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Abstract

The mapped rivers and streams of the contiguoutetddtates are available in a
geographic information system (GIS) dataset calleidDPlus. This hydrographic dataset
has about 3 million river and water body reaches@with information on how they are
connected into networks. A river network modelethRAPID is developed for the
NHDPIus river network and applied to the Guadalapeé San Antonio River Basins in
Texas, whose lateral inflow to the river networlk@culated by a land surface model.
RAPID allows for a matrix-based calculation of fl@amd volume of water in all reaches
of a river network, with many thousands of reach@ages from the USGS National
Water Information System are used to assess tHi#ygofthe calculations with about 1
gage available for each 160 reaches simulatedy Wiave celerities are estimated at
multiple locations of a basin using 15-minute datd can be reproduced reasonably with
RAPID. RAPID can be adapted for parallel computiog challenges related to parallel

computing are significant.
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1. Introduction

Land surface models (LSMs) have been developetdatimospheric science
community to provide atmospheric models with botteoandary conditions (water and
energy balance) and to serve as the land basgdoolbgic modeling in the context of
general circulation models (GCMs). Over the past dlecades, overland and subsurface
runoff calculations done by LSMs have extensivedgiused to provide water inflow to
river routing models that calculate river dischafige Roo, et a).2003;Habets, et al.
2008; 1999a; 1999b; 1999cphmann, et a).2004; 1998a; 1998IMaurer, et al, 2001,
Oki, et al, 2001;Olivera, et al, 2000]. However, river routing within LSMs has
traditionally been done using gridded river netvgottkat best fit the computational
domain used in LSMs. Today, geographic informasgstem (GIS) hydrographic
datasets are increasingly becoming available atahénental scale such as NHDPIlus
[USEPA and USG2007] and the global scale such as HydroSHEBISjer, et al.
2006]. These datasets provide a vector-basedsemaion of the river network using
the “blue line” mapped rivers and streams. Thegméstudy links a land surface model
with a new river network model called RAPID usingiDPlus for the representation of
the river network. The latest work on GCMs by itternational scientific community,
especially by the intergovernmental panel on clensditange, opens potential studies of
the evolution of water resources with global changsing mapped streams and water
bodies in LSMs could benefit the resulting assessmikthe impact of global change in
water resources.

All models and datasets used herein are availdtéast for the contiguous United

States. The work presented here has focused dauhdalupe and San Antonio Basins
3
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in Texas (see Figure 1) together covering a suidaea of about 26,000 KmThese
basins have about 5,000 river reaches and theegmonding catchments in the
NHDPIus dataset (see Figure 2) out of 3 milliontfer United States. These basins are
also chosen for study because of significant coations to surface water flow from
groundwater sources, because of a large reseatd@anyon Lake, where the impacts of
constructed infrastructure on flow dynamics havbdaonsidered, and because these
rivers flow out into an estuarine system at SaroAit Bay.

The research presented in this paper aims at amgitle following questions: how can
a river model be developed for calculation of flamd volume of water in a river network
of thousands of river reaches? How can the covityanformation in NHDPlus be

used to run a river network model in part of thaetebh States? How can flow at ungaged
locations be reconstructed, and how can model ctatipas be assessed based on
available measurements? Can parallel computingseé for river flow modeling?

First, the model development is presented. Thenntodeling framework for the
application river flow calculation in the Guadalugred San Antonio River Basins is

developed, followed by results and conclusions.



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

2. Model development

The model presented here is named RAPID (Routingiégtion for Parallel
computatlon of Discharge). RAPID uses the Muskinguethod that was first
introduced by McCarthy [1938] and has been extamgistudied in the literature in the
past 70 years. Among the most notable paperstketatthe Muskingum method, Cunge
[1969] showed the Muskingum method is a first o@gproximation of the kinematic
and diffusive wave equation and proposed a varipatameter Muskingum method,
known as the Muskingum-Cunge method which itsedf s2cond order approximation of
the kinematic and diffusive wave equation. Moreergly, Todini [2007] developed a
mass-conservative variable-parameter Muskingum oathown as the Muskingum-
Cunge-Todini method. As a first step, the origiMaiskingum method is used in this
study because there are significant problems etlateloing flow routing on NHDPIus
networks that need be overcome before more sopdistl flow equations are used.
However, the physics of flow could be improved withny variations based on the
Muskingum method or adapted to include the Saimtavié equations.

