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ABSTRACT

The recent availability of NEXRAD rainfall data, along with high-resolution
Digital Elevation Maps (DEM), soil, land-use, and land-cover data, has motivated the use
of such data to improve distributed hydrologic modeling. The National Weather Service
Hydrologic Lab (NWSHL) is promoting the Distributed Modeling Intercomparison
Project (DMIP) to encourage the use of spatially distributed data to improve flow
modeling and prediction along the entire river system The main goal of DMIP is to
promote the development of models and modeling systems that best utilize NEXRAD
and other spatial data sets to improve River Forecast Center (RFC)-scale river
simulations.
The goals of this study are to forecast streamflow along the river and apply a
modeling approach that maps the 3-dimensional rainfall, DEM, and soil data to the
streamflow profile along the river and fmally to zero-dimensional streamflow forecast at
the outlet. The study had four main directions: ( 1) comparison of uncalibrated and
calibrated model performance, (2) ·comparison of lumped and distributed model
performance, (3) study of the model performance at interior evaluation points, and (4)
comparative evaluation of the SAC-SMA (Sacramento Soil Moisture Accounting) and
the HYMOD (Hydrologic Model).
This study explores the use of NEXRAD rainfall data in the context of hydrologic
modeling of the Illinois River basin at Watts, OK, using lumped and distributed versions
of the HYMOD and SAC-SMA models. HYMOD is a recently developed hydrologic
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model, containing five parameters and much less complexity as compared to the 16parameter SAC-SMA model. The distributed approach developed in this study uses the
DEM data to subdivide the basin and to determine the length of each river reach Each
river reach is divided into a number of smaller segments for which the slope is estimated
from the DEM data. Each rainfall-runoff model was used to compute the precipitation
excess for each sub-basin. Runoff was assigned to each river segment based on the
contributing area of that segment and then routed down river to the basin outlet using the
kinematic wave routing scheme.
Both models have been calibrated by running the SCE-UA model (Shuffled
Complex Evolution- University of Arizona, Duan et al., 1992). The comparison of the
two model systems based on their accuracy and efficiency is investigated.
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CHAPTER ONE
MOTIVATION AND APPROACH

1.1 Introduction and Literature Review
Persistent and heavy precipitation over a watershed can cause serious flooding.
According to a U.S. National Resources Council report (NRC, 1996), floods produce the
heaviest losses (life and economic) of any other weather-related hazards. Therefore,
forecasting of floods in advance of the events is important for operational and warning
purposes to prevent and minimize the loss impacts. For this reason, hydrologic models of
the rainfall-runoff processes have evolved. The first conceptual rainfall-runoff models,
which were developed in the 1970s, were mostly applied to runoff forecasting on small or
midsized watersheds where discharge measuretnents were available (Koren et al., 1999).
Large basin runoff prediction with these models introduced many assumptions that
decreased accuracy. The main goal of flood prediction is to study the causes and attempt
to predict the onset of flood events prior to their occurrence (Vivoni et al., 2002). The
ability to predict flood events has increased by the availability of new sources of highresolution data such as radar base precipitation estimation (NEXRAD), topography
(DEM), and soil and vegetation data. Newly developed hydrologic models, which can use
these high-resolution data to predict the spatial distribution of hydrologic response, have
been under study for the last several decades.
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All distributed modeling studies completed before 1996 were based on
synthetically generated data (precipitation and streamflow). Beven (1985) stated that the
main advantages of distributed models are the spatially distributed nature of their inputs
and the use of physically based parameter values, which can be used to investigate the
sensitivity of the hydrological response of the catchment to these distributed inputs.
Beven and Hornberger (1982) found that a correct assessment of the global volume of
rainfall input in a variable pattern is more important than a rainfall pattern by itself in
simulating streamflow hydrographS. Krajewski et al. (1991) investigated the sensitivity of
the response of a physically based distributed-hydrologic model to the rainfall-input
spatial and temporal sampling density on a small rural catchment. They found that the
basin response is more sensitive to the temporal resolution than spatial resolution of the
rainfall. Ogden and Julien (1993) explored 2-dimensional watershed sensitivity to the
spatial and temporal variability of the rainfall by using a physically based numerical
runoff model

They defined

tr

and

te

as rainfall duration and time to equilibrium,

respectively. They found that spatial variability dominates when
variability dominates when

tr

>

fe.

tr

<

te,

while temporal

Michaud and Sorooshian (1994) studied the effect of

rainfall-sampling errors on distributed hydrologic simulations for a nlidsized senli-arid
watershed with localized thunderstorms. They found that approximately half of the
difference between observed and simulated peaks was due to rainfall-sampling errors.
Additionally, both spatial averaging of rainfall over 4 km by 4 km pixels and decreasing
the temporal resolution of rainfall to 1 hour led to reductions in simulated runoff in senliarid watersheds having convective storms and large infiltration losses. Shah et al. (1996
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a, b) investigated the interaction between spatial rainfall variability and runoff production
by linking a stochastic rainfall field model with a physically based distributed rainfallrunoff model. They found that, under "wet" conditions, good predictions of runoff can be
obtained with a spatially averaged rainfall input. However, for the "dry" catchment
conditions, the runoff prediction errors are considerably higher if spatially averaged
rainfall is used, because of the interaction between the spatial variability in rainfall and
the spatial distribution of soil moisture. They highly reconnnended the use of a
distributed input, especially for "dry" conditions.
Winchell et al. (1998) studied the effects of uncertainty in radar-estimated
precipitation input on simulated runoff generation. They considered two types of
uncertainties m precipitation estimates: (1) those arising from the transformation of
reflectivity to rainfall rate and (2) those due to the spatial and temporal representation of
the "true" rainfall field. They found that infiltration-excess runoff generation is much
more sensitive than saturation-excess runoff generation to both types of precipitation
uncertainty. They also claimed that a decrease of the temporal and spatial resolution of
the precipitation input will cause a significant reduction in infiltration-excess runoff
volume.
Olivera and Maidment (1999) proposed a method for routing spatially distributed
excess precipitation over a watershed to produce runoff at its outlet. They defined a
routing function for each DEM cell to convolve the water movement from cell to cell and
to produce a response function along a flow path. They sunnned responses from all of the
cells to find an outlet hydrograph. Carpenter et al. (1999) used GIS and digital terrain
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elevation data bases to develop a national system for determining threshold runoff. They
found the importance of channel geometry in flash flood applications. Koren et al. (1999)
studied the scale dependencies of hydrologic models to spatial variability of precipitation.
They found that the scale dependency of various models is different and dependent on the
rainfall-runoff partitioning mechanism Their results indicated that infiltration-excess
models were the most sensitive and that the saturation-excess models were less scaledependent. They stated that probabilistic averaging of the point processes reduces scale
dependency; however, its effectiveness varies depending on the scale and spatial structure
of precipitation. They found that the surface runoff and total runoff decreases with
increasing scale size. Carpenter et al. (200 1) worked on the parametric and NEXRADradar sensitivities of a distributed hydrologic model. They found that the results of the
distributed model, which uses NEXRAD data, are comparable to the results of
operational spatially lumped models using rain-gauge data, and that sensitivity of flow
statistics on various spatial scales to parameters and radar-rainfall input is scaledependent. Boyle et al. (2001) stated that improvements in model performance are
obviously related to the spatial distribution of the model input and streamflow routing
when, surprisingly, it is not related to the distribution of the surface characteristics
(model parameters).
Andersen et al. (200 1) found that calibration against one station and evaluation
against eight additional stations exposed significant shortcotnings for some of the
upstream tributaries, especially in semi-arid zones of the river basin. They stated that
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further calibration against additional discharge stations improved the performance levels
of evaluation for different subcatchments.
All of these studies related to the distributed modeling for different scales have
been conducted using distributed input data or parru.neters. The National Weather Service
(NWS) has provided the Distributed Modeling Intercomparison Project (DMIP, section
1.2) for specified basins to fmd the best modeling strategy for flood forecasting which
will be discussed in this study.

1.2 Problem Statement of Distributed Modeling Intercomparison Project (DMIP)
Remotely sensed, high-resolution hydrologic data such as NEXRAD are now
becoming readily available to modelers from different sources. Sensitivity of runoff
hydrographs to spatial and temporal variability of the data has been one of the main
concerns of the researchers over last two decades. The National Weather Service
Hydrologic Lab (NWSHL) has initiated a Distributed Modeling Intercomparison Project,
DMIP,

to

examine

this

sensitivity.

The

goals

of

DMIP

are

(http://www.nws.noaa.gov/oMrrlldmip):

1. To identify and help develop models and modeling systems that best utilize
NEXRAD and other spatial data sets to improve RFC-scale river simulations

2. To help guide NWS/HL' s distributed hydrologic modeling research, science, and
applications.
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In order to meet these goals, modelers need to detennine which characte1istics of a basin

and computational element size mostly improve the results of a distributed vis-a-vis
lumped model in simulating runoff. NWSHL is investigating the improvement in results
that are possible through distributed modeling. Distributed modeling needs more effort in
data preparation and takes more simulation time, especially computer time for
calibration. This is particularly true in cases of models having high vertical co1nplexity
like SAC-SMA; calibration time is considerable and 1nanual calibration can be very
difficult and time-consuming.
The National Weather Service (NWS) provided the following distributed data for
this study:

1. NEXRAD (Next Generation RADar) stage III, gridded precipitation data that
have been averaged spatially over 4 km by 4 km grid cells and temporally
over a 1-hour tilne interval.
2. 30 m (1 arc second), resolution DEM, Digital Elevation Models, in Albers
Equal Area Projection.
3. Basin boundary latitude/longitude pairs.
4. State soils geographic (fromSTATSGO), 1-kmgridded soil data.
5. Hourly streamflow data the United States Geological Survey (USGS).
6. Vegetation, 1-km gridded vegetation type and density data.
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NWS is interested in comparing the uncalibrated and calibrated simulations of the
model at:
1. The outlet of the basin
2. The gauged interior point
3. The ungauged interior point (comparison will be made between different
simulations)

The initial study basin and the specified gauged interior point are listed in Table
1.1 (http://www .nws.noaa. gov/ohlhrl/dmip).

