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ABSTRACT OF DISSERTATION
GRID SIZE SELECTION FOR 2-D HYDROLOGIC MODELING
OF LARGE WATERSHEDS

An important aspect of applying hydrologic models to large watersheds is the
determination of an appropriate scale at which the spatial variability governing rainfall-
runoff processes is preserved. A method to select suitable grid sizes for hydrologic
modeling of large areas is developed by meeting the following objectives: 1) application
of the CASC2D distributed-parameter model in order to examine the effects of increasing
grid size; 2) determination of drainage patterns and runoff behavior, assuming
impervious conditions; and 3) evaluation of pervious runoff, resulting in the definition of
peak discharge as a function of equilibrium conditions.

The CASC2D model is applied to two watersheds, draining 21 km® and 560 km”
respectively, using grid sizes ranging from 30x30 m to 1x1 km. The effects of grid
resolution of estimated watershed characteristics, network characteristics, and runoff
hydrographs are evaluated. At increasing grid size, the total number of cells decreases,
the percentage of overland cells decreases, and drainage density decreases. As a result of
these changes, hydrographs simulated using coarse resolutions typically have higher peak
runoff rates and earlier times to peak. Consequently, in calibrating and verifying the
model at coarser resolutions, the parameters representing overland and channel roughness

coefficients are to be increased.
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Assuming impervious runoff conditions, and using GIS-GRASS capabilities for
data analysis and manipulation, it is possible to generate maps depicting the drainage
areas (Aq) corresponding to individual grid cells in the basin. At increasing grid size, the
distribution of A4 corresponding to overland cells is significantly changed. In contrast,
the distribution of A4 corresponding to channel cells is not affected by grid resolution.
The raster maps of drainage areas are used to develop maps of the time to equilibrium
(Te) and equilibrium discharge (Q) for individual cells. These give a graphical
representation of the basin’s response to a particular rainfall event. Since the distribution
of A4 for channel cells does not change as a result of increasing grid size, complete and
partial equilibrium conditions in the channel are also not affected by grid size.

Based on the definition of dimensionless parameters Q'(Qp/Qe) and T (TJ/T.),
partial and complete equilibrium conditions are evaluated, assuming a variety of rainfall
properties. The Green-Ampt infiltration scheme is used, and pervious runoff is defined as

a function of average hydraulic conductivity (K,) and average rainfall intensity i),

which are found to accurately represent runoff when Ag> | km>. Appropriate grid
resolutions for simulations are defined using Q' and T', which incorporate watershed and
rainfall characteristics. By definition, the grid size selected for simulations on large
watersheds is small enough to preserve essential characteristics governing rainfall-runoff
processes, but large enough to be used effectively and efficiently.
Darcy K. Molnér
Civil Engineering Department
Colorado State University

Fort Collins, CO 80523
Spring 1997
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Chapter I

INTRODUCTION

1.1  INTRODUCTION

Hydrological models have been developed with two purposes: to improve our
understanding of physical systems, and as predictive tools. The goal in hydrological
modeling is to capture the essence of the physical controls of soil, vegetation, and
topography on runoff production. The variance of the rainfall-runoff response of a
watershed should be governed by factors such as the variance of soil properties, the
variance of overland roughness coefficients, routing conditions in the channel network, as
well as by the spatial variability of rainfall in time and space.

A variety of models have been developed and tested on small-scale watersheds,
based on empirically derived equations. Distributed parameter models have taken these
results and extended their applicability to larger scales. The use of distributed models for
runoff determination on large watersheds is complicated by the need to establish a spatial
scale which will accurately represent the variability in physical basin characteristics. This
spatial scale has been defined as a function of basin characteristics such as topography,
drainage density, degree of soil saturation, geomorphology, and rainfall characteristics.

The challenge in hydrological modeling of large watersheds is to determine a scale at



which spatial variability can be neglected, with average characteristics of a given area
providing sufficient information for accurate modeling of basin runoff generation.

The CASC2D model is a two-dimensional distributed parameter model which can
be used in the analysis of spatial variability on a cell by cell basis. Average
characteristics are defined per square grid cell. The model incorporates three types of
data requirements: 1) excess precipitation, as the mass input to the system; 2) basin and
network physical characteristics; and 3) physical laws governing surface runoff. The
process of evaluating runoff as a function of the three types of data involves looking at
the hydrological component (rainfall input), the hydraulic component (overland and
channel flow), and the geomorphic component (basin geomorphology, overland plane
characteristics, stream network characteristics). The choice of a grid size for CASC2D
rainfail-runoff simulations could affect all three components of the model. For example:
in evaluating excess precipitation, rainfall rates are interpolated from point measurements
to average rates per grid element (hydrological component); the spatial variability of
basin characteristics such as soil and landuse types are assumed constant within each grid
cell (hydraulic component); and the applicability of point based equations representing
physical laws may not be justified on large grid cells (geomorphic component).