2.1 Calculation of flow and volume of water in a wer network

In a network of thousands of reaches, matrices@eeed for network connectivity and
flow computation. The backbone of RAPID is a veetatrix version of the Muskingum

method:

(I-CxN)Q(t +B €, Q°(t) G, MNQft) Q%t) C,+Q (v (1)



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

wheretis time andDt is the river routing time step. The bolded notai®used for

vectors and matricesl is the identity matrix. N is the river network matrixC,, C,and

C,are parameter matrice®Q is a vector of outflows from each reach, a@tis a vector

of lateral inflows for each reach.

Equation (1) is used for river network routing arach be solved using a linear system
solver. The vector-matrix notation provides omsvflequation for the entire river
network, therefore avoiding spatial iterations.r &siver network withmriver reaches,

all vectors are of sizenand all matrices are square of sire Each element of a vector
corresponds to one river reach in the network. gesformance purposes, all matrices are
stored as sparse matrices (only the non-zero vakgerecorded). A five-reach, two-node
and two-gage river network is used here to clahfymathematical formulation of the
river network model and is shown in Figure 3a).e Tiver network is made up of a
combination of river reaches similar to that of g 3b). The model formulation is
presented here for a small river network but cagéreeralized to any size of river

network.

Qis a vector of the outflow®), of all reaches of the river network, wheyjés the index

of a river reach within the network:

)
)
) = Q) ., @
)
)
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Q°is a vector of flowsQ' that are lateral inflows to the river network. ¢ inflows

include runoff, groundwater or any type of forcatlaw (outflow at a dam, pumping,

etc.):

Q*(t)= (V) (3)

Q°is provided by a land surface model, whose timp ste€oarser than the river routing
time step. Two assumptions are made in the deredapof RAPID, one regarding the
temporal variability ofQ® and one regarding the location at whi@h enters the river
network. In this study, the river routing timesie 15 minutes and inflow from land
surface runoff is available every 3 hours. Indieevation of Equation (1)Q°is
assumed constant (i.Q°(t + Dt) =Q°(t)) over all 15-minute river routing time steps
included within a given land surface model 3-hannetstep. This temporal uniformity

simplifies the river network model formulation, iisithe quantity of input data and

facilitates the coupling with land surface modelhis assumption is valid at all times
except at the last routing time step before a s made available. Moreover, the

external inflowQ° is assumed to enter the network as an addititimetapstream flow.
With these two assumptions, the Muskingum methgudieghto reach 5 in Figure 3b)

gives the following:
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Q(t+Dt) =C xQ(t +B Rt +B ()
+C,x Qy(1) Qi (1) +Qs(9) (@)
+C,Q(1)

whereC,, C,and C,are the well known Muskingum parameters that atedtin
Equation (6). Equation (1) is a generalizatiofizqtiation (4) using a vector-matrix
notation.

N is a network connectivity matrix. Berge [1958] posed the concept of matrices
associated with graphs. This concept can be apfai¢éhe river network in Figure 3m)
order to create the network matik given in Equation (5) in both full and sparse
formats. The network connectivity matrix is a sguaatrix whose dimension is total

number of reaches in the network. A value of egnased at row and columnj if reach

j flows into reachi and zero is used everywhere else.

()

Z

1
o O O O
o O O O
R O O O O
R O O O O
o O O O O

1

=

-

The upstream inflow to the network can thereforedmmputed by multiplying the
network connectivity matriXN by the vector of outflow®) . In case of a divergence in

the river network (when going downstream) or inecasa loop, a unique reach (the
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major divergence) is used to carry all the upstréam and the other reaches (minor
divergences) carry only the flow that results fribrair lateral inflow. This formulation
could be modified to take into account given fracs of flows that separate into different

parts of a divergence if that information is avaliéa
C,, C,and C,are diagonal matrices with their diagonal eleméeiag the coefficients
used in the Muskingum metholgCarthy, 1938], respectivelyC,;, C,;and C;; such

that:

Dt D
- 5 k%X - ?"'Iﬂ X | K (’1 _?()

k)BT )+

wherek; is a storage constant (with dimension of a time) gna dimensionless

weighting factor characterizing the relative infhee of the inflow and the outflow on the

volume of the reaclj . The Muskingum method is stable for axiy [0,0.5], regardless
of the value ofk and Dt[Cunge 1969]. Foranyj: C; +C, +C; =1.

