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The work presented in this dissertation discusses large scale flow and transport in
river networks and investigates advantages and disadvantages of grid-based and vector-
based river networks. This research uses the Mississippi River basin as a continental-case
study and the Guadalupe and San Antonio rivers and Seine basin in France as regional-
case studies. The first component of this research presents an extension of regional river
flow modeling to the continental scale by using high resolution river data from NHDPlus
dataset. This research discovers obstacles of flow computations for river a network with
hundreds of thousands river segments in continental scales. An upscaling process is
developed based on the vector-based river network to decrease the computational effort,
and to reduce input file size. This research identifies drainage area as a key factor in the
flow simulation, especially in a wetter climate. The second component of this research
presents an enhanced GIS framework for a steady-state riverine nitrogen transport
modeling in the San Antonio and Guadalupe river network. Results show that the GIS
framework can be applied to represent a spatial distribution of flow and total nitrogen in a
large river network with thousands of connected river segment. However, time features of
the GIS environment limit its applicability to large scale time-varied modeling. The third

component shows a modeling regional flow and transport with consideration of stream-
vii



aquifer interactions at regional scale at high resolution. The STICS- Eau-Dyssée
combined system is implemented for entire seine basin to compute daily nitrate flux in
the Seine grid river network. Results show that river-aquifer exchange has a significant

impact on river flow and transport modeling in larger river networks.
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Chapter 1: Introduction

1.1. BACKGROUND AND MOTIVATION

Hydrologic science lags behind atmospheric science in its ability to continuously
assimilate observation data with simulation models. In contrast to the hydrologic
modeling, meteorological modelers use standard techniques to adjust the state of models
for numerical weather dynamics over the various space and time scales. Hydrologic
science requires the integration of multidimensional, spatiotemporal data into an
atmospheric model linked with a land surface model and a river model for long lead time
forecasting.

The world’s rivers are key components of the global hydrological cycle. They
route fresh water from land within continental masses into the oceans and coastal areas.
On the continental scale, water on land regulates heating and moistening of the
atmosphere and directly affects Earth’s climate. The river component of climate models
is also very important because the runoff, and subsurface runoff produced by climate and
land processes, can be validated by hydrograph data in the river routing models in
addition to precipitation. Typically, river routing models reside within land surface
models on the continental scale. This approach has modeling accuracy limitations and a
loss of physical details from low resolution.

The next generation of river routing models should consider flow and transport on
a continental scale, with high spatio-temporal resolution in terms of physical and
biogeochemical processes.

Continental-scale River Transport Models (RTMs) traditionally use a grid-based
approach in which water moves through flow networks made up of square grid cells. In

contrast, vector-based river networks, or “blue lines” on maps, are increasingly becoming
1



available at global and continental scales in Geographic Information Systems datasets.
For example, for the continental United States, the NHDP/us database describes the
mapped streams and rivers as well as the catchments that surround them. This dataset
provides river and catchment information for the continental United States using about
three million connected river reaches, each with its associate reach catchment.

Over the past few years, the NHDP/us dataset has been used for regional scale
river routing modeling. David et al. [2011b, 2013] applied the NHDPlus dataset to
simulate flow in the San Antonio and Guadalupe basins and in the Texas Gulf Coast
Hydrologic Region. The former study was conducted on a small domain (5,175 river
reaches) and the latter study was implemented on the regional scale (68,143 river
reaches). This study expands to continental scale river routing modeling of the
Mississippi river basin, which encompasses 1/3 of continental United States.

Currently, the GIS environment is used as a framework to simulate hydrologic
processes for small domains [ Whiteaker and Johnson, 2012; Johnson et al., 2013; Yang et
al., 2014]. There are challenges in developing a geospatial framework to link
observations and measurements, river networks, large scale river flow, and transport
modeling.

This work also explores how nitrogen transport modeling could be enhanced in by
computing interactions of agriculture and groundwater nitrate contamination in regional
flow and transport modeling. This proposed research is a contribution of collaboration
between CRWR (Ahmad Tavakoly) and MINES ParisTech (Dr. Florence Habets and Dr.
Flippo Nicolas) where the Eau-Dyssée hydrologic model has been developed. In this joint
research project, the Eau-Dyssée model is coupled with an agronomic model (STICS)
which is the source of nitrogen in the Seine basin in France.

2



This research explores the development of water flow and transport computation
on large scale river networks and investigates advantages and disadvantages of grid-
based and vector-based river networks. The framework of this research based on types of
the river networks and study domains is shown in Figure 1. This research uses the
Mississippi River basin as a continental-case study and the Guadalupe and San Antonio

rivers and Seine basin in France as regional-case studies.

NLDAS M|:=,5|55|pp| flow modeling
Daily outputs o N 5
30 min time steps
12X12 km grid cell

}
¢

8,372,160 (km?)

Two grid networks
Seine leaching nitrate modeling \-\\;/k/ N =

Daily outputs e ity )

30 min time steps v

Eau-Dyssée 1X1 km grid cell

80,500 (km?)

Mississippi flow modeling
Daily outputs
D, 30 min time steps
1.85 km average river reach
Two vector networks 3,144,162 (km?)

" NHDPlus

San Antonio and Guadalupe

Flow and total nitrogen modeling
with Schematic network

Mean annual outputs

Annual time steps 0 s

3.00 km average river reach 26,222 (km?)

~NH DPlus

Figure 1:  Framework of this research

The spatial and temporal extensions of studied domains are shown in Table 1.
This table shows spatial extension of three basins, which are selected in this study, study
periods, and river network characteristics in each study. Modeled variables and time steps

of simulation also shown in this table.