The CASC2D model has been successfully applied to basins less than 50 km®
(Saghafian 1992, Ogden 1992, Doe and Saghafian 1992). The applicability of the model
on large watersheds has yet to be tested. The current availability of watershed input data
in the form of GIS (geographic information systems) raster maps has increased the
feasibility of simulating runoff generation on large basins. With current advances in GIS

technology, watershed input data is becoming readily available at grid sizes as fine as 30

(3]



meters. For modeling purposes, the complexity of the basin and network at such a fine
scale require intense data manipulation and long computation times. A coarser resolution
would require less input data and less computation time, although spatial variability in
watershed characteristics may be lost as a result of the larger grid size. In order to
effectively and accurately represent runoff processes on large watersheds, an appropriate
scale must be defined at which essential characteristics governing hydrologic, hydraulic,
and geomorphic processes are preserved, but for which data requirements are reduced and
computation time is limited.

The watershed time to equilibrium (T,) represents a basin’s response to rainfall.
T. is defined as a function of rainfall intensity and the hydraulic parameters affecting
overland and channel flow. Under complete equilibrium conditions, the equilibrium
discharge (Qe) is linearly related to rainfall intensity (i). Conceptually, if the entire
watershed reaches equilibrium, the evaluation of peak runoff should not be affected by
grid resolution. Regardless of upland spatial variability, peak discharge will be a constant
value, equal to product of the drainage area (Ag) and the rainfall intensity (i). When
equilibrium conditions are not reached, spatial variability becomes important. The grid
size selected for modeling purposes may have a significant impact on the accuracy of
runoff estimations. In this case, peak discharge will be a non-linear function of rainfall
intensity (i).

Infiltration effects will increase the time to equilibrium (T.) and decrease the
equilibrium discharge (Qe), as compared to impervious conditions. An analysis of runoff
conditions using the concept of a watershed time to equilibrium provides a dimensionless

approach to the evaluation of rainfall-runoff processes on large basins. Appropriate grid



sizes for hydrological modeling can be selected as a function of the dimensionless
parameter Q°, which is equal to peak discharge (Qp) divided by equilibrium discharge
(Qe), and the dimensionless parameter T, which is equal to rainfall duration (T;) divided
by the time to equilibrium (T.). These dimensionless parameters are related to specific
watershed characteristics and rainfall properties. The definition of grid resolutions which
accurately and effectively represent rainfall-runoff processes on large watersheds, based
on watershed characteristics and rainfall properties, will extend the applicability of 2-D
hydrological modeling.
1.2 STUDY OBJECTIVES
The main objective of this research is to recommend appropriate grid sizes for

hydrological simulations on large watersheds. In order to do so, the following objectives
are defined:
1. Simulation of rainfall-runoff events using grid sizes ranging from 30x30 m to 1x1 km,

so as to evaluate the effects of grid resolution on estimates of watershed and network

characteristics, as well as the effects on hydrologic and hydraulic processes;

!\)

Attempt to model a 560 km?® watershed using a 30x30 m grid size;

3. Simulation of impervious and pervious runoff, with the determination of complete
and partial equilibrium conditions on individual grid cells in a basin;

4. Quantification of infiltration effects and pervious runoff response through the
evaluation of the relationships governing peak runoff rates for both uniform and
spatially-varied rainfall events;

5. Development of a method to select appropriate grid sizes for large-scale simulations,

using dimensionless parameters Q" and T', where Q= Q/Qe and T = TJ/Te.



1.3 APPROACH
The intent of the study is to evaluate conditions for the large-scale application of

2-D hydrologic models such as CASC2D. The availability of raster-based input data

makes it possible to evaluate runoff conditions on individual cells throughout the basin.

This capability can be used in describing the spatial variability of the rainfall-runoff

response of both overland and channel cells, so as to evaluate grid scales which are

appropriate for simulations on large watersheds.
The following requirements are set forth as the scope of the study:

. Data collection at the grid finest resolution possible, for a small-scale watershed
and a large-scale watershed located in the same geographic region;

. Aggregation of input data to coarser grid resolutions;

. Application of the CASC2D distributed model to a 21 km? basin (8 mi?® );

. Application of the CASC2D distributed model to a 560 km? basin (219 mi® );

. Evaluation of peak discharge (Qp) for all grid cells within each basin, for a variety
of impervious and pervious conditions;

. Evaluation of complete equilibrium conditions for individual cells, with the
determination of time to equilibrium (T.) and equilibrium discharge (Qe);