In RAPID, the parameterks and x of the Muskingum method are allowed to differ from

one river reach to another, and corresponding veet@ defined in Equation (7):

k= k L X=X (7)
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The constants defined in Equation (6) are useteadiagonal elements of the matrices

C,, C,andC,. Equation (8) shows an example foy. C,andC, are treated similarly.

C = C13 (8)

The sumC, +C, +Cequals the identity matrix.

The calculation of the volume of water in a giveach can be needed for coupling with
groundwater models. Here, the first order, explforward Euler method is applied to
the continuity equation to calculate the volumevater in each river reach of the
network, as shown in Equation (9) where the fgsttond and third terms of the right-
hand-side are the volume of water that respectwelse in the river reach, flowed into

the reach, and discharged from the reach:

V(t+Dt) =V (t) + N @(t) @°(t) =DQ(t) * 9)

whereV is a vector of the volume of watkf in each river reachj :

V()= Vi) .. (10)
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2.2 Parameter estimation

In order to estimate the paramet&rsaand x to be used in RAPID, an inverse method is
developed. The principle of an inverse methoo ispttimize the parameters of a model
so that the outputs of the model approach observati A cost function reflecting the
difference between model calculations and obsematis needed to assess the quality of
a set of model parameters. The best set of paeasnstchosen as the set that minimizes
the cost function, and is determined through oation. A square-error cost function

f is chosen:

Q(t)-Q°(Y)
t=t, f

(11)
where the summation is made dailty. andt, are respectively the first day and last day
used for the calculation of. The model parameter vectdtsand x are kept constant
within the temporal intervét , t,], and the cost function is calculated several timiéls
different sets of parameters during the optimizapoocedure. f is a scalar that allows

f to be on the order of magnitude of thich is helpful for automated optimization
procedures.a(t)is the daily-average outflow vector, calculateddabsn the mean of all

routing time steps in a given day® (t) IS a vector with the total number of river

reaches for dimension, with the daily value obser@é (t) corresponding to reach

11



215 jwhere gage measurements are available, and zere wb@age is availableG is a

216 sparse diagonal matrix that allows the dot-prodoigurvive only where gages are

217 available, so thatG has a value of one on the diagonal element of indéxa gage is

218 available on reachj and zero everywhere else. Using the example nktgigen in

219 Figure 3a),G andQ®(t)take the following form:

220
0
0
221 G= 1 , Qo(t)= Qi(t) (12)
0
1 (1)
222

223  According to Fread [1993}x1 [0.1;0.3] in most streams. By analogy with the kinematic

224 wave equation, Cunge [1969] showed that the pammkedf the Muskingum method is

225 the travel time of a flow wave through a river dead-or a given river reachof length
226 L, where a flow wave of celerity, travels, k; is obtained by dividing the length by the

227  celerity of the wave, as shown in Equation (13):

228
L,

229 k =—L (13)
Cj

230

231 Although the routing model defined by Equation &llpws for variability of the

232 parametergk;, X ) on a reach-to-reach basis, attempting to estimatéel parameters
12
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independently for all the reaches of a basin waalé costly undertaking. Therefore, the

search for optimal parameters is limited to detamg two multiplying factors/, and

/,such that:

J

L.
K=/t X #, 8 (14)

At the end of the optimization procedure, one ceL(;éL/ X) is determined for a given

basin in the network, as a first step.

2.3. Model implementation

The routing model is coded in Fortran 90 usingRbetable, Extensible Toolkit for
Scientific Computation (PETSc) mathematical libriBglay, et al. 2004;Balay, et al,
2001;Balay, et al. 1997] and the Toolkit for Advanced OptimizatianAQ)

optimization library Benson, et al.2007]. PETSc and TAO are built upon the Message
Passing Interfacddongarra, et al. 1994] and allow for parallel computing. RAPID is
run on single- and multiple-processor workstatiassvell as on Lonestar, a
supercomputer running at the Texas Advanced Comgp@enter

(http://www.tacc.utexas.edu/resources/hpcsystemegia). The linear system solver

used in PETSc is a conjugate gradient squaredrsealnd the optimization method used

in TAO is a line search algorithm called the Neltrad method.