Table 1: Spatial and temporal characteristics of study areas
Average
Number length of
Study area River of stream stream Area Time Time | Variabl
y network | reaches or | reaches or (km?) period step es
grid cells | grid cells
(km)
Mississippi | Vector 211,476 1.85 3’1424’16 2000-08 | 30 min | Flow
Mississippi Grid 58,140 12.13 8’3702’16 2000-08 | 30 min | Flow
San Total
ANtonio | yseetor | 5,196 300 | 26222 | 2008-09 | Mean | nitroge
and annual | nand
Guadalupe flow
. . 1971- . Nitrate,
Seine Grid 6,481 1.00 80,500 2010 30 min flow

1-2 OBJECTIVES

This research shows the contribution in the flow and transport modeling of large
scale river networks using two river networks: grid-based and vector-based river
networks and focuses on continental scale river modeling and regional scale pollution
modeling with river networks of thousands of connected stream reaches. This research
builds upon the Routing Application for Parallel computatlon of Discharge (RAPID)
model developed by David [2009].

The objective of this dissertation is to address the following three research
questions:

1. What are the pros and cons of grid-based and vector-based river networks?
Are there significant differences between river flows computed with these two

approaches?



2. How can the GIS framework be developed to integrate a precomputed
flow from RAPID and a GIS-based total nitrogen dataset for steady-state riverine
nitrogen transport along a river network?

3. How does the interactions of agriculture and groundwater nitrate
contaminants effect flow and transport modeling in large scale river networks? What are

essential modifications for the dynamic coupling of Eau-Dyssée and STICS models?

1.3. OUTLINE OF DISSERTATION

This dissertation consists of a series of three related papers presented respectively
in Chapter 2, Chapter 3 and Chapter 4. In the second chapter, river flow modeling is
computed in 30 minute time step for the entire Mississippi river basin using both
traditional grid-based river and vector-based river networks for a period of nine years
(2000-2008). In particular, the technical challenge of input data preparation for entire
domain with hundreds of thousands river reaches are described.

In the third chapter, a GIS framework is presented for steady-state flow and
transport modeling in large river networks. The study is a 2-year case study (2008-09) of
total nitrogen change in urban and rural regions (San Antonio and Guadalupe) along all
river reaches in the San Antonio and Guadalupe River Basin.

In the fourth chapter, an enhanced technique for modeling nitrogen pollution from
agriculture is presented. The STICS—Eau-Dyssée coupled models are applied to compute
interactions of agriculture and groundwater nitrate contaminants over an entire Seine
basin from 1971 to 2010. The total area of studied region is 80,500 km” and the river
network includes 6481 river cells.

In the fifth chapter, the research results and findings are summarized and

recommendations for future works are presented.
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Chapter 2: River Routing for the Mississippi River Basin using Grid
and Vector Based River Networks

2.1. ABSTRACT

Continental-scale river transport models (RTMs) traditionally use a grid-based
approach in which water moves in flow networks made of square grid cells. Vector-based
river networks — the “blue lines” from maps — are now increasingly becoming available at
global and continental scales in Geographic Information Systems datasets. The vector-
based approach may allow a better representation of river networks and a more accurate
estimation of river model parameters than grid-based networks. The vector-based river
network is also used for flood mapping. In this study, the Routing Application for Parallel
computatlon of Discharge (RAPID) model was applied to the Mississippi River Basin for
a period of nine years (2000-2008) using both grid-based and vector-based approaches
for river networks and river parameters. Runoff data from the Mosaic and VIC land
surface models available from the second phase of the North American Land Data
Assimilation System (NLDAS2) were used as input to RAPID. The grid-based river
network was derived from NLDAS2. The vector-based river network was extracted from
the enhanced version of the National Hydrography Dataset (NHDP/us). It is shown that
the vector-based approach allows for a more accurate representation of size and location
of river basins than the grid-based approach which is particularly noticeable in wet
climates (Ohio River). Analyses for the determination of river model parameters suggest
that vector-based river networks are advantageous because the real length and slope of
river segments can be obtained from the NHDP/us dataset. Finally, this study confirms
that weighing the relative influence of each gauging station when optimizing river model

parameters improves stream flow computations.



2.2. INTRODUCTION

Most climate system models include continental-scale land surface models
(LSMs) along with river routing models as lower terrestrial boundaries in the global
water cycle [Larson et al., 2007].

Inclusion of continental-scale river models in climate systems have been in
development since the work of Miller et al. [1994]. Large scale river routing models have
been usually developed based on river networks derived from a Digital Elevation Model
(DEM), which will be referred to as “grid-based river network™ in this paper.

Some of these models include: LISFLOOD-FP [Bates and De Roo, 2000],
RiTHM [Ducharne et al., 2003], MODCOU [Ledoux et al., 1989], and LEAF-Hydro-
Flood [Miguez-macho and Fan, 2012]. In LISFLOOD-FP the channel length and slope
are determined from a local drainage direction map that illustrates the line of the channel
and each cell contains a marker representing the direction of the downstream cell. The
latest version of LISFLOOD-FP solves a reduced complexity version of the Saint-Venant
equations and calculates water depth and river flow between cells at each time step [Bates
et al., 2010]. In the RiTHM model (River-Transfer Hydrological Model), the grid slope is
based on the meridian and zonal directions and the flow direction is limited to four
direction classes: north, east, south, and west. Furthermore, the water travel time between
two cells depends on the distance and the slope between the two grid-points. Modéle
Couplé (MODCOU), which means “coupled model” in the French language, routes
surface runoff using the linear reservoir scheme. The transfer time constants between
cells are estimated based on the topography, the distance between cells and the drainage

area. The LEAF-Hydro-Flood model is a grid-base model which solves the 1D



momentum equation. This model applies manning equation to determine the mean flow
depth.

