent difference in peak magnitude will have a positive sign in case

the simulated-peakQ(; ) is greater in value than the observed peak and a negative sign in

mulated

case the simulated peak is smaller in value than the observe@®eak,..)-

ATP = Tszzmulated - beserved (13)
_ p

4QP = (Qsimulated - ngserved)

/sz)jbserved * 100 (14)

Results

We begin _our comparison between the routing components by visually inspecting the
hydrographs presented iRigure 2. The red hydrographs correspond to the VHLM
combination,sthe blue hydrographs correspond to the RAPID combination, and finally the
black hydregraphs correspond to ti&8GS observations When available, the return period
peak discharges are represented byzbatal gray lines on top of the hydrographs @year
peak discharge is always represented by the lowest gray line above it is tgeafiveeak

discharge and the highest gray line is theytear peak dischargelwo main peaks characterize

This article is protected by copyright. All rights reserved



219
220
221
222
223
224
225
226
227
228
229
230
231

232
233
234
235
236
237
238
239
240
241
242
243
244

245
246
247
248

the observed flovef the year 2014the first took place around mitlneand the second around
early July. A major characteristic of the simulated discharges is that dbegistently
underestimate the peak discharges in many of the stations, especially during-fumenevent.
Since both routing componentsceivethe same runoff estimates and the runsféventually
routed through the channglshe LSM VIC seems to bea major contributor to this
underestimation _in the overall water volunihis is supported by the results presented in
ElSaadani‘and Krajewski (2017), where the Nbvéh runoff estimates were used as input for the
HLM routing“component using the same parameter configuration. The results show improved
peak magnitude estimates wh&loakhMP runoff is used. An important feature of the VIC
RAPID hydrographs is that they exhibit a flashy behavior, which is dampened asithedade
increases.This‘flashy behavior is mainly due to the linear routing method incorporated in
RAPID (simpified Muskingum) in comparison to the néinear routing method incorporated in

the HLM routing component.

In Figure*3"we present the statistical skill scores of the routing compopeiitslg over the
stream network. The right column shows the skill scores of the HLM routing, while the left
column_shows the RAPID skill scoresthe top row shows the comparison of the correlation
coefficients between the simulated and observed hydrographs, while the middle and bottom row
show the=%-RMSE and NSE comparns, respectively. These results show that the HLM
routing components resulted in an improved simulated discharge estimates acrogbigbales
correlationand”NSE, and lower % RMSEWe included a summary of these skill scores in
Table S1 [ By looking at Table S1, one can infetthat the nodinear routingexhibits a more
stable performance across different locatigower standard deviation, SB)ith a better overall
performance compared to linear routirlg Figure S1 we ploédthe skill scores (axis) against
basin scaléx-axis). The results show that the performance of both routing components improves
with increasing, basiscale;however, this improvement in performance is more signifif@ant
RAPID.

Sofarpwe have evaluated the time series of dischargasvasle, without details about the
performance of the routing components durengreme events Hence we evaluated indices
such as HR, FAR and Cé&t all station locations as well as the difference in {iocapeak and

percent difference in peak magnitudé/e start bycomparingthe HR, FAR and CSécoresat
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each locationDue to the overall underestimation in the simulated peak discharges caused by the
LSM, the simulated discharges rarely reachedbttend 10-yearreturn period, which is not the

case in the observed flowlhus, the scores estimates fog 1 and 10yearreturn period are not
presented. Figure 4 shows the estimates for the/ear return period, where thed bars
represent the.HLM routing component while the blue bars represent the RAPID compdrent

HLM routing cemponent outperformed the RAPID component by having hRypearHR and

CSl values;“and lower FAR values.

Both routing components experienced an improvement in peak snaimg magnitudes
across scaleguring the early July peakin order to have a better idea about the performance in
peak time and magnitude we calculate@” and4 QP for each peak at all station locations.
Table 1 contains the outcome of this analysis where the left panel of the table compares the
performance_ of the routing components during the-Jnite peak (Event 1), and the right panel
for the performance of the routing components during the early July event (Evefth2).
summary ‘of statistics at the bottom four rows of the table shows that forstheeik, although
both routing components seem to have pmlattee peaks ahead of tim&APID estimates
experienced a much earlier peak time when compared to the observedQreakerageboth
routing compoenents underestimated the peak magnitudes, however, with a higher variability
(standard-deviationin the case oRAPID due to its flashy behavioBoth routing components
performed much better in estimating tecond peak timing with similar standard deviation of
peak time“errors. Neverthelessthe HLM underestimated the peak magnitudes and RAPID