13
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3. Application

RAPID is designed to handle large routing proble@s/en a river network and
connectivity information as well as lateral inflaavthe river network, RAPID can run on
any river network. In this study, a framework émmputation of river flow in the
Guadalupe and San Antonio River Basins is develtipgduses a one-way modeling
framework with an atmospheric dataset, a land sarfaodel and RAPID as the river
model. This section presents how NHDPIus conniggtoan be utilized in RAPID, how
a land surface model is used to provide later&dmto the river network, and the
meteorological forcing prepared.

3.1. RAPID used on NHDPIlus

NHDPIlus USEPA and USG&007] is a geographic information system (GlSadase
for the hydrography of the United States. Thisdase provides the mapped streams and
rivers as well as the catchments that surround theRIDPIus is based on the medium
resolution 1:100,000 scale national hydrographtaskt (NHD). One of the main
improvements in NHDPIus is the network connectiatilable in the value added
attributes (VAA) table for the river network. EalltiDPIlus reach in the national
network is assigned a unique integer identifieleceCOMID. NHDPIlus catchments also
have a COMID, the same COMID being used for thelrend its local contributing
catchment. Nodes are located at the two endsobf MBIDPIus river reach. A unique
integer identifier is given to all nodes in theioaal river reach network. The VAA table
includes FromNodeand ToNodefields that give which node is upstream and whgch i

downstream of a given reach. Two reaches that@reected in a river network share a

14
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node, and the reacflows into the react if ToNodd )= FromNodg)i. The

NHDPIus connectivity between reaches, catchmerdsiades is illustrated for three
catchments of the Guadalupe and San Antonio basifgure 4.

In its current formulation, RAPID can handle seVeyastream reaches but only one
unique downstream reach. However, divergences iexisapped river networks, as they
do in NHDPIus. The VAA table offers Bivergencdield to each of the river reaches
(with values of 0 — not part of a divergence, 1aimpath of a divergence, 2 — minor path
of a divergence). In the current formulation of RE, the main part of a divergence
carries all the upstream flow. THeomNode, ToNode andDivergencdields are used to
populate the network matrix given in Equation (8),means of the following logical

statement:

"(i,jJ [LmF, if FromNodg3 ToNodg )i and Divergengd) j 2 . NE 1(15)

where N, ; is the element o located at rowi and columnj. Therefore, upstream to

downstream connection is conserved if the downstnesach is the major branch of a
divergence or if it is not part of a divergencealftbut the connection is not made for a
minor branch of a divergence.

The VAA table only has information for the riveladhes whose flow direction is known.
There are a total of 5175 river reaches with knohvection within the Guadalupe and

San Antonio river basins (as shown in Figure 2)ede 5175 reaches have an average

15
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length of 3.00 km and the average catchment siieedkaround them is 5.11 Krin

area and are all used for this study.

3.2. Land surface model and coupling with RAPID

Within this study, the core physical model govegiihe one-dimensional vertical fluxes
of energy and moisture is the Community Noah Landege Model with Multi-Physics
Options, hereafter referred to as Noah-MR[ et al, 2009]. Noah-MP offers multiple
options for choosing the modeling of certain phgsghenomena. In this study, the soil
moisture factor for stomatal resistance is of “Nogie” [Niu, et al, 2009] and the runoff
scheme is from “SIMGM” Niu, et al, 2007]. The soil column is 2 meter deep, below
which is an unconfined aquifer. In order to represhe characteristics of the structural
soil over the model domain, the saturated hydramdieductivity, which is determined by
the soil texture data, is enlarged by factor of(tenough calibration). The soill
hydrology of Noah (soil moisture) is run at an Hgaime step and runoff data are
produced every three hours.

Noah-MP calculates the amount of water that ruhsmfind below the land surface.
This quantity is used to provide RAPID with the aranflow from outside of the river
network. David et al. [2009] presented a couptexhnique using a hydrologically
enhanced version of the Noah LSM called Noah-tisted [Gochis and Cher2003]

that allows physically-based modeling of the haniab movement of surface and
subsurface water from the land surface to a rieach. In interest of a simpler coupling
scheme, the work of David et al. [2009] has beedifigal. In this study, a flux coupler
between Noah and RAPID is developed using the oatals available in the NHDPIlus

dataset.
16
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The NHDPIus catchments contributing runoff to eaetr reach were determined as part
of the NHDPIlus development using a digital elevatiaodel and its associated flow
accumulation and flow direction grids. These ghdse a native resolution of 30 m.