Although grid-based stream networks have been prevalent within the past two
decades, vector-based networks from mapped “blue lines” are increasingly becoming
available at the continental and the global scale in geographic information system (GIS)
datasets. For example, the Hydrological Data and maps based on SHuttle Elevation
Derivatives at Multiple Scales (HydroSHEDS) provide vector-based river networks
globally [Lehner et al., 2006]. In the United States, a coherent description of topography
and hydrographic features is available in the National Hydrography Dataset Plus
(NHDPlus; Horizon Systems Corporation 2007) which includes vector-based river
networks. The NHDPIus database describes the mapped streams and rivers as well as the
catchments that surround them, including river and catchment information such as the
river length and slope, and catchment area. Over the past few years, the NHDPIlus dataset
has been used in large scale river routing. The Routing Application for Parallel
computatlon of Discharge (RAPID) is a river routing model that was first developed
using NHDPIlus river networks [David, 2009; David et al., 2011b]. RAPID uses a matrix
formulation of the Muskingum method to simultaneously compute discharge of water in
many thousands of reaches of large river networks including at ungaged locations.
RAPID has been applied to vector-based river networks to simulate flow in the San
Antonio and Guadalupe basins and in the Texas Gulf Coast Hydrologic Region. The
former study was conducted on a small domain (5175 river reaches) and the latter study
was implemented on the regional scale (68,143 river reaches). [David et al., 2011a, 2013]

The purpose of this paper is therefore to investigate the following research

questions:



1. What are the pros and cons of grid-based and vector-based approaches; are
there major differences between river flow computed with each approach? For this
purpose, RAPID was applied to the Mississippi River Basin from 2000 to 2008 with two
different river networks and with two land surface models.

2. To what extent does information such as slope and length of river reaches
help improve flow simulations in large vector-based and large grid-based river networks
To answer this question, four types of spatial variability of the Muskingum K parameter
were defined and tested.

3. How does the optimization cost function affect the corresponding
calibrated river model results in large river networks? To answer this question, we used
two different cost functions in the RAPID model to optimize the K and X parameters.

To answer the above questions, the river modeling is conducted in the Mississippi
River Basin as described in the following sections. The river routing model, study area,
datasets, river networks, lateral inflows, spatial variability of the river routing model, and
criteria of performance are described in “Methodology”. Advantages and disadvantages
of grid-based and vector-based approaches, influence of topography on river modeling,
and effect of optimization functions in river model parameters are presented on “Results
and discussion”. Finally, the implications of the results in large scale river modeling

using grid-based and vector-based river networks are summarized in “Conclusions”.
2.3. METHODOLOGY

2.3.1. The river routing model, RAPID

The RAPID model is a river network routing model. Notable features of RAPID

include the use of the “blue lines” on the map as well as grid network for river networks



and an automated parameter estimation procedure
(http://www.ucchm.org/david/index.html). RAPID uses a matrix-based version of the
Muskingum method to compute the flow and volume of water in river networks

containing many thousands of reaches:
(1 —C.N).Q(t+At)=C,.Q° (t)+C,[ NQ(t)+Q° (t) |+ C,Q(t) (1)

where: t is time and At is the river routing time step, I is the identity matrix, N is
the river network matrix, Q is a vector of outflows from each reach, Q° is a vector of
lateral inflows for each reach, C;, C, and C; are parameter diagonal matrices and for a

given reach j, they can be represented as [McCarthy, 1938]:

KX, -05At
YK (1-X, )+ 0.5t
K, X +0.5At
C,j=— > (2)

K, (1-X;)+0.5At
K (1-X;)-05at
YK, (1-X;)+0.5At

K; is the storage constant (with a time dimension) and X; is a dimensionless
weighting factor. Lateral inflow in this model is calculated by the land surface model.
To avoid estimating (K; and X;) for all reaches, the RAPID model optimizes two

multiplying factors Ax and A using the following equations:

L

K =A.—-
]
V,,

, X, =4,-01 (3)
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where: L is a river reach length and V,,; is a wave celerity.

The optimization is executed uniformly over the study domain. Thus, the
optimization gives unique values of Ay and A applied to all river reaches. At the end of
the optimization procedure, the values of Ay and A coefficients which give the best
statistical results are used for flow routing over the Mississippi basin. The optimization

procedure is explained in the following subsection.

2.3.1.1. Optimization procedure in the RAPID model

RAPID uses the inverse method to estimate the K and X parameters that
minimizes a cost function computed based on differences between computations and
observations of stream flow at many gages located throughout river basins. The current
version of RAPID includes two possible optimization cost functions that differ in how
each gage is weighted depending on the average stream flow it measures. The best set of
A and Ay coefficients have the minimum cost function. The first cost function (¢;) is
based on the sum of the error between daily observed and averaged flow over the

optimization time period and along the number of selected stations (n):

4= ZZ[M} @

where: Q,(t) is the daily average of the computed flow, Q°’S(t) is the daily
observation, n is the number of the gauges used in the optimization, f is a scalar that
applies to automate the optimization process, #) and ¢ are the first and last day of the

optimization period respectively.

11



In Eq. (4), the magnitude of the flow affects the cost function. A station with
larger flow influences ¢; more than a station with smaller flow for the contributed
fractional error. Consequently, in this function, gaging stations do not have the same
weight. As a result, the ¢, cost function could constrain the Nash efficiency. To resolve
this issue, a second cost function ¢, is developed in RAPID, which gives the same weight

to all stations regardless of the magnitude of the flow:

- ZZ{M} ©

t=t -1 Q>

where: Q@05 is the daily average of the observed flow over the time period.
Based on the cost function, the optimized model coefficients (K and X) are

introduced into the RAPID model to compute discharge.

2.3.2. Study area and datasets

Based on Hydrologic Unit Code (HUC-2 codes), the United States is divided into
21 major regions, six of which define the Mississippi river basin [Seaber et al., 1987].
These six regions are 5, 6, 7, 8, 10 (divided into 10L and 10U), and 11 (Figure 2).
Latitudes and longitudes vary from 27.9375N to 51.5625N and from 115.0625W to
76.9375W, respectively. The total surface area is approximately 2,981,076 km?.