1.3 Approach and Scope

Modified versions of HYMOD (Hydrologic Model) and SAC-SMA (Sacramento
Soil Moisture Accounting Model) models (Chapter Three) have been applied in this
study. The Illinois River basin at Watts, OK, with a 1645 Km2 drainage area, has been
chosen as a test basin with the gauged interior point at Savoy, OK. The basin was divided
to nine sub-basins, and the river reach within each sub-basin was divided into different
numbers of reaches (1-5) based on the river length To assign the precipitation to each
sub-basin, the HRAP (Hydrologic Rainfall Analysis Project, which is a coordinate system
and gridded precipitation values referenced by this system) coverage was created, and
then the sub-basin coverage was intersected by this coverage to defme the cells, which
are within each sub-basin. Next, the sub-basin mean areal precipitation was computed as
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an average of gridded precipitation values in the sub-basin. After running the rainfallrunoff model, the computed runoff was assigned to each river reach based on its
contributing area (Figure 1.1).
In this research, the results of these two models with different levels of

complexity (five parameters versus thirteen) in two different versions (lumped and
distributed) were compared. The main goals of this study were to:
•

forecast streamflow along the river and at interior points in the basin; and

•

apply a modeling approach that maps the three-dimensional distributed rainfall,
soil, and other data to the streamflow profile along the river and finally to zerodimensional streamflow forecast at the outlet.

In the lumped modeling approach, the input data are averaged over the entire

basin. In the distributed modeling approach, the input data of the precipitation-excess
calculation model are averaged over each sub-basin and then assigned to each river reach
based on the contributing area to that reach. The flow is routed from reach to reach along
the river to the sub-basin outlet, and finally they are combined and routed to the basin
main outlet. Figure 1.2 shows the algorithm of this study.

Two different scenarios are considered for calibration, which will be discussed in Chapter
Four:
•

Lumped Calibration

•

Distributed Calibration
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1. 4 Organization

Chapter Three presents the hydrologic models that are applied over the study
basin. Each model contains two parts: a precipitation-excess model and a flow-routing
model; their details are discussed in Chapter Three. Chapter Four describes the
calibration procedure based on the Shuffled Complex Evolution algorithm (Duan et. al.,
1992). Different scenarios that are considered in the calibration procedure are also
discussed. Chapter Five presents the results of this study for all the cases. Finally, in
Chapter Six, the conclusions of this research are given and directions for future work are
suggested.
Table 1.1: Initial DMIP Study Basins

Interior Point for Blind
Simulation

Main River Basin
Illinois River at Watts,
OK

I

07195500

I
jjrllinois River at Savoy, OK

!Baron Fork at Eldon, OK II
I
Illinois River at
Tahlequah, OK

IPeacheater Creek at
Clrristie, OK

Drainage Area (sq.

USGS
Number

km)

II

1,645

07194800

433

I 07197000

795

07196973

65

07196500

2,484

I
jjAmt Creek at Kansas, OK

07196000

285

IIIllinois River at Watts, OK

07195500

1,645

I

IIIllinois River at Savoy, OK

07194800

433

I

jmue River at Blue, OK

II

07332500

1,233

I

07189000

2,251

I
I

Elk River at Tiff City,
MO

I

I

~

(a) Hrap coverage over the basin

Figure 1.1
(b) Delineated river and sub-basins

~

(c) Delineated sub-sub-basins*

* Colored areas show the contributing area for each river reach.
[\.)

t-'

PJ

Calibration (SCE-UA)

Rainfall-Runoff MODEL
(SAC-SMA, HYMOD)
n =1 ...• 9

River Routing
Kinematics Wave
n =1•... 9

~---------~ Simulated Runoff
N
~

~--------------------------------------------------------------------------------------------------------------------~~
Figure 1.2: The Flow Chart for the Step-by-Step Process of the Study
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CHAPTER TWO
PREPARATION OF DISTRIBUTED HYDROLOGIC MODELING DATA

2.1 Introduction
This chapter flrst describes the distributed available data for this project, which
includes the NEXRAD (Next Generation Radar) and 1-arc-second (30 m) DEM and soiltexture data. Because this study required overlaying data from several different sources, it
was necessary to select a standard map projection and datum for analysis. For instance,
DEM is in the geographic coordinate system where NEXRAD is referenced by the HRAP
(Hydrologic Rainfall Analysis Project) coordinate system A national Albers Equal-Area
Conic Projection with the paratneters listed in Table 2.1, which is an equal area
projection, was chosen as the standard map projection for this study. An equal-area
projection seems appropriate for hydrologic modeling because the drainage area is
preserved in projected space; therefore, precipitation depth-volume relationships are also
preserved. Furthermore, using the national standard map projection allows for flexibility
in expanding or contracting the study region without requiring additional coordinate
transformations (Reed and Maidment, 1995).
The second objective of this chapter is to describe the methodology used to
process the data and develop input flies for the model. This methodology consists of three
major tasks:
(1) Processing DEM --delineating streatnnetwork, watershed and sub-basins.
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(2) Generating HRAP cells and properly defming their geographic position relative to the
streams and watersheds.
(3) Merging DEM data with HRAP cells to detennine the contributing area and mean
areal precipitation as an average of gridded precipitation values in the sub-basin (or in the
watershed for the lumped case).

Table 2.1: Parameters of Albers Map Projection

First standard parallel

29.5°N

Second standard parallel

45.5°N

Longitude of central meridian

96°W

Latitude of the projection origin

23°N

False easting

0.0

False northing

0.0

2.2 Digital Elevation Models (DEMs)
U.S. geological survey Digital Elevation Models (DEMs) provide a topographic
description of land surface. 1-arc second ( 1") DEMs, created by the Defense Mapping
agency (DMA) and distributed by the United States Geological Survey. These elevation
data were generated from cartographic or photographic sources.
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2.2.1 Obtaining and processing the digital elevation model
The DEM data for the study area were obtained from the DMIP web site
(http://www.nws.noaa.gov/ohlhrlldmip). Following is the summary of the attributes of
the data:
"30-m (1-arc-second) DEM data covering the DMIP study areas have been made
available for this project as an offshoot of the National Basin Delineation project
underway at NOAA's National Severe Storms Laboratory (NSSL). The primary goal of
the National Basin Delineation project is to provide small basin boundaries for the
National Weather Service Flash Flood Monitoring and Prediction Program (FFMP).

NSSL orgamzes its data-processing efforts by eight-digit USGS Hydrologic
Cataloging Unit (HCU) boundaries. Initial processing steps include:

(1) Buffering the HUC boundary of interest to allow for differences in ridgelines
defmed by the DEMand defined by the digitized HCUs.

(2) Merging the required 7.5 arc-minute blocks of DEM data into a seamless data
set covering the HUC of interest.

(3) Projecting the data set to allow for correct analysis using Arc/Info software.

(4) Filling the DEM to eliminate artificial sinks in the data (using the Arc/Info fill
command)."
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To use the DEM grids, they are first projected from geographic coordinates into the
common Albers equal area projection as explained before. The next step is to delineate
the stream network; watershed, and sub-basins from DEM. The Arc/Info grid function
can be used to do these. The following steps will be taken one by one within the Arc/Info:

1. Delineate the stream network
2. Compute the flow direction
3. Compute the flow accumulation
4. Identify the stream by specified threshold

5. Identify the watershed outlet on the stream network. The provided basin
boundary on the DMIP website (http://www.nws.noaa.gov/ohlhrl/dmip) is
helpful in this step.
6. Identify the main junctions
7. Delineate sub-basins
8. Convert grids to coverages

The density of the stream network will depend on the chosen threshold for flow
accumulation (Maidment and Mizgalewicz, 1993). In the flow accumulation process
model assigns different numbers based on the topography and the height of the cell. In
this study, 135,000 has been chosen as a threshold, which means that any cell in the
stream grids that has a value less than this number will be eliminated. This number was
selected by trial-and-error, based on the number of river attributes and sub-basins. There
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is no specific procedure or rule to defme this number. It was selected subjectively based
on the detail that seemed appropriate in representing the stream network.
The next step is to find the outlet point. In order to delineate basins and subbasins, the outlet points need to be grid cells that lie on the stream network.

For a

watershed outlet, the latitude and longitude of the intersection of the mainstream with a
given basin boundary (in the DMIP website) was found and

co~ared

with the given

latitude and longitude for the grid cell of the basin outlet (which has a gauging station).
Afterwards, the watershed was delineated in Arc/Info. Then, the main junction on the
stream was chosen to delineate sub-basins. To intersect the watershed and sub-basin grids
with the coverage of rainfall cells in a later stage, it was necessary to make a raster to
vector conversion on them
At this time, zero to four points were chosen on the mainstream within each subbasin based on the size of the sub-basin and river length, which resulted 1 to 5 reaches.
Points were chosen with equal distance from each other. The contributing area of each
reach of the river was then calculated in order to assign the lateral flow to them The
weight of each reach for getting runoff was calculated as follows:
(2.1)

where:

wi : weight of the reach i
CAi : contributing area of reach i
At : total area of the sub-basin
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Figure 1.1 illustrates the results of different steps to the fmal product. DEM was
used to find the slope and the length of each reach. In order to do this, the stream network
was intersected with the coverage, which included each sub-basin and the contributing
areas. The result was a ftle, which includes the length of each reach and height difference
between starting and end points of the reach (dL and dH). The slope (S) was calculated:

S

= dH

(2.2)

dL

The calculated slope and length was used as input to the river routing model, as
explained in the Chapter Three.