The map of catchments is available in NHDPIlus ithlgridded (at 30-m resolution) and
vector formats in a shapefile. Running a landatefmodel at a 30-m resolution is very
resource demanding. Therefore, a coarser resolafi®00 m cell size is chosen. The
shapefile of NHDPIlus catchment boundaries is cdedeo a grid of size 900 m. Within
this conversion process, the accuracy of the baiexlaf the catchments is lowered but
the catchment boundaries are reasonably respeutetth@ computational cost of the land
surface model calculations is reasonable. For 8dwbur output of the Noah model,
surface and subsurface runoff data is superposedios catchment grid, and all runoff
that corresponds to the catchment of each rivahresasummed and used as the water
inflow to the river reach. Figure 5 shows the pifite of the flux coupler in which the
900-m runoff data generated by the Noah modelpgmosed to the 900-m map of
NHDPIus catchment COMIDs to determine the lataribw for NHDPlus reaches used
by RAPID.

Therefore, no horizontal routing is used betweenldéind surface and the river network in
the proposed scheme. This differs from some ottagtels that use runoff from a one-
dimensional model to force a river routing modebr instance, the two dimensional
wave equation is used in Gochis and Chen [2008}etinear reservoir equation is used

in Ledoux et al. [1989].
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The coupling method used here can be adapted ttaadysurface model that computes
surface and subsurface runoff on a grid. This Bogpechnique is automated in a
Fortran program.

3.3. Meteorological forcing

Land surface models need meteorological forcingrder to compute the water and the
energy balance at the surface. The Noah LSM regsieven meteorological parameters:
precipitation, specific humidity, air temperatuag, pressure, wind speed, downward
shortwave and downward longwave radiation. HoprBcipitation is obtained from
NEXRAD and downscaled from its original resoluti@n763 km) to 900 m using the
method developed in Guan et al. [2009]. All oth@teorological parameters are
downloaded from the 3-hourly North American RegidReanalysis (NARR) and
converted from its original resolution (32.463 kim)©00 m using a simple triangle-base
linear interpolation. All meteorological data @repared for four years (01 January 2004

— 31 December 2007).
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4. Results

The framework for computation of river flow thatdeveloped in the previous section is
used to calculate river flow in all 5175 river reas of the Guadalupe and San Antonio
River Basins for four years (01 January 2004 — 8tdmnber 2007). In this section, flow
wave celerities in several subbasins are estinfadaetl measurements, the model
parameters used in RAPID are presented, and conhfiates are compared to observed
flows. Issues related to the time step used in IRAENd to the simulated wave celerities
are also presented.

4.1. Estimation of wave celerities

The USGS Instantaneous Data Archilag://ida.water.usgs.gov/iggprovides 15-

minute flow data that can be used to determindltinewave celerity. Data at fourteen
gaging stations within the two basins studied d&taioed from IDA over two time
periods (01 January 2004 — 30 June 2004 and fdafdary 2007 — 30 June 2007). The
maximum lagged cross-correlation between hydrograplwo consecutive gaging
stations is used to determine the flow wave ceglerffigure 6 shows the correlation as a
function of increasing lag time between three défe sets of consecutive gaging

stations. The lag time giving the maximum coriielais taken as the travel time

for the flow wave between the two stations. Tlgetimes are estimated for eleven

[travel
sets of two stations and are shown on Table 1. tinaes of O s are reported at two
stations, where the flow wave is probably too fadte captured by 15-minute

measurements. The wave celerity c is then compugid) Equation (16)
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c= (16)

t

travel

where d is the distance between two stations. NHBPIlus Flow Table Navigator Tool

(http://www.horizon-systems.com/nhdplus/tools.pispused to estimate the curvilinear
distance between two stations along the NHDPIwes metwork that are shown on Table
1. The wave celerity has been estimated for elsubbasins within the San Antonio and
Guadalupe river basins. Table 2 shows the valissatie obtained for the two time
periods considered, as well as their average. r€igshows the corresponding
subbasins.