Simulated flows are compared to observations for seven stations. Criteria for
selecting gaging stations are observed-daily flow availability for the period studied,
assessment of the model performance in the wet (region 5, 6, most part of region 7, and
8) and dry regions (region 10, and most part of region 11) and consistency with the

literature [Maurer et al., 2001; Lohmann et al., 2004; Troy et al., 2008]. In addition, the

12



selected gages cover the main basins and the Mississippi River at Vicksburg, MS gauge
was selected as the Mississippi basin mouth. Table 2 shows the location of the stream
gages, drainage area, and NHDPlus region corresponding to each station.

The NLDAS, NHDPlus and USGS datasets provide the required input data for
river modeling. NLDAS Data processing includes two steps: 1) process land surface
model (LSM) output to define lateral flow and 2) create grid-based river network. A grid-
based river network was determined using an eight-direction method applied to a 0.125-
degree digital elevation model (DEM).

Runoff data from the Mosaic and VIC land surface models available from the
North American Land Data Assimilation System (NLDAS2) were used as input to
RAPID. The NHDPlus dataset was used to create vector-based river networks.
Furthermore, daily stream flow data from USGS; National Water Information System
(NWIS) were obtained as observations to optimize and compare the RAPID model
outputs. Daily stream flow from USGS are easily accessible, however; we acknowledge
that naturalized flow in a daily basis is the best scenario for optimization since
anthropogenic effects of both management and use (e.g. reservoirs, diversions) are

considered.
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Table 2: Tributaries of the Mississippi Basin and their Characteristics.

Drainage area(km?) 9-year
. average flow | NHDPIus
Station Name LON LAT USGS Grid Vector Observed Region
flow (m®s™)
Ohio River at Metropolis, IL | -88.74 37.15 525,768 401,383 523,498 8,051 5
Mississippi RI'/‘f‘r atKeokuk, | g7 57 40.39 308,209 281,641 298,719 2147 7
Mississippi River at -90.91 32.32 2953881 2733922 | 2913317 16,660 8
Vicksburg, MS
Missouri R'ngat Hermann, | g1 44 38.71 1,353.269 1324115 | 1,310467 1,083 10L
Missouri RRI’eEr atomaha, | goc g, 41.26 846,302 805,372 817,083 747 10L
Arkansas River at Murray
Darr noar Litte Rock. Al | -92:38 34.79 409,296 330,460 391,738 1,232 11
Red River a/'igp““g Bank, | 9386 33.08 i 270,822 146,785 544 11

* Datum is above NGVD29
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2.3.3. River networks

2.3.3.1. Grid-based river network

The 1/8th-degree resolution over the NLDAS domain which is based on the
GTOPO30 Global 30 Arc Second (~1-km) Elevation Dataset is used to create a grid-
based river network map (http://Idas.gsfc.nasa.gov/nldas/NLDASelevation.php). Since
the runoff data were also obtained from the NLDAS data set, coupling the LSM output
with a grid-based river network is straight forward. Nevertheless, to determine the station
locations, a snapping process was performed over this type of river network. A Snap Pour
Point tool is used to determine the cell of highest flow accumulation for the delineated
catchment. Figure 3 shows the coupling process for a grid-based river network. To create
the grid-based river network, flow direction grid cells (FDR) and flow accumulation grid
cells (FAC) were created using the eight-direction pour point model (D8). The D8
method assumes that the steepest decent of eight neighboring cells determines the flow
direction [Olivera et al., 2002]. Once the flow direction is determined, the connection
between grid cells can be calculated; consequently, for each grid the upstream grid cells
and downstream grid cell can be determined. The rectangular domain in the grid-based

river network, which covers the Mississippi basin, includes 58,140 grid cells.

2.3.3.2. Vector-based river network

The NHDPlus database provides the mapped streams and rivers as well as the
catchments that surround them in the United States (http://www.horizon-
systems.com/nhdplus/data.php) and used to create vector-based river network. The
NHDPlus dataset is an integration of the National Hydrography Dataset (NHD), the

National Elevation Dataset (NED), and the National Watershed Boundary Dataset
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(WBD). The river network in NHDPlus is not from a DEM and is based on the USGS
Quad maps which were digitized into a vector dataset called a Digital Line Graph.
Finally, the streams (i. e. “bluelines”) and hydrologic features from the maps were
transformed to the NHD dataset. Unlike the grid-based river network, in the vector-based
river network the real location of a gauging station can be easily determined. However;
coupling the LSM and vector-river network requires GIS processing with the assumption
that the contributing catchment area for each river reach is approximately equal to the
area of one grid cell.

The NHDP/us dataset includes a functional feature for upstream and downstream
navigation called “value-added attributes” (VAA). According to the “VAA” feature, each
river reach in the national network and contributing local catchment has the same unique
integer identifier, COMID. Besides COMID, the FROMNODE, TONODE, and
DIVERGENC attributes are applied to produce river connectivity. More details on how
to use this dataset to create river connectivity are given in David et al. [2011a]. The
attribute table of the NHD flowline feature shows that the Mississippi basin has a total of
1,197,396 reaches, with an average length of 1.82 km and average catchment area of 2.75

km?.

2.3.3.3. Upscaling of catchment using NHDPlus dataset

Flow simulation for 1,197,396 river reaches is computationally expensive. The
runoff file, which is the main input file in the RAPID model, for 1,197,396 river reaches
is about 118 gigabytes (GB). The RAPID model in this study uses one processor to read
input files and reading a file with 118 GB size is very time consuming. To reduce the
simulation time, a process was developed to decrease number of river reaches One of the

Value Added Attributes (VAAs), “ThinnerCod”, is an ordinal number that displays the
17



density of the river network with values ranging from 0 to 6, denoting an increasing
density of the river network to a maximum which reflects the entire river network.
ThinnerCod=0 shows all non-network rivers and the ThinnerCod = 1 denotes the main
river network of the 8-digit Hydrologic Unit Codes, which is the least dense river
network. In the NHDPlus dataset, rivers with higher ThinnerCod flow to river reaches
with a lower ThinnerCod. For instance, if a river reach has ThinnerCod=2, the upstreams
have ThinnerCod > 2.