overestimated the, with greatewariance in case of RAPID

Conclusions and Recommendations

The main geal of this study is to highlight the contribution of the stream dischargegrouti
methodologiessto the errors in simulated stream discharge estimétesobserved that the
routing methedology have a significant impact on our hydrologic mogefltrmance. This
differencesin performance generally decreases as the basin scale incréasespected, the
linear Muskingum method resulted in a flashy behavior in the simulated discharges, esipecially
smaller basin scales. The nonlinear routing method incorporated in the HLM routing
componentresulted in improved discharge estimatdmracterized by better peak times and

magnitudes.lt is evident that a major contributor to the errors in the estimated discharges is the
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LSM runoff estimates, whitin turn will have an effect on the routing composegregrformance
since all the velocities in the streams are determined by the amouwntodf availablein their
served areaHowever, determining the amount of error caused by the LSM is not ourifocus
this study. Future recommendatisrior this study includgfirst, expanding thestudydomain to
include a wider range of scales and different hyadmoatic regions. This however may require
implementing_reservoir operation in the routing componantgder to have a fair comparison
with the' abserved dischargesSecond,evaluating theHLM routing component withrunoff
estimates*from a variety of LSMd-inally, a more comprehensive technique of estimating the
peak time difference based on Continuous Wavelet Transform, which also accountskfor pe
magnitudesand,range, is described in ElSaadani and Krajewski (204 hope that our study
will be followed by many similar investigations by others in different parts of the country and

collectively will'contribute to improve national flood estition and forecastinglatforms

Supporting I nformation

Additional supporting information may be found online under the Supporting Information tab

for this article; Statistical skill scores summary table and performance versus score figures.
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Tables

Table 1. Summary of peak time differences (A T) in hours and percent difference in peak
discharges (A Q%) for the mid-June (Event 1) and early-July (Event 2) peaks.

Eventl Event2
Station VIC-HLM VIC-RAPID VIC-HLM VIC-RAPID
AT(h)==AQ% | AT(h) | AQ% | AT(h) | AQ% | AT(h) | AQ%
1 1 -17.5 -10 -47.9 12 -43.7 -6 54.6
2 -6 -42.4 -46 -60.0 20 -2.2 34 146.4
3 4 -27.2 -56 19.9 2 -5.1 10 259.1
4 -73 -334 -100 48.4 -5 -354 -15 11
5 -22 -6.8 -108 -15.0 -3 8.3 2 100.4
6 0 -38.8 -31 -52.7 -16 -34.2 4 359
7 -2 -36.5 -38 -52.8 -1 -19.1 4 89.3
8 -72 -44.6 -89 12.5 0 -59.9 -12 -44.6
9 -17 -36.6 -54 -48.0 -6 -34.8 -18 -15.5
10 -6 -44.0 -21 50.4 -5 -40.0 -14 7.1
11 -10 -32.8 -41 -40.6 8 -36.8 3 -28.2
Max 4.0 -6.8 -10.0 50.4 20.0 8.3 34.0 259.1
Mean -18.5 -32.8 -54.0 -16.9 0.5 -27.5 -0.7 55.0
Min -73.0 -44.6 | -108.0 | -60.0 -16.0 -59.9 -18.0 -44.6
SD 27.8 11.7 32.1 42.3 9.8 20.5 14.9 89.8
List of Figures

Figure 1=Thes€edar River basin located in eastern lowa. The USGS stream gauges located
withinithe basirare represented by green ddtke USGSode and served area of the
gauges is shown in the legefithe stations were numbered in an ascending order in

the downstream direction.

Figure 2. Hydrographs at the USGS station locatidhsred lines represent¥IC-HLM, the
blue line representgIC-RAPID, and theblack lines are the observatiofifie
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hydrographs were normalized with the maximum observed discharge at each station.
Thenumbers in the panel labels correspond testaBonranking inFigurel.

Figure 3. A comparisorof the statistical skill scoretop row is% RMSE,the middle row is the
correlation, andhe bottom row is th&ISE, with VIGRAPID on left column an®IC-
HLM%en the right column.

Figure 4. Comparison of HR left column, FAR middle column and CSI right column (y axes) at
different stations (x axes) betwe¥tC-RAPID andVIC-HLM based on the Zear
returnyperiodBlue bars represettie VIC-RAPID scores and red bars represéi-

HEM scores. Station numbeps-axis)follow Figure 1 ranking.
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