4.2. Parameters used in RAPID

RAPID needs two vectors of paramet&rsand x that can either be determined using
physically-based equations, through optimizatiora oombination of both. In this

study, daily stream flow data are obtained fromWsGS National Water Information

System [ittp://waterdata.usgs.gov/nyis order to use the built-in parameter estimation

Within the Guadalupe and San Antonio river badi\d/IS has 74 gages that measure
flow, 32 of them having full records of daily measments the four years studied (01
January 2004 — 31 December 2007). These 32 stadienused for parameter estimation.
Four sets of model parameters — denoted by thestp@sa, b,g andd— are used in

this study. These sets of parameters are all bas&djuation (14) which is used with a
uniform wave celerity ot® =1kmxh* =0.28m>s'throughout the basin or with the

celeritiesc, determined based on the IDA lagged cross-correlaiody.
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The first set,(k ,x )is obtained from parameter estimation using théoum wave
celerity ¢’ =0.28mxs*and the resulting values of the two multiplyingttas /, and

/, of Equation (14) are:

. 0 (17)

The parametergk ,x )are determined without optimization using the dgésx

¢, determined based on the IDA lagged cross-correlatiody and set to:

| c, | (18)

The third set of paramete(k ,x )is obtained through optimization using the celesiti
¢, determined based on the IDA lagged cross-correlatiody and the resulting values

are:

k? :/kgxi . X7 #90!
G (19)
/9=075 /9= 1.62
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The optimization converges to a valuekathat is 25% smaller than that estimated with
the IDA lagged cross-correlation, suggesting thiatséer flow wave in the river network
produces better flow calculations. In the prestmdy, routing on the land surface from
the catchment to its corresponding reach is notaeteod Therefore, one would expect
that the optimized flow celerity in the river netikavould be slower than that estimated
from river flow observations, which is not the casee. This suggests that runoff is
produced too fast which could be because rundtind surface models is often

calibrated based on a lumped value at the dowmstgaae of a basin.

The fourth set of parametefk ,x )is determined for a better match of celerity
calculations, as explained later in this paper.

4.3. Time step of RAPID simulation

Cunge [1969] showed that the Muskingum methodablstfor anyxi [0,0.5] and that
the wave celerity computed by the Muskingum methjproaches the theoretical wave
celerity of the kinematic wave equation if the tistep of the river routing equals the

travel time of the wave (fox =0.5), as shown in Equation (20):

a~ L
i [Lm] c ﬁ (20)
However, both the celerity of flow and the lengtrer reaches vary along the network;

and the model formulation of RAPID allows for omge unique value of the time step

Dt be chosen. In the Guadalupe and San Antonio Biasins, the mean length is 3 km
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and the median length is 2.4 km. The probabiléggity function and the cumulative

density functions for the lengths of river reaches shown in Figure 8. The celerities
estimated earlier are on the ordercof 2.5mxs*. Using the median value of the reach

length along withc = 2.5mxs*, Equation (20) give®t =960s. In order to have an
integer conversion between the river routing tinep @nd the land surface model time
step (3 hours), a value @it =900s =15miris chosen.

4.4. Analysis of the quality of river flow computaton

For various model simulations, the average anddbemean square error (RMSE) of
computed flow rate are calculated using daily @z are given in Table 3. The Nash

efficiency [Nash and Sutcliffel970] is bounded by the intervja¥ ,1] and gives an

estimate of the quality of modeled river flow cortgiions when compared to
observations. An efficiency of 1 corresponds peeect model and O corresponds to a
model producing the mean of observations. The NM#ghency is also given in Table 3.
The results shown for a lumped model correspomvehien runoff from Noah is
accumulated at the gage directly without any rautithe average values of flow in
RAPID simulations are tied to the amount of runeéiter calculated by the Noah LSM
and the bias generated by the land surface modabt®e fixed by RAPID. However,
the internal connectivity of the NHDPIus river netk is well translated in RAPID and
continuity within RAPID is verified since the flovates in the lumped simulation and in
all four simulations of RAPID are the same.

Furthermore, all RAPID simulations (regardless bitwparameters are used) lead to a

smaller RMSE and a higher Nash Efficiency thanltineped runoff. This shows that an
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explicit river routing scheme allows obtaining leetstream flow calculations than a

simple lumped runoff scheme, as expected.