The upscaling process includes: First, determine rivers with only ThinnerCod=1-5
and merge cumulative upstream rivers with ThinnerCod=6 for each river reach. Second,
dissolve catchments corresponding to the ThinnerCod=6 and upstream rivers to create an
equilibrium catchment of the downstream river with ThinnerCod=1-5. Details on the
upscaling process are given in [Tavakoly et al., 2012]. The upscaling process decreases
the number of reaches from 1,197,396 river reaches to 211,476 river reaches with average
length of 1.86 km and average catchment area of 15 km”. The size of the runoff input file
is reduced to 20 GB using 211,476 river reaches which is five times smaller than the file

size for Mississippi river network with 1,197,396 river reaches.

2.3.4. Lateral inflow

In the NLDAS dataset, the hourly Mosaic and VIC output data are available in the
grb format (ftp://ldas3.ncep.noaa.gov/pub/raidO/nldas/). From the LSM outputs, the
surface and subsurface runoff data for the entire NLDAS domain were obtained and

summed to compute the lateral flow from 01 January 2000 to 31 December 2008.
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the gauge locations and the coupling process of LSM and river network Mississippi river model
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2.3.4.1. Mosaic

The Mosaic model was developed to use with an atmospheric general circulation
model (GCM) [Suarez and Koster, 1996]. A grid in this model divided into several
homogeneous subgrids. Each of sub-regions contains a single vegetation or bare soil. The
Mosaic model simulates surface and subsurface runoff based on the through fall on the
saturated fraction and on the free drainage, which depends on the slope, respectively

[Lohmann et al., 1998].

2.3.4.2. VIC

The variable infiltration capacity (VIC) model is a semi-distributed macroscale
hydrological model [Liang et al., 1994]. The most unique capabilities of the VIC model
include: variability of infiltration capacity curve and land surface vegetation classes in
subgrids [Gao et al., 2010]. The model has been extensively applied nationally in the
United States and globally such as: Mississippi river basins [Berbery et al., 2003;
Lohmann et al., 2004], North America [Lucas-[1Picher et al., 2003], Texas and Maryland
[Meng and Quiring, 2008], Rhine river basin [Hurkmans et al., 2008], and China [Xie et

al., 2007].

2.3.5. Spatial variability of parameters

K and X parameters need to be determined in the RAPID model. Fread [1993]
estimated X to be between 0.1 and 0.3 in most streams. The Muskingum K parameter is
estimated by Eq. (6) as follows [Tewolde and Smithers, 2007]:

L
K. =

i
— 6
7Y, (6)
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where: K = storage constant, L; = reach length, V,,; = wave celerity.

For the optimization procedure, the initial value of K (Kj,;) has to be defined. In
this study four experiments were defined for Kj,;. In the first and second experiments, all
river reaches were assumed to have the constant wave celerity. The wave celerity of
water in the large basins ranges from 0.5 to 5 m/s [Lohmann et al., 2004], hence the
reference wave celerity was defined as 1.35m/s=4.86 km/hr into the model. In the first
two experiments the wave celerity is assumed to be independent of the topography.
Nevertheless, the travel time of flow wave is affected by topography, particularly for the
high topography areas. Therefore, in the last two experiments the Ki, are defined based
on the river slope. To avoid the influence of the extreme values on the celerity, based on
the cumulative probability function the 5% and 95% thresholds corresponding to \/?l
were computed and all values of \/?l were modified in the interval [x0.5, x0.95] in the

last case. Four scenarios of the K;,; are:

Case (1) K :C;L0 )

Case (2) K; :CL; (8)

case (3 K°® = 2 (©)
3

case(@) K* = a— (\/§ ) e P[0.05,0.95] (10)

&)

where: L is the mean of the river length, which equals to 12.13 and 1.86 km for

grid-based and vector-based river networks. Cy is the reference water wave celerity, S; is
21



K2

the river slope, & = 3 \/S— is the inverse of a velocity and L; is the river length which
iy i

ranges V, € [l, 211476] and V, [l, 58140] in vector-based and grid-based networks

respectively.

For the vector-based river network, the river length and slope were obtained from
NHDPlus dataset. Whereas for the grid-based river network, the river length was
assumed to be the distance between the center of a grid cell and its downstream grid cell
(according to the D8 method) and the slope was calculated based on elevation difference

between the two grid cells (Figure 4).

2.3.6. Criteria of performance

In this study the following statistical criteria were used to assess the model

simulations on both vector and gridded river networks with observations [Wu et al.,

2011]:
Root mean square error (RMSE)
n N2
Z (QiObS _ Qi5|m )
RMSE ={[2 (11)

n

The RMSE is used to measure the accuracy of the model prediction and has a

minimum value of 0.0.

Nash-Sutcliffe Efficiency (NSE)

Z (Qiobs _ Qisim )2

NSE =1-| 2 — (12)
;(bes - QiObs)
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The NSE ranges from —<c to 1. A NSE equal to 1 means that the model
prediction is perfectly matched with the observations. An efficiency lower than zero

indicates that the mean observation predicts better than the model [Nash and Sutcliffe,

1970].

centerof grid |

(a)

N € o

i sl 2
elevation(gridl) — elevation(grid2) —sinle= shapetu i)
L(km)

max elevation(m)— min elevation(m) = i) = S Tape g )
L(km)

Figure 4:  (a) river parameters in the grid-based river networks and (b) river
parameters in the vector-based river networks
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2.4. RESULTS AND DISCUSSION

This section discusses the effect of topography on the RAPID optimization for
two optimization cost functions, for two river networks, and for two land-surface models.
Subsequently, the differences between the grid-based with vector-based river networks
using two land surface models are discussed. The RAPID model is run using 3-hourly
lateral inflow volumes and a 30-minute time step. In the optimization process, one-year
of data (2000) is selected to reduce computational time. Furthermore, David et al.
[2011b] showed that to optimize RAPID, one year or less is sufficient. Due to the
variation in topography among subbasins, processing optimization independently for each
main subbasin may provide better results, but it has only a slight effect on the flow
simulation. Statistical results of two river networks using two land surface models for
selected stations are shown in table 3-6. Results show that using large scale river routing
model improves river flow simulation in comparison with lumped model in all cases.
Correlation (p) is higher in all simulation cases compare to the lumped model results.