2.3 NEXRAD Precipitation Data
Accurate rainfall estimates during the storm event are invaluable to forecasters
responsible for flood warnings. Traditionally, rain gauges have been used for measuring
precipitation and collecting data at a specific point. An interpolating scheme is required
to produce a rainfall surface and to calculate watershed-average rainfall. As the time
period for analysis diminishes, interpolation from gauging stations becomes less and less
reliable because short duration rainfall data are less spatially correlated than are long
duration data (Smith, 1993). In more recent years, ground-based radar has emerged as an
effective tool for generating a rainfall surface with high temporal resolution (Smith,
1993). The National Weather Service (NWS) produces gridded precipitation estimates as
part of its NEXt generation weather RADar (NEXRAD) program NEXRAD data are a
significant improvement over traditional methods of estimating rainfall in both space and
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time. Before NEXRAD, watershed-average rainfall values were as good an estimate as
any because rain-gauge networks were typically not very dense, and the rainfall
distribution between gauges could not be accurately determined (Reed and Maidment,
1995).

The NEXRAD system contains a network of Weather Surveillance Radar-1988
(WSR-88D) Doppler radars (Crum and Alberty, 1993). Reflectivity observations from
each WSR-88D, which are installed across the country by the NWS, are used to generate
estimates of precipitation developed with the NEXRAD precipitation processing system
(Young et al., 2000). Radar reflectivity factor Z-measured values at each WSR-88D site
are utilized in order to produce radar-only precipitation products. The first step in
transforming reflectivity into rainfall estimates consists of constructing a radar
reflectivity field for each complete radar scan with data from multiple radar tilts. Then a
power law Z-R relationship is used to find the rain rate, R (Young et al., 2000). However,
the Z-R parameter settings are designed to be adjustable for each site based on climate,
terrain, etc. Choosing the proper Z-R parameter for a given rain event is a very
challenging task (Fulton et al., 1998). After estimating the R, the rain-rate intensity maps
are integrated over time to produce hourly accumulations. Then the outliers and ground
returns are removed by a quality-control algorithm from the radar precipitation estimates,
and the final product is transfonned to HRAP grids (Young et al., 2000). This product is
called Hourly Digital Precipitation (HDP) or NEXRAD Stage I data. The HDP product
for individual radar is merged with gauged observations in Stage II processing to produce
multi-sensor products (NWS Office of Hydrology, 1997a). In Stage III, the Stage II
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estimates from multiple radars are combined and produce a single product, which covers
the entire RFC region (NWS Office of Hydrology, 1997b). At this step, the average of all
Stage II estimates available for each HRAP cell are combined ((Young et al., 2000).

The NEXRAD Stage III product offers precipitation estimates temporally averaged
over one hour and spatially averaged over grid cells of approximately 16 square
kilometers, which are referenced by the HRAP (Hydrologic Rainfall Analysis Project)
coordinate system (Reed and Maidment, 1995).

2.3.1 Positioning the NEXRAD stage III cells
To define the mean average precipitation over each sub-basin, a mesh of NEXRAD cells
should be created in the same coordinate system as the digital elevation data. The
Hydrologic Rainfall Analysis Project (HRAP) grid as defmed by Greene and Hudlow
(1982) is used to define the location of each average precipitation value in a NEXRAD
Stage III data set. To apply HRAP coordinates, the correct steps are as follows:
1. TransformHRAP coordinates into latitude/longitude geographic coordinates.
2. Project the geographic latitude and longitude to Albers equal area coordinates.

In this study, the following steps have been taken in order to process NEXRAD data:

1. Generate a text file within Arc/Info, which includes HRAP coordinates and related
geographic and Albers coordinates as well for the study area.
2. Generate HRAP polygon coverage.
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2.3.2 Assigning the NEXRAD data to each sub-basin
After generating the HRAP polygon coverage (in Albers coordinates), it will be
intersected with watershed and sub-basins one by one. This produces cells that either fall
within the watershed or each sub-basin, and also the area of each cell within them After
gathering all of this information (hrapx, hrapy, area of the cell), the next step is to assign
precipitation depth to each cell from NEXRAD Stage ill files and calculate Mean Areal
Precipitation (MAP) as an average of gridded precipitation values in the watershed (subbasins).

N

_L(Pj xA j )
MAP
!

= _j =-1- - -

(2.2)

Nx~

where:
MAPi: mean areal precipitation for the ith sub-basin (in the lumped case this just

represents the watershed)
Pj: gridded precipitation value for jth grid cell in sub-basin

i

Aj : area of the jth grid cell which is within the basin

At : total area of the sub-basin (watershed), which is equal to:

(2.3)

N: number ofHRAP grid points within sub-basin i (watershed)
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2.4 Soil Data
The successful application of any rainfall-runoff model depends on its
parameterization (Koren et al., 2000). They developed a set of physically based
relationships between the soil properties and SAC-SMA parameters, assumed that tension
water storages are related to the available soil water, and that the free water storages are
related to the gravitational soil water.
As they suggested, soil properties such as the saturated moisture content, 8s, field
capacity, efld, and wilting point,

8wlt,

are used to estimate available soil water and

gravitational soil water. These soil properties can be estimated from STATGO dominant
soil-texture grids for 11 soil layers (from ground surface to 2.5 m beneath) (see Table
2.2) (Miller and White, 1999). The soil-profile depth, Zmax, is assumed equal to the
combined depth of the upper and lower layers. In order to split the soil profile into upper
and lower zones, an initial rain abstraction concept (McCuen, 1982) is used. The
depletion coefficient of the lower layer primary free water storage was calculated from
Darcy's equation for an unconfmed homogeneous aquifer, which requires estimation of
the hydraulic conductivity, Ks, and the specific yield of soil, 1J, (Dingman, 1993).
Koren et al. (2000) suggested using these relationships for a priori estnnation of
parameters to improve calibration/estimation procedures. They claimed that the use of
soil-derived parameters can improve the spatial and physical consistency of estimated
model parameters while maintaining hydrological performance. These relationships were
used in this study along with state soils geographic (from STATSGO) and 1-km gridded
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soil data for a priori estimation of SAC-SMA parameters. The details of these
relationships are presented in Appendix 1.
The a priori estimated parameters, along with the generated precipitation data,
evaporation, and observed streamflow, were fed as input to the hydrologic models for
runoff simulation and calibration process, as explained in the following chapters.

Table 2.2: Physical Properties of Different Soil Classes Defmed for This Analysis
(Koren et al., 2000)
Texture Class

%Sand

%Clay

8Max

efld

8wlt

Ks

1-.l

1

Sand

92

3

0.37

0.15

0.04

633.6

0.29

2

Loamy sand

82

6

0.39

0.19

0.05

562.6

0.23

3

Sandy loam

58

10

0.42

0.27

0.09

124.8

0.15

4

Silty loam

17

13

0.47

0.35

0.15

5

Silt

9

5

0.48

0.34

0.11

20.0

0.12

6

Loam

43

18

0.44

0.30

0.14

25.0

0.13

7

Sandy clay loam

58

27

0.42

0.29

0.16

22.7

0.12

8

Silty clay loam

10

34

0.48

0.41

0.24

6.1

0.04

9

Clay loam

32

34

0.45

0.36

0.21

8.8

0.07

10

Sandy clay

52

42

0.42

0.33

0.21

7.8

0.07

11

Silty clay

6

47

0.48

0.43

0.28

3.7

0.02

12

Clay

22

58

0.46

0.40

0.28

4.6

0.03

No.

25.9

0.10
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CHAPTER THREE
DEVELOPMENT OF DISTRIBUTED HYDROLOGIC MODELS

3.1 Introduction
Hydrologic models are divided into two different categories: physical models and
conceptual models.

Conceptual rainfall-runoff models represent the system in

mathematical form (Chow et al., 1988). Conceptual rainfall-runoff (CRR) models, a subdivision of deterministic models, use input data and parameters that are either lumped or
distributed, but do not consider the randomness of the system In the deterministic
lumped model, the system is spatially averaged or defined as a single point in the space
with no dimension. For instance, precipitation input will be averaged over the basin and
will be considered uniform over the basin. The deterministic distributed model considers
the hydrologic processes taking place at various points in space and defines the model
variables (inputs or parameters) as functions of space dimensions (Chow et al., 1988).
CRR models present an approximate, lumped description of the dominant subbasin scale processes that contribute to the overall basin scale hydrologic response of the
system In general, CRR models transform rainfall into runoff. This process contains two
main components: precipitation-excess generation and flow routing. Precipitation excess
is generated as a function of the vertical movement of moisture (precipitation,
evaporation, transpiration, and losses to the system) into and out of the basin. The flow
routing component involves the movement of the excess precipitation over the land
surface and along stream and channel networks to the outlet of the basin (Boyle, 2001).
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The variability of the excess-generation process within the basin is related to the
level of spatial variability of the soil properties, vegetation type, and precipitation rates
over the basin. As a result; performance improvements of CRR models were focused
primarily on improving the representation of processes directly related to the vertical
movement of moisture within the basin rather than the spatial variability of these
processes. The level of detail with which different CRR models describe the movement
of the moisture through the soil (vertical model structure complexity) can vary
significantly. In this study, two different CRR models, which have different precipitationexcess models with different levels of complexity (one is simple with five parameters and
the other one is complex with 16 parameters) have been tested. In both cases, the same
flow-routing model is used.