Within the different RAPID simulations, the setparametergk ,x )gives the best

results for RMSE and Nash efficiency, followed ¢y ,x ), (k ,x )and(k ,x ).
Therefore, a greater spatial variability in thewes of k contributes to the quality of
model outputs, and the built-in optimization in RBRallows achieving greater quality in
model results. An example hydrograph for the GugmaRiver near Victoria TX is
shown in Figure 9, and is computed us{kg, X ).

4.5. Comparison between estimated and computed wagelerities

In order to assess the capacity of the modelingdraork to reproduce momentum, the
celerity of the flow wave in outputs from RAPID artemputed. Fifteen-minute river
flow is computed with RAPID, and the lagged croes-€lation presented earlier is used
to calculate the wave celerity within the RAPID siation. Table 2 shows the celerities
that are computed from RAPID outputs. In the finsee sets of model parameters used,

the wave celerities simulated in RAPID are gretitan those observed. One can also
notice than even fotk ,x ), the model-simulated celerities are different ttraa
observed celerities which are used to determinedb®ork itself. This was predicted

by Cunge [1969] who showed that the difference betwthe celerity of the kinematic

wave equation and that computed using the Muskinguetiod is a function of both
xand the quotienDt/L; . Only the specific valueg = 0.5and Dt/ L, allow obtaining the

same celerity. Furthermore, the work herein isediora river network, and the celerity

estimated between two points does not correspolyd@ithe main river stem but rather
24



481 to a combination of all river reaches present eartbtwork in between the two points.
482 The ratio of the average celerities from RAPID gsfk ,x )over the average observed

483 celerities is 1.44. As a final experiment, a rsaivof parameterék ,x )is created to

484 account for the faster waves in RAPID.

485
L.
k=70t x? #7%.
486 ¢ (21)
/¢ =1.44 1 l=1
487

488 Table 2 shows that the parametéks,x )allow for wave celerities that are closer to the

489 observed ones than the celerities obtained witlother sets of parameters. The average
490 flow wave celerity over the 11 calculations in RBA$ within 3% of that estimated with
491 IDA flows. Unfortunately, these closer wave cdles also lead to a decrease in the
492 quality of RMSE and Nash Efficiency. Therefore,dabcelerities closer to celerities
493 estimated from observations can be obtained, mergdy deteriorate other statistics of
494  calculations. Again, this might be due to runofiguced too fast.

495 4.6. Scalability of parallel computation

496 The work presented here focuses on a river netwdtk5,175 river and water body

497 reaches. However, all the tools and datasetsargeavailable for the contiguous United
498 States. The river network of the NHDPIlus datasstdbout 3 million reaches for the
499 United States. Adapting the proposed framewoskintaultaneously compute flow and

500 volume of water in all mapped water bodies of thetiguous United States require
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solving matrix equations of size 3 million. Forchua large scientific problem, parallel
computing is needed and scalability of parallel patations necessary.

Through the use of mathematical and optimizatibralies that run in a parallel
computing environment, RAPID can be applied on s#y@ocessors. Figure 10 shows
basic tests that are performed on the Lonestarsoipputer in order to assess the
scalability of the river network model. Five siratibns are run, with increasing numbers
of processors used. The same model simulatioivexf flow in the Guadalupe and San
Antonio river basins, over 4 years, at a 900-sedond step is used for all tests reported
in Figure 10; but the number of processors useddorputation differs. Three
computing times are given: the total central pregesunit (CPU) time is summation of
the CPU time of all the processors. The total @Rl is divided by the number of
processors to give the average CPU time. Fintddg/wall-clock time is the time
between the start of all computations and the énleolast calculation of the last
processor. Figure 10 shows that the durationefttimulation decreases with increasing
number of processors up to 4 processors, and isesdzeyond 4 processors. Therefore,
RAPID shows some scalability for the simulation sidered. However, the problem size
and the computing time do not yet justify the uskigh performance parallel
computing. The application of RAPID on a largeslgem and the investigation of its
performance and scalability are needed before deriag its use in a parallel computing
environment. In particular, the way inputs andpoiis are handled in a parallel
computing environment and various options for reéfian of computations to reflect the
connectivity of the river network should be invgated. Furthermore, river flow is a