NSE also improves by coupling the RAPID model and land surface models.

2.4.1. Effect of topography on flow rate computation

The RAPID model was run for both types of river networks: grid-based (58,140
grid cells) and vector-based (211,476 reaches) networks and for both land surface models
with different sets of parameters (Ax and Ay) and two optimization functions.

The statistical terms for topography experiments, river networks, and land surface
models are listed in Tables 3-6. The mean values of statistical criteria for all stations
show that p and NSE are highest using the second cost function and last two topography

experiments. RMSE also represents the lowest value for the second cost function.
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Results also shows that eliminating the extremes of the /S, (case four, Ki‘,‘“)

slightly changes the model performance. The model results using four scenarios of
topographies for both const functions are shown in Figure 5. The K3 and K},
experiments are improved the model performance for both cost functions and track the

observed flow variation relatively better than the first and second experiments.

2.4.2. The effect of cost functions and optimization results

A comparison of predicted hydrographs using ¢; and ¢,; and observed steam flow
for the Murray Dam near Little Rock gauging station over three months is also shown in
Figure 5. The summary statistics and Figure 5 also indicate that regardless of the initial
value of the K (Kjy;), using the second cost function (¢;,) to optimize river routing model
gives a better performance. The second cost function (¢,) reduces the oscillations and the

model was capable of reaching the peak flow in the same time span (Figure 5b).

2.4.3. Comparison of the grid-based and vector-based river networks using the
Mosaic land surface model

The simulation results for the grid and vector river networks using the Mosaic
land surface model are shown in Table 3 and Table 4. Using the Mosaic land surface
model for the vector-based river network, NSE and RMSE, for both cost functions and

both K3 and K*

ini ini generally outperform the grid-based river network. The model results
also show that the simulated mean annual flow using the Mosaic land surface is
underestimated for both river networks. The mean annual flow is also comparable for all
stations except at the Ohio River at Metropolis station. At this station the vector river
network shows better mean annual flow simulation than the grid river network compare

to the observation. The reason can be explained by comparison of the drainage area for

both river networks. Comparisons of the drainage area based on the USGS
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measurements, NHDP/us dataset and DEM delineation (Gird river network) indicate that,
drainage area provided by the vector river network (based on the NHDPlus dataset) is
more accurate (Table 2). Hence the vector river network shows better model
performances. More detail regarding the effect of drainage area on the flow simulation

for both river networks is discussed in the section 2.4.6.
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Figure 5:  The observed and modeled streamflow at the Murray Dam near Little Rock
station over three months: (a) model optimization using the first cost
function and (b) model optimization using the second cost function
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Table 3: Statistics of the model outputs and observations for the grid river network using the Mosaic land surface model

Ganging station Observation L;;:gl;d ; Grid-Based River Network ;
Mosaic K, K, K3, K, K2, Kz, K3, KX,
Average 8051 3072 3071 3071 3071 3071 3069 3069 3068 3068
Ohio River at P - 0.51 0.68 0.68 0.67 0.69 0.77 0.77 0.77 0.78
Metropolis, IL NSE - 044 021 021 022 020 013 013 013 0.13
RMSE - 6966 6407 6388 6425 6358 6182 6180 6171 6167
Average 2147 718 718 718 718 718 718 718 718 718
Mississippi River P - 0.35 0.48 0.47 0.44 0.43 0.59 0.62 0.60 0.59
at Keoluk, IA NSE - 114 075 077 084 087 053 048 051 053
RMSE - 2134 1931 1942 1980 1994 1302 1775 1790 1804
Average 16660 7809 7786 7793 7792 7790 7788 7784 7783 7783
Mississippi River P - 0.10 0.67 0.67 0.71 0.72 0.67 0.82 0.85 0.85
at Vicksburg, MS NSE - -1.06 -0.65 -0.62 057 055 044 039 035 035
RMSE - 11757 10542 | 10428 | 10258 | 10190 9327 9640 9454 9494
Average 1983 1222 1221 1221 1221 1199 1221 1220 1220 220
Missouri River at P - 0.45 0.65 0.65 0.62 0.66 0.78 0.80 0.81 0.79
Hermann, MO NSE - -1.07 034 -0.35 041 031 0.11 0.17 021 0.17
RMSE - 1868 1504 1510 1545 1489 1229 1185 1154 1187
Average 747 486 486 486 486 486 486 486 486 485
Missouri River at P - 0.40 0.53 0.52 0.52 0.49 0.56 0.56 0.58 0.55
Omaha, NE NSE - -10.16 793 822 773 888 6.58 652 627 712
RMSE - 802 717 728 709 754 673 671 647 653
) Average 1232 733 733 733 733 733 732 732 732 732
m“gfgfe:: P - 041 0.61 0.61 0.60 0.67 0.73 0.75 0.77 0.78
Little Rock, AR NSE - 035 0.16 0.16 0.17 0.28 0.40 0.43 0.46 0.46
RMSE - 1518 1195 1196 1193 1106 1015 989 960 959
Average 544 455 454 456 455 453 453 55 55 454
Red River at P - 0.36 0.45 0.46 0.47 0.53 0.60 0.61 0.66 0.74
Spring Bank, AR NSE - 095 036 -0.33 028 001 0.19 021 035 0.51
MSE - 891 744 736 720 642 642 566 515 246
Average 3481 2071 2067 2068 2068 2065 2067 2066 2066 2066
Mean P - 037 0.58 0.58 0.58 0.60 0.67 0.70 0.72 0.72
NSE - 217 144 148 14 151 104 100 089 100
MSE - 3705 3291 3276 3261 3219 3053 3001 2962 2963