3.2 Precipitation Excess Models
3.2.1 HYMOD
The experimental CRR model HYMOD (Boyle et al., 1997) was used in this
study to investigate the value of using a very simple level of vertical detail for describing
the movement of moisture through the soil. HYMOD includes a variety of excess
generation (interception storage, tension storage, free storage, etc.), percolation, and
streamflow routing functions that can be put together in different combinations to
describe the different hydrologic behaviors of the watershed system
The hydrologic model HYMOD (Boyle et al., 1997; Wagener et al., 1999) was
developed to present the basic spatial and vertical hydrologic processes within a
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watershed with a minimum number of modeling units and functional parameters.
HYMOD has a flexible model structure that allows the user to assemble and test a variety
of different excess generation (impervious area, tension, and free water storages, etc.),
percolation, and streamflow routing functions to describe the different hydrologic
behaviors of the watershed system

aUt

(1-a)Ut

-+

Qt

Rs

Slow Flow Tank
(Linear Reservoir Routing)

Figure 3.1: Schematic ofHYMOD.

The general configuration of HYMOD for the purposes of this study is shown in
Figure 3.1. The watershed is partitioned into two areas pervious and impervious, by
means of a single parameter, percent impervious area (PCTIM). Precipitation falling on
the impervious portion of the basin becomes direct runoff available for routing, along
with the surface runoff component, to the outlet of the watershed. Precipitation falling on

36
the previous portion of the watershed enters the upper soil-moisture zone (UZ). The UZ
consists of two components: tension water storage and free-water storage. Tension water
storage must be completely full before moisture can move to the free-water portion of the
UZ. Soil moisture within the UZ tension and free-water storages is available to satisfy the
potential evapotranspiration (PET) demand. Saturated excess is generated from the freewater storages -and then combined with the direct runoff to estimate the quick (or surface)
runoff. Soil moisture percolates from the UZ free-water storage to the lower soil moisture
zone (LZ) free-water storages. The moisture in the LZ free-water storage is routed
through a single linear reservoir, with recession coefficient KS, to estimate the slow or
baseflow runoff. The quick and slow flows are then combined, and the total channel
inflow will be used as an input to the routing model component.

3.2.2 SACramento Soil Moisture Accounting model, SAC- SMA
The SACramento Soil Moisture Accounting (SAC-SMA) model (Bumash et al.,
1973) is used by the National Weather Service (NWS) for flood forecasting throughout
the United States (Figure 3.2). The model is detenninistic, continuous, and non-linear.
In this study, the SAC-SMA precipitation excess model is combined with a

kinematic wave flow routing model. Soil moisture in the model is divided into two main
accounting zones. The upper zone represents surface soil regimes and interception
storage, while the lower zone represents deeper soil layers containing the majority of the
soil moisture and ground water (Brazil and Hudlow, 1981). The upper zone contains two
storage tanks (free and tension water tanks), which then drain into the lower zone
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containing three storage tanks. The water in these zones was classified by Bumash et al.
(1973) as either hygroscopic, tension, or free water. Hygroscopic water is bounded so

tightly to the soil particles that it cannot be used for evapotranspiration. It is considered
insignificant in contributing to runoff and is grouped with tension water later on. Tension
water is that part of the soil moisture that is held against gravity by soil particles and can
be returned to the atmosphere only through evapotranspiration processes. Free water is
defmed as water that is free to travel through the soil zones. Tension water storage 1nust
be completely full before moisture can move vertically and horizontally through the soil
zone (Hogue, 1998).
The model computes five components that contribute to channel flow (Bumash,
1995):
1. Direct runoff from rainfall falling on impervious surfaces or surfaces that

convert directly to runoff

2. Surface runoff from precipitation occurring at a rate faster than infiltration
rate to the upper zone.

3. Interflow from lateral drainage of the upper zone free-water storage.

4. Primary baseflow that drains from lower zone free-water primary storagelonger term flow, slower draining.

5. Supplemental baseflow that drains from lower zone free-water supplemental
storage-primarily after rainy events, shorter time contribution to baseflow.
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In the model, rainfall falling throughout a basin is assumed to fall on two types of

surfaces:
1. hnpervious areas, which are directly linked to the channel, such as streams,

lakes, rocks, and pavement.

2. Pervious areas are the areas of the soil layer that are permeable (Bumash,
1995).

The pervious regions of a basin eventually contribute to runoff when rainfall rates
are sufficiently heavy. Rain that falls on the permeable areas infiltrates to the upper zone
of the soil layer.
The tension water storage must be filled before water becomes available to the
upper zone free-water storage. If rainfall is sufficient and the upper storage zones become
full, water is free to move from the upper free zone to the lower zone and as interflow to
the channel. Percolation of the water from the upper to the lower zone is controlled by a
complex non-linear process dependent on the contents of the upper zone free water and
the deficiencies in lower zone storages. Horizontal flow to the channel, or interflow, only
occurs when the precipitation rate exceeds the rate at which percolation occurs. When
rainfall exceeds interflow and percolation capacities, the upper zone storages will be full,
and saturated or overland flow will occur.

As water enters the lower zone, it is available to fill both the tension and freewater (primary and supplemental) storages. Although most of the percolating water
moves into the tension water storage, a fraction of water is available to move into both
free-water storages before tension-water storage is full. Lower zone tension water is
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· removed by evepotranspiration through deep-rooted plants. Water in the lower zone free
storage contributes to either subsurface flow out of the basin or is the main component of
baseflow, which is depleted at differing rates from the supplemental and primary
storages.
As rainfall continues and the lower zone becomes full, water may only move
through the system at the rate that water flows out of the lower zone free-water storages
as baseflow to the channel.
Water movement through SAC-SMA soil-moisture zones is a continuous process
with computation performed at specified time intervals. The amount of water transferred
depends on the contents of soil-moisture storage (state variables) at the beginning of each
time step; however, the model sets 5 mm as the limit of water that may be transferred in
one computational loop. During large precipitation events, the model may perform
several computations within the specified time step (Hogue, 1998).
The model uses hourly basin/sub-basin averaged precipitation and potential
evapotranspiration as input data and produces hourly total channel inflow within the
study basin. The total channel inflow will be used as an input to the routing model
component.
The SAC-SMA precipitation excess model has 16 parameters and six state
variables that represent the soil-moisture contents of the various storage units. The flowrouting model has four parameters. Several parameters (three in the precipitation-excess
model and two in the flow-routing model) are definable by physical characteristics of the
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watershed, while the rest are normally estimated through analyses of historic hydro graphs
and through the calibration process. All of the parameters are listed in Table 3.1.

UPPER
ZONE
SURFACE
RUNOFF

DIRECT
RUNOFF

LOWER
ZONE

Figure 3.2: Sacramento Soil Moisture Accounting model

3.3 Flow-Routing Model

As mentioned before, the second main component of the hydrologic model is the
flow-routing model, which routes the precipitation excess through the river to the outlet.
In this study, three different routing models were used:
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1. Linear reservoir routing scheme

2. Unit hydro graph routing scheme
3. Kinematic wave routing scheme
The first two models were used in the lumped modeling version, and the third one
was used in the distributed modeling version.

3.3.1 Linear reservoir routing scheme
Linear reservoir routing is used to convert the runoff volume, which is produced
by the rainfall-runoff 1nodel into streamflow for each sub-basin. This method is used to
route slow and quick flow in lumped and only to rout slow flow in distributed HYMOD.
In this method, output is linearly related to the storage by a recession coefficient, which is

the inverse of the time.
The input to the tank would be the percolated flow, which will be calculated from
precipitation at the specific time step and the previous time step soil moisture. The
generic formulation is:

(3.1)
where:
Q: outflow from the tank or reservoir

S: the water stored in conceptual reservoir

Rs: recession coefficient, which is the inverse of the time
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Table 3.1: SAC-SMA Parameters and State Variables (Brazil and Hudlow, 1981).

Parameter

Description

UZTWM

Upper zone tension-water capacity (rrnn)

UZFWM

Upper zone free-water capacity (rrnn)

UZK

Upper zone recession coefficient

PCTIM

Percent of impervious area

AD IMP

Percent additional impervious area

RIVA

Percent additional impervious area

ZPERC

Minimum percolation rate coefficient

REXP

Percolation equation exponent

IZTWM

Lower zone tension water capacity (mm)

IZFSM

Lower zone supplementary free-water capacity (mm)

LZFPM

Lower zone primary free-water capacity (mm)

LZSK

Lower zone supplementary recession coefficient (nnn)

LZPK

Lower zone primary recession coefficient (rrnn)

PFREE

Percentage percolating directly lower zone free water

RSERV

Percentage of lower zone free water not transferable to lower zone
tension water

SIDE

Ration of deep recharge water going to channel baseflow

State Variables
UZTWC

Upper zone tension-water content (mm)

UZFWC

Upper zone free-water content (nnn)

LZTWC

Lower zone tension-water content (mm)

IZFSC

Lower zone supplementary free-water content (nun)

LZFPC

Lower zone primary free-water content (rrnn)

ADIMC

Tension-water content of additional impervious area (rrnn)
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Parameter Rs is one of the hydrologic parameters that is estimated using historical
data, accounting for time lags between the total channel inflow and the hydrograph at the
outlet (Chow et al., 1988).

3.3.2 Unit hydro graph routing scheme
The original lumped version of SAC-SMA, which is used by the NWS, uses the
unit hydro graph routing scheme to rout the generated runoff to the outlet. In this method,
the defined unit hydrograph (UH) of the watershed is used to calculate the flow at the
outlet based on the generated runoff volume.
Figure 3.3 shows the 200 ordinate unit hydrograph for the Illinois River basin at
Watts, OK, which was derived by the NWS using DEM analysis and time area method
(direct communication with National Weather Service).