causal physical phenomenon by essence. The flowsear reaches that belong to the
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same river network are connected and cannot be wiathpndependently. In a classical
time stepping environment such as the one develwpts study (i.e. a computing
scheme in which all the spatial elements at theeotitime are calculated based on some
or all of the spatial elements at the previous @mdent time), one cannot obtain results
at the downstream-most point prior to having calted everywhere else. Therefore, one
way to leverage parallel computing is to use d#femprocessors on completely
disconnected basins. Hence, the calculation ahode would be completely
independent from the calculation at another nodieother option would be translating
the problem in another time-space environment (sisch wave front transformation)

where calculations would be disassociated.
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Conclusions

NHDPIlus is a GIS dataset that describes the nesvafrknapped rivers and water bodies
of the United States. One of the main advantafdi®Plus is that connectivity
information for the river networks is availablehéfrefore, this dataset offers possibilities
for the development of river routing models thatgitaneously calculate flow and
volume of water in all water bodies of the natidrhe research presented in this paper
investigates how to develop a river network modet] how NHDPIlus can serve as its
river network. All tools and datasets used a@lable for the contiguous United States,
but this research addresses a much smaller are@uadalupe and San Antonio River
Basins in Texas. Graph theory is applied to arnnwork to create a network matrix
that is used to develop a vector-matrix versiothefMuskingum method and applied to
a river network in a model called RAPID. It hagbehown that a GIS-based
hydrographic dataset can be used as the river nlefwoa river model to compute flow

in large networks of thousands of reaches, inclydimgaged locations. A simple flux
coupler for connecting a land surface model witiN&tDPIus river network is presented.
No horizontal routing of flow from the land surfaiethe river network is used in this
study, and such an addition would help improve rhodkulations. An inverse method
is developed to estimate model parameters in RARIBg available gage measurements.
Wave celerities are estimated in several locatajriee basin studied. RMSE and Nash
efficiency of computed flow rate in four RAPID sitations are compared with a basic
lumped model where runoff is directly accumulatetha gage, with gage measurements
and among themselves. RAPID produces better RM@ENash efficiency than the

lumped model. Although the quality of RAPID caletibns is tied to the quantity of
28
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runoff generated by the land surface model thatiges runoff, continuity within

RAPID is verified since the average flow rate isserved. Spatial variability of
parameters enhances the RMSE and Nash efficien@ABID calculations. Wave
celerities are reproduced within a few percenté Wit model proposed, although wave
celerities closer to those estimated from gage giext@rally deteriorate the other statistics
of calculations. This might be due to runoff beprgduced too fast. The parameters
used in this study are simple, but could be impddvased on information available in
NHDPIus such as slope, mean flow and velocity bfeglches. The matrix formulation
in RAPID can be transferred in a parallel compugngironment. However,
performance issues have barely been tackled irsthdy, and a thorough general
profiling or RAPID in a parallel computing enviroemt would help improve the model.
In particular, the investigation of the appropriagadling of large amounts of inputs and
outputs is important. Such work is needed befesireguRAPID in a parallel computing
environment to address larger scales in the UiStates, like at the state or federal level

which would represent a square matrix of size Jionil
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Table 1

Lag time (s) estimated using the laggedszcorrelation in the Guadalupe and San AntomneRBasins, both

from IDA measurements and from RAPID model rungt distance (km) between gaging stations
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Table 2

Basins, both from IDA measurements and from RAPI&xah runs

Wave celerities (m/s) estimated using @lggéd cross-correlation in the Guadalupe and SaonfnRiver
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Table 3 Comparison of observed and simulated flawisur locations within the Guadalupe and San Awmtdriver
Basins
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Figure 1 Guadalupe and San Antonio Basins
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RAPID input file
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Figure 5 Principle of flux coupler between Noah &#PID
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Figure 7 Wave celerities are estimated for elevéferdnt subbasins within the
Guadalupe and San Antonio river basins. The sarhbasins are used for distributed

parameters in RAPID
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Figure 8 Statistics of river reach lengths in Glapla and San Antonio River

Basins
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Figure 9 Hydrograph of observed, lumped and rodteds for the Guadalupe

River near Victoria, using fk°)
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Figure 10 Scalability of RAPID computations
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