Table 4: Statistics of the model outputs and observations for the vector river network using the Mosaic land surface model

) ) . Lumped Vector-Based River Network
Gauging station Observation Model P é

Mosaic KL, K2, K2, K}, KL, K2, K3, K},

Average 8051 3891 3881 3886 3386 3387 3879 3879 3883 3383

Ohio River at P - 0.51 0.73 0.74 0.76 0.76 0.64 037 077 0.77
Metropolis, I, NSE : 030 0.05 0.05 0.10 0.10 0.11 0.11 0.19 0.20
RMSE R 6977 6311 6293 5502 5508 5978 5761 5477 5492

Average 2147 820 818 818 819 819 817 8183 8183 813

Mississippi River P - 0.38 053 055 0.63 0.63 0.63 0.65 0.69 0.76
at Keokuk, TA NSE - -1.06 -0.60 -0.55 037 -0.20 037 -034 -0.28 -0.18
RMSE - 2208 1845 1817 1801 1801 1915 1707 1670 1689

Average 16660 8390 8334 8335 8339 8341 8329 8324 8335 8337

Mississippi River P - 0.52 0.71 0.74 0.83 0.84 0.71 0.73 0.80 0.83
at Vicksburg, MS | NSE : ~0.96 024 024 ~0.40 ~0.46 040 -030 -0.28 -0.24
RMSE R 12073 10416 | 10204 9382 9681 9618 9592 9323 9121

Average 1983 229 1197 1199 1199 1199 1198 1197 1198 1198

Missouri River at P - 0.44 0.62 0.64 0.66 0.76 0.63 0.66 0.77 0.76
Hermann, MO NSE - 111 032 031 0.06 0.03 031 -0.11 0.10 0.11
RMSE - 1989 1490 1489 1302 1294 1489 1367 1281 1261

Average 747 507 507 507 507 507 507 507 507 507

Missouri River at P - 0.38 0.49 0.54 0.54 0.55 049 051 053 052
Omaha, NE NSE R -11.93 948 830 830 725 8374 839 746 -6.95
RMSE R 909 777 777 771 771 749 736 735 713

) Average 1232 748 746 746 747 747 746 746 746 747
m“%ﬂ’f;: P - 0.40 0.62 0.63 0.73 0.75 0.70 0.70 0.76 0.77
Little Rock, AR NSE - 038 018 021 041 0.44 035 036 044 0.44
RMSE - 1377 1180 1163 1060 1032 1052 1041 1031 1027

Average 544 360 360 360 360 360 360 360 360 360

Red River at P : 038 049 051 0.68 0.68 058 0.62 0.76 0.76
Spring Bank, AR | NSE R 0.65 -0.14 -0.07 036 036 0.15 024 051 0.57
MSE - 862 682 660 539 538 588 555 472 441

Average 4481 2263 2265 2265 2266 2262 2261 2264 2264

Mean P - 0.60 0.62 0.69 0.71 0.62 0.6% 0.73 0.74
NSE - 151 1132 116 -1.00 -132 120 097 _0.86

MSE - 3243 3200 2980 2946 3056 2965 2856 2821
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2.4.4. Comparison of the grid-based and vector-based river networks using the VIC
land surface model

The statistical results of the RAPID simulations using the VIC land surface model
for both river networks are shown in Table 5 and Table 6. The calculated average flow
for both river networks show that using the VIC land surface model improves the river
routing results. Table 5 and Table 6 show that using the VIC land surface model, the grid-
based and vector-based river networks show the comparable statistical results. However,
the average flow calculated by the vector river network at the Ohio River at Metropolis
station is significantly better using vector river network. the reason is explained the
previous section. Figure 6 plots daily simulated flow by RAPID using two different river
networks, with using VIC, (Ki?1i and §,) and observed flow for 9 years. In this figure,
comparisons are shown for three gauging stations: (a) Mississippi River at Vicksburg, (b)
Missouri river at Hermann, MO, and (c) Mississippi river at Keokuk, IA. For all stations

the model results are slightly different compare to the observations.

2.4.5. Comparison of the simulated streamflow using the VIC and Mosaic land
surface models for the vector river network

This section compares the RAPID outputs using VIC and Mosaic land surfaces
for the vector river network. Figure 7 depicts the observed and modeled streamflow for
VIC and Mosaic using vector river network at three stations: Mississippi River at
Vicksburg, MS, Missouri River at Hermann, MO, and Mississippi River at Keokuk, IA.
For all stations simulated flow by RAPID using Mosaic is underestimated and flow
simulated sing VIC is capable of reaching peak flows. The correlation coefficient (p) is

higher using the VIC land surface model.
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Table 5: Statistics of the model outputs and observations for the grid river network using the VIC land surface model

) ) ) Lumped Grid-Based River Network
Gauging station Observation Model ) 4

VIC K2, K2, KE, KE, KL, K2, K, K2,

Average 8051 6413 6375 6374 6376 6376 6392 6385 5397 5397

Ohio River at P - 0.58 0.86 0.86 0.87 0.89 0.89 0.90 0.91 0.92
Metropolis, IL NSE - 0.02 0.64 0.69 0.65 0.64 0.70 0.71 073 0.76
RMSE - 5752 3487 3484 3419 3252 2926 2874 2838 2760