Illinois River Basin Unit Hydrograph
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Figure 3.3: Illinois River basin at Watts: National Weather Service unit hydrograph.
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3.3.3 Kinematic wave routing scheme
Kine1natic wave directs flow when inertial and pressure forces are not important. A wave
is a variation in a flow, such as a change in the flow rate or water surface elevation. In the
kinematic wave scheme, the acceleration and pressure terms in the momentum equation
are negligible; therefore, the wave motion is described principally by the continuity
equation (Chow et al., 1988).
In this study, the kinematic wave method was used to rout the flow through the

channel within each sub-basin and finally to the outlet. As previously mentioned, the
main stream in each sub-basin was divided into n reaches of length

~

(i = 1 ... 5). The

outflow from each reach is a 1nonotonic function of the volume of water within the reach
(kinematic assumption). The lateral flow from the contributing area of each reach was
added to the routed flow at the end of the reach.
Figure 3.4 shows a finite difference box for solution of the kinematic wave
method. The following equation represents the general form of the kinematic wave
model:
Continuity:
()Q ()A
-+-=q

ax

dt

(3.2)

Momentum:
So = Sf or Q =a A .a

where:

(3.3)
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Q: channel flow

A: channel cross-section
So: bed slope
Sf friction slope
a, (3: Equation constants

By using the above definitions, the Manning equation becomes:

(3.4)

where:
n: Manning's roughness coefficient,

P: Wetted perimeter

a=

1.49 sy;_
o

(3.5)

nP%
(3 = 5/3
Finally, by combining the continuity and momentum equations, the result is:

These equations are solved by the nonlinear finite difference method and included

in the rainfall-runoff models as a flow-routing component.
The developed rainfall-runoff models are applied in the Illinois River basin at
Watts, OK. The characteristics of the basin are explained in the following chapters.
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Figure 3.4: Finite Difference Box for Solution of the Kinematic Wave Method
(Chow et al., 1988).

3.4 Study Area and Distributing Method
The model was applied to the 1,645 square kilometer Illinois River basin at Watts
OK (Figure 3.6). This basin is part of the 4,150 km2 Illinois River watershed, which falls
under the jurisdiction of the NWS Arkansas-Red Basin River Forecast Center (ABRFC)
in Tulsa, OK. The terrain of the basin is moderately sloping with soils classified as udults
and udalfs (NRCS, 1981; http://essc.psu.edu/soils-info). The Soils are characterized by
large storage capacities and relatively deep surface horizons. The vegetative cover is
approximately 70% forested, with the remainder pasture and cropland. Historical
streamflow data are available for stream gauge stations at the outlet and on one interior
point at Savoy (Carpenter et al., 1999).
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The basin is almost uniform in soil and vegetation. Figures 3.7 and 3.8 show the
soil and vegetation details of the basin, respectively.

3.5 Climatology
The Illinois River basin is located in the southern Great Plains of the United
States. The average maximum and minimum surface air temperature in the region are
approximately 71 °F and 49°F, respectively. Summer maximum temperatures can get as
high as 100°, and freezing temperatures occur generally in December through February.
During the calibration period, the annual average precipitation of the basin was
1.2 rnlyr, and its annual average evaporation was 1.05 rnlyr. Figure 3.5 shows the average
monthly evaporation of the basin. The potential evapotranspiration is relatively high in
June, July, and August (4.5-5 mm/day) and reaches its lowest value in January (0.81
mm/day) (Carpenter et al., 1999).
The model is run over each sub-basin. It generates runoff over each sub-basin and
then assigns the generated runoff to the end of each reach based on each reach's
calculated weight (Section 2.2.1). The next step is to route the flow through each reach
and then into the sub-basin outlet. Finally, the model combines the flows and routes them
all to the main outlet at Watts. Figure (2.2) shows the algorithm
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Figure 3. 7: Soil Data for the Study Basin.
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Figure 3.8: Vegetation Data for the Study Area.
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CHAPTER FOUR
CALffiRATION OF THE DISTRIBUTED HYDROLOGIC MODELS

4.1 Introduction
The process of model calibration includes choosing the "best" set of parameter
values, while model evaluation is the process that attempts to define the uncertainties in
predictions or find their magnitude. In the calibration process, the goal involves adjusting
a model's parameter values to improve the fit between observed and simulated values.
The closeness of fit can be checked qualitatively (e.g. plots of observed and simulated
hydrographs) or quantitatively (residual statistics such as Root Mean Square Error, Bias,
etc.). In the optimization process, an "objective function" is the quantitative part of the
comparison, which represents the error between observations and simulations.
Minimizing or maximizing the objective function is the main goal of the optimization
procedure.
In this study, the Shuffled Complex Evolution algorithm was used as the search
algorithm for calibration. The following objective functions were used during the
optimization process:
1. HRMS or Hourly Root Mean Square Error, which emphasizes the fitting of high

flow:

HRMS=

(4.1)
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2. LOG, which emphasizes fitting of low flows:

LOG=

(-n1 L (Log (Qsim )t - Log(Qobs )t )
n

2

(4.2)

t =l

3. Nash-Sutcliffe (NS) measure, like HRMS (Equation 4.1), emphasizes the fitting
of high flows (note: NS is a normalized version of the HRMS):

(4.3)

As mentioned before, the goal is to estimate the best parameter set for the model,
to have a system as close as possible to reality. Calibration consists of three steps:

1. Detennining approximate ranges for the parameters
2. A priori parameter estimation
3. Refming the parameter estimates by using observed data

In this study, the SAC-SMA parameter ranges for this specific basin were
provided by NWS (National Weather Service), which can be seen in table 4.1. For the
second step, the method of a priori estimation of parameters by using soil texture (Koren
et al., 2000) and random generation of parameters between specified boundaries was
used.
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Finally, to estimate the best set of parameters, the products of steps 1 and 2 were
used in the automated calibration procedure (SCE-UA).

Table 4.1: SAC-SMA model Parameter Ranges and Optimal Values.

Parameter

NWS Parameter Range

Research Ranges

Optimal Values

UZTWM

25.2- 135.4

1-200

61.96

UZFWM

25.1-53

1- 150

5.16

UZK

0.18-0.741

0.1-0.5

0.336

ZPERC

40.8- 157

1-300

160.2

REXP

1.111-3.11

1.- 5.

1.63

LZTWM

109-339

90-600

252.5

LZFSM

18.6- 53.9

1.-90

23.52

LZFPM

20- 130.3

50-200

108.5

LZSK

0.049 - 0.218

0.01-0.2

0.0517

LZPK

0.0026- 0.0107

0.006- 0.01

0.006

PFREE

0.054- 0.482

0-0.8

0.257

PC TIM

0-0.02

0- 0.02

0.0199

AD IMP

0-0.4

0-0.4

0.2037

4.2 Shuffled Complex Evolution Optimization (SCE-UA) Approach
Duan et al., (1992) developed a global search procedure called the Shuffled
Complex Evolution based on the downhill simplex method (Neider and Mead, 1965),
combined with a random search procedure. The algorithm takes the following steps:

55
1. Sample points from the search space, randomly.

2. Partition the population of points into groups of 2n+ 1 points, where n
represents the number of parameters being calibrated (i.e., the dimension of
the problem).
3. The downhill simplex method is applied to each group independently to
evolve each group toward the global optimum
4.

At this step, all of the groups are shuffled to exchange the information and
then resample and assign again to different groups.

5. The above-mentioned four steps are repeated until the entire population
converges to the global or near global optimum
More details can be found in Appendix A2.

4.3 Calibration Strategy
As mentioned in Section 4.1, a calibration procedure consists of three steps,
which will be discussed here.

Step 1. At this step, the parameter ranges were defined, which limits the search
procedure within the realistic parameter space. Each parameter represents a characteristic
of the basin related to the movement of the moisture vertically or horizontally. Each
range represents the upper and lower boundary of the parameter, estimated based on the
soil characteristics. SAC-SMA model parameter ranges for the Illinois River basin at
Watts are shown in table 4.1. In the case of HYMOD, the parameter ranges are defined
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by the professional judgment of the modeler based on the general soil characteristics
(Table 4.2).
Table 4.2: Model Parameter Ranges and Optimal Values
Parameters

Research Ranges

Optimal Values

Cmax

1-500

96.148

bexp

0.1-2.00

1.47

a

0.1-0.99

0.171

Rs

0.00002-0.1

0.0118

Rq

0.1-0.99

0.622

Step 2. To start the search procedure, there should be a primary set of parameters
as a starting point that can be generated randomly or estimated by using soil-texture data.
Koren et al., (2000) developed a set of physically based relationships between SAC-SMA
model parameters and soil properties, which was explained in chapter two. These
formulae give a good a priori estimate of parameters and help the search procedure
converge faster. In this study, both methods were used to obtain an initial estimate of
SAC-SMA model parameters. In the case of HYMOD, an initial parameter set is
generated randomly within the given parameter ranges, or just the middle point of the
range is picked as a starting point.

Step 3. This step consists of the search procedure. The inputs to the SCE-UA are
the six years, hourly (June 1993-July 1999) observed and simulated streamflow data and
initial parameter sets and their ranges. A 1-year period (August 1999-July 2000) of
hourly data was used to evaluate model performance. The lumped model was ca)ibrated
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with LOG and HRMS objective function (Equation 4.1). As mentioned in Chapter One,
two different scenarios were considered for calibration of the distributed model:

1. Lumped calibration scenario: In this scenario, the SCE-UA is hooked up with

lumped versions of both hydrologic models (SAC-SMA, HYMOD) in order to
find the optimal parameter set. Then, the estimated optimal parameter set is
used in the distributed version of models for flow simulation.
2. Semi-lumped calibration scenario: the distributed model is hooked up with
SCE-U A, accordingly using identical values for the parameters of all subbasins, and distributed model simulation and observed streamflow will be the
input to the SCE. The new optimum parameter set will be used uniformly for
each sub-basin again, and the procedure will be continued until SCE
converges.
Figure 4.1 illustrates the flow chart of two calibration scenarios. The difference
between the two methods is calibration procedure run time. The second scenario takes
longer to converge, but the results are somewhat better (see Chapter Five).
HYMOD has five precipitation-excess parameters and a routing parameter
(Manning's coefficient), which need to be calibrated.
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Figure 4.1: Flow Chart of Lumped and Semi-Lumped Calibration Scenarios.
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Two different conditions are considered in this study: first that the Manning's
roughness coefficient is the same along the river, and the second that each sub-basin has
different Manning's roughness coefficients, which means nine different values.

As

discussed in Chapter Two the basin is almost uniform in terms of soil and vegetation.
Therefore, considering that these two conditions could give some indication of how much
uniformity would affect the routing parameters, especially roughness of the river bed and
finally the simulation results. Two approaches were taken for calibration:
!.Calibrating five rainfall-runoff parameters with HRMS and LOG objective
functions, respectively.
2.Calibrating the rainfall-runoff and routing parameter/s.
In the case of calibrating the SAC-SMA, four different approaches were taken:

1. Calibrating all 13 parameters at the same time with HRMS or LOG and
transformed data. Flows were transformed as follows:

Qt =[(Q+1)A-l]/A

'

A=0.3

(4.4)

The reason for transforming flow is to achieve a homogenous error variance so
that appropriate relative weighting is given to high and low flows.

2. Calibrating alll3 parameters and five initial states at the same time.
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3. Calibrating all 13 parameters and initial states factor. In the operational SACSMA, this factor relates the initial variables to different parameters, which
originally is considered equal to 0.5 (i.e., UZTWC

= 0.5 * UZTWM).

In this

study, because the model did not estimate the flows very well for the first
several time steps and was overestimating, it was decided to calibrate initial
states or the initial states factor to improve the simulation results.

4. Multistep Automatic Calibration Scheme (MACS) that was developed by
Hogue et al., (2000):

•

Calibrating all parameters and initial states by using the LOG objective
function (Equation 4.2). As mentioned earlier, the LOG criterion
places strong weights on the low flow parts of the hydro graph. Hogue
et al.. (2000) believed that using the LOG criterion at the frrst step,
besides having a good estimate for lower zone parameters, helps to
limit the remaining model parameters (upper zone) loosely into the
region that provides coarse fitting of the peaks.

•

Calibrate the upper zone model parameters (high flows) by using
HRMS objective functions. HRMS objective functions place strong
emphases on high flow (peak flow).

•

Calibrating the lower zone parameters (low flows) by using the LOG
objective function in order to re-adjust them (Table 4.3).

61

Values of 0.001% change in the objective function or a maximum of 99,999
iterations were set as termination criteria. To check closeness of fit, the %Bias,
Correlation Coefficient, and HRMS are used for quantitative check, and visual
inspections of the simulated and observed hydrographs and the flow duration curve
have been used for qualitative check. To produce the flow duration curve, the flow
values are ordered ascending and then plotted versus the number of values. In this
curve, each number on the horizontal access shows how many of the flow values are
bigger than the related flow value on the vertical access.
Based on the mentioned checks, the optimal parameter set among the results of all
different scenarios has been chosen. The next step after fmding the optimal set is
validating them in order to evaluate the model and determine how adequate are the
simulation results for other time periods. One year of hourly data (June 1999-July
2000) was used for evaluation. The calibration period is from June 1993-May 1999.
The results of the study are presented and discussed in the following chapter.
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Table 4.3: Parameters Optimized During the MACS Process (Hogue et al., 2000).

Objective Function

SAC-SMA

Step 1

Step2

Step3

LOG

HRMS

LOG

UZTWM
UZFWM
UZK

UZTWM
UZFWM
UZK

ADIMP

AD IMP

ZPERC
REXP
LZTWM
LZFSM
LZFPM
LZSK
LZPK
PFREE
UZTWC
UZFWC
LZTWC
LZFSC
LZFPM

ZPERC
REXP
LZTWM
LZFSM
LZFPM
LZSK
LZPK
PFREE
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CHAPTER FIVE
DISCUSSION OF RESULTS

5.1 Introduction
In this chapter, the results of the study are discussed in four main sections:
1. Uncalibrated versus Calibrated Models: One of the goals is to study how
·much accuracy is gained after the calibration procedure.
2. Lumped versus Distributed Models: The results of the lumped and
distributed models are compared. The main goal of this comparison is to
see how much improvement can result by using distributed model
representation.
3. Streamflow Forecasting at Interior Points: The objective is to evaluate
how well the distributed model can simulate streamflow along the entire
river network, (especially at the specified interior points) when the model
is calibrated at the outlet.
4.

Comparison of Two Models:

The goal here is to study if model

complexity increases the accuracy of the simulations.

5.2 Evaluation Statistics
As discussed before in Chapter Four, there are two ways to evaluate the closeness of
fit:
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1. Qualitatively, which includes visual inspection of the observed and simulated

hydrographs, the observed versus simulated graphs, and the flow duration
curve.
2. Quantitatively,

which represents the error between observations and

simulations by calculating Hourly Root Mean Square error (HRMS), %Bias,
flow interval Biases, Nash-Sutcliffe (NS), and Pearson Correlation Coefficient
(R), which are defmed as follows:

(5.1)

n

% Bias

=

L ((Qsim )t - (Qobs )t )
* 100
L (Qobs )t
1
t""

n

(5.2)

t -1

(5.3)

n

L ((Qobs )t (Qsim )t )- [nQobs Qsim ]
R=-r=====t==
l==========================
n
n
2

2

2
2
[_L(QobJt - n(QobJ ][_L(Qsim )t - n(Qsim) ]

t=l

t=l

(5.4)

~ --------------------------------------------------------------------- ----------
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All of these statistics were used in this study in order to evaluate the closeness-offit.

5.3 Uncalibrated and Calibrated Model Performance
As mentioned at the end of Chapter Four, different termination criteria were used
in the SCE-UA algoritlnn. The search was stopped if one of the following conditions was
met:
•

If the objective function value was less than 0.001

•

If objective function value hadn't improved in 99,999 iterations

Cases, which will be discussed for the SAC-SMA model, are compared for both
calibration Scenarios (Chapter Four):
•

Lumped calibration

•

Semi-lumped calibration

In the case of the HYMOD model, only the second scenario is considered.

5.3.1 SAC-SMA
As mentioned before, the aim of this part of the study is to estimate how well the
model works with the initial parameter set (that can be generated randonlly or calculated

from the physical characteristics of the basin).
For this model as discussed in Chapter Four, different cases were considered for
calibration:
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Case 1: Calibrating all 13 parameters at the same time by using
transformed data with the following objective functions:
1. HRMS

2.LOG

Case 2: Same as Case 1 with the addition of the five initial states values
Case 3: Same as Case 1 with the addition of the initial states factor
Case 4: Multi-step Automatic Calibration Scheme (MACS) Hogue et al.,
(2000)

As mentioned m Chapter Four after the Case 1 calibration, from a visual
inspection, it was seen that, for the frrst couple of days, flow was overestimated. This
suggests that the initial states were not calculated adequately in the model. Using all of
the water in the first several days resulted in a deficient amount of water in the system,
causing underestimation during the subsequent days. To overcome this proble1n, initial
states and initial states factor were also included in the calibration in Cases 2 and 3.
From the results (Table 4.2) one can see that Case 2 has better statistical summary as
compared to Case 3; in particular, the evaluation period has lower %Bias and HRMS, and
higher R and NS.
Tables 5.1.and 5.2 show the sunnnary of statistics of calibration and evaluation
runs for different cases of lumped and semi-lumped scenario, respectively. Overall, the
semi-lumped calibration scenario worked better in statistical comparison (lower %Bias
and HRMS and higher R and NS) for both calibration and evaluation periods than the
lumped calibration scenario, but the difference is not ·significant. For instance, in case 2
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of both scenarios for the calibration period, the semi-lumped scenario has an HRMS
equal to 21.87 compared to the lumped scenario, which is 22.90 and %Bias is 5.67
compared to 10.66, respectively. In both scenarios, Case 4 (MACS) has the lowest %Bias
and HRMS and highest NS and R values, especially in the semi-lumped scenario. Based
on the calibration run time that is longer in the semi-lumped calibration (almost two days)
compared to the lumped calibration (several hours), the statistics don't show significant
improvement.
By looking at the flow duration curves and the observed versus simulated values
(Figures 5.1 and 5.2), the same results will be concluded. Case 4 still shows the best
performance for both scenarios but, from a visual inspection, it can be seen that Case 4 of
the semi-lumped calibration fits the observed flows better. As can be seen in the observed
versus simulated graph in Figure 5.1, the MACS does not perform good in high flows and
is overestimating them (red dashed line), while in Figure 5.2, MACS is doing fairly well
and giving a better fit for all flows. Based on both qualitative and quantitative
comparisons, Case 4 (MACS) of the semi-lumped scenario with 1.32 %Bias for the
calibration period and -2.18 for the evaluation period is chosen as the best calibration
results.
Figure 5.3 displays observed runoff along with the lumped and semi-lumped
MACS runs for part of the calibration and the entire evaluation period. As can be seen in
the evaluation period runs, both scenarios underestimate the first high peak significantly.
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Table 5.1: Summary of Lumped Calibration and Evaluation Statistics for all of the Cases
(SAC-SMA).
Calibration

Uncalibrated

Case 1.1

Case 1.2

Case2

Case4

HRMS

51.18

25.08

24.95

22.90

21.64

%Bias

3.24

8.93

0.21

10.66

17.03

NS

-1.07

0.50

0.51

0.59

0.63

R

0.72

0.72

0.76

0.77

0.84

Evaluation

Uncalibrated

Case 1.1

Case 1.2

Case2

Case4

HRMS

44.38

32.97

29.99

34.99

26.79

%Bias

-7.75

2.92

-4.80

3.66

11.20

NS

0.39

0.66

0.72

0.62

0.78

R

0.80

0.83

0.87

0.80

0.88

This results in poorer statistics during the evaluation period compared to the
calibration period (Tables 4.1 and 4.2). After looking at the precipitation data at this
specific duration, no heavy precipitation is observed to create such a peak. This can be
due to error in the NEXRAD or the wrong measurement of actual runoff. The
transformed observed runoff and MACS simulation results along with the simulation
residuals are illustrated in Figure 5.4. The results for the entire calibration period of semilun1ped MACS are displayed in Appendix 2.
As mentioned before, one of the main objectives of this study is comparing the
uncalibrated and calibrated results. Default parameter values are used for the uncalibrated
case.
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Table 5.2: Smmnary of Semi-Lumped Calibration and Evaluation Statistics for all of the
Cases (SAC-SMA).
Calibration Uncalibrated Case 1.1