Average 2147 2245 2243 2242 2244 2244 2240 2241 2241 2242

Mississippi River P - 0.46 0.73 076 0.86 0.86 0.86 0.86 0.90 0.91
at Keokuk, TA NSE - -0.66 0.44 051 0.73 072 0.76 0.80 0.81 0.82
RMSE - 1983 1093 1021 769 753 709 659 642 640
Average 16660 18081 17987 | 17951 17989 17993 17929 | 17926 17906 17923

Mississippi River p - 0.08 093 0.94 093 092 0.76 0.77 0.87 0.90
at Vicksburg, MS NSE - 0.99 0.83 0.83 0.81 0.78 052 0.58 072 0.78
RMSE - 12174 3415 3380 3584 3802 5678 5294 4298 3302

Average 1983 3139 3130 3125 3133 3133 3121 3122 3124 3127

Missouri River at P R 049 0.70 071 0.75 0.74 0.70 0.80 0.83 0.84
Hermann, MO NSE - 3.61 -0.89 071 20,62 -0.61 067 079 -0.64 063
RMSE - 2941 1786 1701 1652 1646 1663 1659 1680 1739

Average 747 1362 1359 1358 1360 1360 1355 1356 1357 1359

Missouri River at P - 041 053 058 0.58 059 049 053 053 057
Omaha, NE NSE - 3709 2572 | -2131 2055 | -2017 | -2076 | -1828 | -17.62 17
RMSE - 1481 1240 1133 1114 1104 1119 1053 1035 1029

. Average 1232 1663 1659 1655 1660 1660 1658 1656 1658 1657

Arkansas River at P - 0.52 0.83 0.83 0.83 0.82 0.82 0.80 0.84 0.83
3';“_*““3”' Dam near ——gep - 0.80 0.46 0.47 0.49 0.49 0.53 053 0.58 051

ittle Rock, AR — _ - - - i

RMSE R 1754 064 957 931 930 915 895 850 850

Average 544 943 945 942 945 945 944 943 944 944

Red River at P - 054 0.82 083 0.80 0.84 0.80 0.81 0.88 0.88
Spring Bank, AR NSE - 118 0.11 017 0.19 023 036 034 036 037
MSE - 943 603 582 575 560 560 518 510 508

Average 4481 4835 4314 4807 4815 4816 4806 4304 4804 4807

Mean P - 044 078 0.79 0.80 0.81 0.76 0.78 0.82 0.84

NSE - ~6.33 345 276 261 236 2.65 230 215 211

MSE - 3861 1798 1751 1721 1721 1939 1850 1696 1618
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Table 6: Statistics of the model outputs and observations for the vector river network using the VIC land surface model

Gauging station Observation Lumped . Vector-Based River Network _
Model @ @
VIC KL, K2, K3, K}, KL, K2, K3, K},
Average 8051 8379 8331 8346 8344 3338 8314 8327 8331 8319
Ohio River at p - 0.56 077 0.79 0.82 0.88 0.85 0.88 0.90 0.91
Metropolis, IL NSE - 032 072 0.77 0.81 0.87 0.61 0.67 0.81 0.87
RMSE - 7034 3932 3625 3540 2807 3241 2807 2524 2524
Average 2147 2462 2452 2455 2436 2455 2450 2453 2455 2452
Mississippi River p - 049 0.79 0.84 0.88 0.88 0.83 0.88 0.88 0.90
at Keokuk, IA NSE - -0.74 0.57 0.61 0.66 0.72 0.73 0.76 0.77 0.75
RMSE - 2028 1013 959 887 785 813 760 755 751
Average 16660 19684 19526 | 19534 19531 19534 19490 | 19487 | 19491 19493
Mississippi River p - 0.07 0.88 0.90 0.91 0.90 0.89 0.90 0.92 0.93
at Vicksburg, MS NSE - 128 0.67 0.67 0.68 0.70 0.68 0.70 0.71 0.71
RMSE - 13036 5298 4938 4718 4661 4689 4660 4624 4649
Average 1983 3172 3104 3001 3002 3001 3104 3110 3110 3115
Missouri River at P - 0.49 0.68 0.75 0.76 0.77 0.68 0.75 0.76 0.83
Hermann, MO NSE - 3.66 071 -0.66 -0.67 -0.65 -0.69 -0.61 0.62 045
RMSE - 2957 1830 1824 1792 1798 1783 1798 1759 1760
Average 747 1419 1414 1416 1416 1416 1411 1414 1416 1414
Missouri River at P - 0.14 048 0.51 0.57 0.51 0.54 0.57 0.57 0.56
Omaha, NE NSE - 3929 2454 | 2487 | -2462 | -2125 | -2200 | -2188 | -2197 | -1944
RMSE - 1605 1193 1281 1214 1212 1143 1210 1150 1150
_ Average 1232 1717 1713 1714 1714 1714 1712 1713 1715 1713
aﬁ%ﬁi: P - 0.51 0.80 0.81 0.78 0.82 0.80 0.82 0.82 0.85
Littlo Rock, AR NSE - 0.94 030 0.30 0.36 0.47 0.43 0.44 047 049
RMSE - 1920 1094 1077 1045 1003 1001 1004 993 983
Average 544 804 803 803 803 803 803 802 803 803
Red River at p - 0.57 082 0.82 0.84 0.85 0.88 0.89 0.87 0.88
Spring Bank, AR NSE - 057 043 0.44 047 0.52 0.57 0.57 0.58 0.63
MSE - 842 489 468 481 477 436 411 413 412
Average 3481 5335 5324 5324 5323 5326 5329 5332 5330
Mean p - 075 0.77 0.80 0.80 0.78 0.81 0.82 0.84
NSE - 322 322 319 2.66 281 276 275 235
MSE - 2121 2025 1954 1821 1872 1807 1745 1747
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(a) Mississippi River at Vicksburg, MS
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(b): Missouri River at Hermann, MO
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