Case 1.2

Case2

Case 3

Case4

HRMS

51.18

28.49

25.42

21.87

22.20

20.70

%Bias

3.24

7.26

5.44

5.67

1.88

1.32

NS

-1.07

0.40

0.49

0.62

0.64

0.68

R

0.72

0.69

0.78

0.83

0.81

0.85

Case 1.2

Case2

Case 3

Case4

Evaluation Uncalibrated Case 1.1
HRMS

44.38

37.24

29.88

27.34

34.74

29.59

%Bias

-7.75

2.42

-1.26

0.06

-2.33

-2.18

NS

0.39

0.57

0.72

0.77

0.75

0.73

R

0.80

0.77

0.85

0.88

0.86

0.87

Figure 5.5 illustrates the observed and uncalibrated simulated hydrograph along
with the simulation residuals. As can be seen, the uncalibrated model did a fair job of
simulating the flow trends (both small and large variations), although it underestimates
the low flows and overestimates the high flows (Figures 5.1, 5.2, and 5.6). The results
obtained for the calibrated case are, however, significantly better (see Figure 5.6 and
statistical sunnnary in Tables 5.1 and 5.2). Based on comparison of the statistical results,
the model performance improved approximately 40-60% after calibration (the worst and
the best calibration results, respectively).
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Figure 5.4: SAC-SMA Evaluation Period for both Lumped and Semi-lumped Scenarios
(MACS Case).
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Figure 5.5: Distributed SAC-SMA: Uncalibrated Simulation Results.
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Figure 5.6: Distributed SAC-SMA: Uncalibrated and Calibrated Simulation Results.
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5.3.2HYMOD
In this section, the results of uncalibrated and calibrated HYMOD model runs are

compared. Two different calibration scenarios are considered as follows:
Case 1. Calibrating the whole set of five rainfall-runoff parameters with the following

objective functions.
1. HRMS
2. LOG
Case 2. Calibrating the rainfall-runoff parameters and routing parameters

1. One Manning's roughness coefficient through the river
2. Nine Manning's roughness coefficients through the river, one for each
sub-basin
Two calibration approaches are studied for routing parameters: the first one
involves keeping Manning's coefficient, n, the same throughout the river, and second one
involves having different n values for different sub-basins. Although it will be seen later
that the simulation results do not show a significant difference for these two cases, this
was found to be a very good experiment to see how well the calibration process is
working. As mentioned before, the Illinois River basin at Watts is a very uniform basin
with respect to soil and vegetation and land use, but there are some urbanized areas and
cornfields in the north and northeast portions of the basin (Figure 3.7). The Manning's
roughness coefficient value considered for field crops was 0.040 and for urbanized area
was 0.02- 0.023 (Chow et al., 1988). The results of the calibration process for Manning
roughness for those sub-basins which are urbanized or include field crops gave the values
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of 0.0253 and 0.0423, respectively, which shows the accuracy of the search algorithm to
find the global optimum

Table 5.3: Summary of Semi-Lumped Calibration and Evaluation Statistics for all the
Cases (HYMOD)
Calibration

Uncalibrated

Case 1.1

Case 1.2

Case 2.1

Case 2.2

HRMS

27.55

24.05

27.10

23.51

23.58

%Bias

-33.66

-32

-22.97

-24.8

-31.89

NS

0.40

0.54

0.41

0.56

0.56

R

0.67

0.77

0.74

0.77

0.79

Evaluation

Uncalibrated

Case 1.1

Case 1.2

Case 2.1

Case 2.2

HRMS

44.11

40.93

46.14

41.21

40.85

%Bias

-30.00

-27.95

-18.02

-19.58

-27.84

NS

0.44

0.48

0.34

0.47

0.48

R

0.68

0.77

0.73

0.75

0.78

Table 5.3 shows the summary of statistics of the different cases for HYMOD. For
this model, only the semi-lumped calibration is studied. The results were seen to be
poorer when compared to SAC-SMA. The NS and R were lower in all cases, and HRMS
and %Bias were higher, which will be discussed in Section 5.6. The other noticeable
things in Table 5.3 are the %Biases that are fairly high HYMOD underestimates low

and high values through the entire period, which causes high bias values (%Bias
equation, Section 5.2). In both Cases 2.1 and 2.2, HRMS was selected as an objective
function because of the better performance in Case 1.

. 77

The statistical comparison between Cases 2.1 and 2.2 shows that calibrating the
Manning roughness coefficient for each river section within each sub-basin did not
improve the results significantly, c:J.S mentioned before.
Figure 5.3 presents the flow duration curve and the observed versus simulated
flow graph for HYMOD. Visual inspection showed no clear winner between the different
cases of the calibration procedure. Overall, they were overestimating low flows and
underestimating high flows, although doing significantly better in predicting low flows
compared to high flows. One of the main reasons for this is that the HYMOD is simpler
with just five parameters. Almost 65% of flow values are less than the mean, which
counts as low flows. Therefore, in the calibration procedure, more focus is on the low
flows than on the high flows. Because of the fewer number of parameters, the flexibility
of the model to meet high flows and low flows at the same time decreases, which causes
the model to perform better in low flows than in high flows. It is extremely difficult to
choose the best calibration results based on visual inspection because of the same
behavior in all of the cases. Figure 5.6 displays the simulation results of Cases 2.1 and
2.2. Based on both qualitative and quantitative inspection, Case 2.2 is chosen as the best
calibration results.
Even the sunnnary of statistics of Cases 2.1 and 2.2 do not show significant
improvement of the results, although by looking at the simulation results (Figure 5.8),
Case 2.2 appears to give better performance. Figure 5.9 displays the Case 2.2 simulation
results along with the simulation residuals for both the calibration and evaluation periods.
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The best calibration results now are compared with uncalibrated HYMOD. As
illustrated in Figure 5.11, the uncalibrated HYMOD underestimates the flow most of the
time. This can be seen in flow duration curves as well (Figure 5.7). The calibration
procedure improved the simulation results but, as can be seen in Figure 5.1 0, the
improvement is not as significant as in the SAC-SMA case. Although HYMOD caught
the trend fairly well, calibration did not help to fit the flows considerably, which can be
seen in Table 4.3 as well.

5.4 Lumped and Distributed Model Performance
In this section the best calibrated distributed modeling results, which have been

selected in the previous section, are compared with calibrated lumped results. As
discussed in the previous section, the distributed SAC-SMA model with semi-lumped
MACS calibration has been selected for its best performance to simulate flows, which
will be compared with the lumped (simulation and calibration) version of the model. The
main objective of this study is to see how much improvement is achieved by going from
lumped to distributed modeling both for simulation and calibration. The following two
cases are studied in this section:
Case 1. Lumped simulation
Case 2. Distributed simulation, with the semi-lumped MACS results
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The lumped model is not discussed in detail here, but the best calibration results
of the model were obtained through lumped calibration with the HRMS objective
function. This result is compared with the semi-lumped MACS simulation result (the best
distributed modeling result). As illustrated in Table 5.4, all of the statistics of the
simulation are improved from lumped to distributed modeling, especially in case of
%Bias and NS. The lumped model overestimates the flow, particularly in mid- and lowflows (Figure 5.14).
Figures 5.12 . and 5.13 display the observed runoff and lumped and distributed
model simulations for part of the calibration and evaluation period, respectively. As can
be seen, the lumped model is overestimating most of the time, and the absolute values of
residuals are higher compared to the distributed model, which is confirming the statistical
results. These results were expected because, in distributed modeling, the flow is being
routed through the river: hence, water loss is considered during the routing process.
Based on Koren et al. (1999), decreasing the scale size increases the produced runoff,
which is the case in this study. Because of the spatial variability of precipitation, lumped
model produces more runoff. In general the distributed model is fitting much better than
the high and low flows.

5.5 Model Perfonnance at Interior Evaluation Points
As mentioned in the introduction, two types of interior points were considered in
this study:
•

The gauged interior point (at Savoy)

84
•

The ungauged interior point

The observed data are available only for the gauged interior point. The best
parameter set is used for blind flow simulation at these two points, which means no
calibration was done at either of these points. The simulation results for Savoy are shown
in Figure 5.15. The HRMS of the results is equal to 12.88 when the NS and R are 0.42
and 0.78, respectively. As can be seen in Figure 5.15, the model during both calibration
and evaluation periods mostly overestimated the low flows, although it fits the high flows
fairly well.

Table 5.4: Sunnnary of Lumped and Distributed SAC-SMA Model Statistics.
Calibration Lumped

Distributed Evaluation Lumped

Distributed

HRMS

23.73

20.7

HRMS

25.54

29.59

%Bias

27.55

1.32

%Bias

5.8

-2.18

NS

0.56

0.68

NS

0.59

0.73

R

0.77

0.83

R

0.79

0.87

The lower zone and percolation parameters, which have the most effect on low
flows, were analyzed to find out the reason for this overestimation. In order to do this,
each of the mentioned parameters in the optimal parameter set are again calibrated one by
one. The most sensitive parameters, which have changed significantly through the
calibration procedure, are PFREE (0 0.25743 ~ 0.52639) and ZPERC (160.188 ~
251.27395), which are percolation parameters.
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Figure 5.12: SAC-SMA Lumped and Distributed Models Simulation Results
(Calibration Period).
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Figure 5.13: SAC-SMA Lumped and Distributed Models Simulation Results.
(Evaluation Period)
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Gupta and Sorooshian (1983) found that the percolation equation of SAC-SMA
contains parameters that are difficult to estimate. They suggested that logical
reparameterization of this equation can improve the chances of obtaining unique
parameter estimates.
It is important to mention that this overestimation existed at the outlet simulation

results (Figure 5.4) as well, but that they were not as significant as the interior point.
Although these two parameters changed a lot within their boundaries, their effects on the
simulation were not significant (almost 5%). This was a preliminary analysis, which will
be continued as future work in order to improve the interior point simulation results
without calibration at the point. Figure 5.16 shows the flow duration curve and observed
versus simulated results for the interior point.

5.6.Comparative Evaluation of SAC-SMA and HYMOD
Complexity of the model is an important question in modeling, which was and is
of interest to researchers. It is still not clear how much complexity is needed for accurate ·
runoff simulation. This study dealt with two different conc;epts in complexity: one is to
go from lumped modeling to distributed, which creates more complexity and more detail
to the model, and the other is to consider two different rainfall-runoff model structures.
The frrst model, HYMOD, is a simple model with five parameters, and the second model,
SAC-SMA, is more complex, having 16 parameters. HYMOD is an experimental model
and SAC-SMA is an operational model. The comparison between lumped and distributed
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models was done in Section 5.4. In this section, the two rainfall-runoff models are
compared based on their accuracy and performance.
Michaud and Sorooshian (1994) stated that a simple distributed model proved to
be just as accurate as a complex distributed model given that both were calibrated; they
also noted that model complexity does not necessarily lead to improved simulation
accuracy. They found that, without calibration, the complex distributed model was more
accurate than simple distributed model.

In this specific study, SAC-SMA was found to fit the flow much better than
HYMOD (by almost 18%). Figures 5.17 and 5.18 present both Case 2.2 ofHYMOD and
semi-lumped MACS calibration and evaluation results along with observed data. As can
be seen in the figure, HYMOD as a simple model is still doing fairly well to catch the
flow trend and fit the low flows, but it was unable to catch high flows most of the time.
This, as mentioned earlier, is caused mostly by having more low-flow (65%) than highflow values. Therefore in the calibration process, more emphasis was placed on fitting
low flows than high flows (with the LOG objective function). This model has five
parameters, and the three-step calibration process (MACS) does not result in any benefit;
however, in SAC-SMA, because of the number of parameters, you can optimize few of
them as long as you are fixing the rest by using different objective functions, which is
helpful in fitting different sections of the hydrograph The general conclusions about this
research will be discussed in the following chapter.
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HYMOD: Case· 2.2 Evaluation period June 1999 ... July 2000

Figure 5.18: SAC-SMA and HYMOD Evaluation Periods.
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CHAPTER SIX
SUMMARY AND CONCLUSIONS

6.1 Summary
In this work, the use of NEXRAD rainfall data along with high-resolution Digital
Elevation Maps (DEM), soil, land-use, and land-cover data for more accurate distributed
hydrologic

modeling

was

examined.

The

goal of the

Distributed Modeling

Intercomparison Project (DMIP) of the National Weather Service Hydrologic Lab
(NWSHL) is to improve flow modeling and prediction along the entire river system and
develop models and modeling systems that best utilize NEXRAD and other spatial data
sets to improve RFC-scale river simulations.
For this study, the lumped and distributed versions of the HYMOD (HYdrologic
MODel) and SAC-SMA (Sacramento Soil Moisture Accounting) model were developed
and applied to the Illinois River basin at Watts, OK. HYMOD is a newly developed
hydrologic model, containing five parameters and much less complexity compared to the
SAC-SMA, which has with 16 parameters. In the distributed approach, the DEM data
were used to divide the basin into sub-basins and to find the length of river segments
within each sub-basin. The river reach in each sub-basin was then divided into a specific
number of segments, and the slope was estimated for each segment. The rainfall-runoff
models were run over each sub-basin. Runoff was assigned to each river seg1nent based
on the contributing area of that segment, routed to the sub-basin, and finally routed to the
basin outlet using routing methods.
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The SCE-UA (Shuffled Complex Evolution-University of Arizona) optimization
algorithm was used to calibrate the model parameter sets at the outlet. The calibrated
models were used for flow prediction at the outlet and two interior points, where one is
gauged and the other one is ungauged.
Results were compared under four main categories:
•

Uncalibrated and calibrated models

•

Lumped and distributed models

•

Interior points flow predictions

•

HYMOD and SAC-SMA

The conclusions are sunnnarized in the next section.

6.2 Conclusions
The following seven main conclusions were obtained from this study:

1. The SAC-SMA model was calibrated in the basin, based on two different
scenarios: lumped calibration and semi-lumped calibration. As explained in
Chapter Four and shown in Figure 4.1, these two scenarios have a systematic
difference. One uses the lumped model for calibration and applies the optimal
parameter set in the distributed model whereas in the semi-lumped scenario,
the model calibrates a set of spatially uniform parameter values for the
distributed model (parameters are lumped but the model and inputs are
distributed) and then applies the optimal parameter set uniformly through the
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basin for distributed simulation. Four different cases were studied within each
scenario (Section 5.3). The calibration results in Case 4 show about a 30%
improvement compared to Case 1. As noted in Chapter Four, in Case 1 HRMS
or LOG (Equations 4.1, 4.2) are used as an objective function, whereas in
Case 4, a Multistep Automatic Calibration Scheme (MACS) by Hogue et al.
(2000) is applied. Statistical comparison between Case 4 of scenarios one and
two shows that MACS calibration results did not significantly improve from
lumped to semi-lumped calibration (Tables 5.1 and 5.2). However, the visual
inspection (Figures 5.1, 5.2, and 5.3) shows that Case 4 of scenario two fits
the flows better, especially in the case of high flows. Therefore, Case 4 of
semi-lumped calibration is considered as the best calibration result. There is
an error in precipitation data in the first several days of the evaluation period,
which causes a significant underestimation of the first highest peale
2. The results show that, in general, the uncalibrated parameter set simulates the
observed flow trends very well. However, when calibrated and uncalibrated
cases are compared, the calibration process improves the results by almost
20%. These results are shown in Figures 5.4 and 5.5.
3. HYMOD, a simple model with five parameters, is also studied in this
research. Only the semi-lumped calibration scenario is tested. The best results
are o bta:ined from lumped calibration with using the HRMS objective function
(Equation 4.1). Almost 65% of the flow values are less than the mean, which
puts the series in the low-flow category. All of the HYMOD parameters are
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concentrating simultaneously on low and high flows. Because of this, the
model's ability to predict high flows is not satisfactory, and they are
underestimated most of the time. However, the low-flow predictions are better
in all of the calibration cases (Figure 5.6).
4. The comparison of the calibrated with uncalibrated HYMOD shows a 10%
improvement, which is not as significant as the SAC-SMA results.
5. The best lumped and distributed SAC-SMA simulation results were also
compared. The results indicate that the distributed model works better. The
lumped version of the model overestimates the flows all of the time. This
finding is consistent with that of Koren et al. (1999), who reported that, by
decreasing the scale size runoff, production increases. In general, the
distributed model's ability in fitting both low and high flows is better than the
lumped approach
6. As mentioned in the Chapter One, one of the objectives in this study is to
predict the flow through the entire river. In order to check how well the model
works for interior point simulation, the simulation results are compared with
the observed flow at one gauged point within the basin. The model was not
calibrated for the interior point, and only the flow simulation results of the
calibrated model at the outlet were used for this comparison. The results show
that the model fits the high flows very well through the calibration and
evaluation periods, but overestimates the low flows. This overestimation can
also be noticed in the outlet simulation results, but it is not as much as the
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interior point. The reason for this overestimation is related to the lower zone
and percolation parameters, which are preliminary analyzed in this study.
Each of these parameters was calibrated separately after the global search for
the whole parameter set. The maximum percolation rate (ZPERC) and the
fraction of water percolating directly from the upper zone to the lower zone
(PFREE) are changed significantly within their boundaries. However, the
visual inspection of results does not show any significant improvement of
results after this analysis.
7.

Last, HYMOD and SAC-SMA simulation results were compared. The visual
inspection of results shows that HYMOD, as a simple model, does not fit all
of the flows as well as SAC-SMA (with 16 parameters). It works as well as
(and sometimes better) than SAC-SMA in predicting the low flows, but its
performance in predicting high flows is much poorer than SAC-SMA. It is
noted that HYMOD was never intended for use in an operational mode.
Rather, it was designed as an experimental model for the purpose of testing
out various improvement strategies for the more complex models.

6. 3 Future Directions
The following four directions should be studied in future work:
•

It is recommended that the Multi-Objective Calibration Method (MOCOM) be
used in a future study to evaluate whether further improvement over the
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current study can be achieved especially the prediction of flow within the
basin.
•

Improve the structure of HYMOD as a simple model in order to improve the
prediction results.

•

Study the fully distributed model (inputs and parameters) to see how much
accuracy increases. In this study, only the lumped parameters were
considered, and the assumption was that the distributed parameters would not
change the results significantly. However, this is an issue which needs more
study.

•

As discussed, the prediction of flows at the interior points needs to improve.
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APPENDIX A
A PRIORI PARAMETER ESTIMATION

101
Soil-Based Relationships to Estimated " a priori" Parameters of the SAC-SMA Model
(Koren et al., 2000)

The following equations present the SAC-SMA parameter and soil property relationships
from Koren et al. (2000), which were mentioned in Chapter Two.
Upper layer parameters:
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Percolation parameters:
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APPENDIXB
CALIBRATION AND EVALUATION HYDROGRAPHS
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SACSMA: .Distributed Simulation lumped Calibration Jui-Dec 199'7
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