. Evaluation of partial equilibrium conditions for individual cells, where peak
discharge is a non-linear function of rainfall intensity, using dimensionless
parameters Qand T

. Evaluation of the basin-wide response to varying rainfall intensities resulting in
partial and complete equilibrium conditions, using dimensionless parameters

Qand T';



. Determination of appropriate grid resolutions for large-scale simulations based on
the requirement that complete equilibrium be reached on individual grid cells.
The objectives of the study are met in the following manner. In Chapter 1 the
scope of the research is introduced, study objectives are defined, and the research
approach is outlined. Chapter 2 summarizes related literature, covering the topics of
hydrological models, scaling issues, and the concept of watershed complete and partial
equilibrium conditions. In Chapter 3 the CASC2D model is presented, with an emphasis
on numerical formulations and data requirements, as well as a discussion of possible
effects of increased grid size on CASC2D simulations. Chapters 4 and 5 present a model-
oriented approach to understanding the effects of grid resolution on rainfall-runoff
simulations. In Chapter 4 the model is calibration and validated on a 21 km® watershed,
using grid sizes up to 400x400 m. Scaling issues encountered in the simulations are
discussed. In Chapter 5, the results from model calibration on a small scale are extended
to a 560 km” watershed. The rainfall-runoff response is simulated using grid sizes
ranging from 30x30 mto 1x1 km. The effects of grid resolution on large-scale
simulations are summarized, with comments on the relative effects of channel routing
versus overland routing. Chapters 6 and 7 present a conceptual approach to
understanding the effects of grid resolution on hydrological simulations. Dimensionless
parameters Q‘ (where Q'=Qp/Qe) and T (where T =TJ/T,) are defined and used in the
analysis of rainfall-runoff generation, for both partial and complete equilibrium
conditions. In Chapter 6, simulations are performed on the two watersheds assuming
impervious runoff conditions. Basin-wide response to rainfall is evaluated as a function

of drainage areas corresponding to cells throughout the basin. Chapter 7 presents rainfall-



runoff simulations performed assuming pervious conditions. The effects of infiltration
are quantitatively defined with regard to Q and T". Conclusions are drawn as to the
effects of infiltration and runoff generation in upland areas for uniform and non-uniform
rainfall events. In Chapter 8, the results from Chapters 4, 5, 6, and 7 are used to define a
method by which appropriate grid sizes can be selected for large-scale simulations. The
method is then tested on the 560 km” watershed. In Chapter 9 research results are

summarized and final conclusions are made.



Chapter II

LITERATURE REVIEW

2.1 MODELING WATERSHED HYDROLOGY

Hydrological models are defined as models which attempt to simulate natural
processes governing the generation of runoff on basins. From the moment a raindrop
lands on the earth’s surface, various mechanisms play an important role in determining
where the raindrop will be located in I, 2, or 3 hr. Scientists have been successful in
simulating point processes such as interception, infiltration, and evapo-transpiration using
equations derived from fundamental physics. The challenge in more recent years has
been to integrate these equations to the hillslope or catchment scale, in order to simulate
basin-wide hydrological response. Spatial integration to catchment scale is not straight-
forward, due to typical nonlinear catchment response (Goodrich and Woolhiser, 1991). A
variety of hydrological models deal with the components of rainfall-runoff generation in
different ways, giving more or less attention to specific components.

Models have successfully been used to simulated large-scale events, but the
question remains: Are these models true to the physics of the system, or are they simply
“fitting’ parameters on a case-by-case basis? Grayson et al. (1992a) warn that it is
possible to obtain ‘good fits’ when representing the wrong processes. What is the role of

calibration when simulating events on large watersheds? Watersheds vary greatly in



terms of physical characteristics such as soil types, landuse types, upland runoff lengths
and slopes, channel morphology. Coupled with the variations in watershed characteristics
are variations in rainfall characteristics such as rainfall intensity, duration, and spatial
variability. Initial soil moisture and base flow in a channel are additional factors which
influence the rainfall-runoff response of a basin.

Several models have been developed which spatially integrate watershed
characteristics over a given area. Heterogeneity within the area is neglected, resulting in
simplified runoff conditions. The major concern with lumped models is the difficulty in
obtaining a single representative value of a spatially variable parameter that would lead to
an accurate prediction of the mean basin response (Moore and Gallant, 1991). Simulation
results could be drastically affected by the single value chosen to represent a particular
parameter. In addition, the problem with using measured parameter values for physically
based models is that the scales at which measurements are performed are typically too
small to enable integration of spatial variability (Dunne, 1982; James and Burges, 1982;
Beven, 1983; Wood, 1983).

Moore et al. (1993) state that the Thiessen, isohyetal, and reciprocal-distance-
squared methods used to estimate areal precipitation are not capable of accurately
representing the spatial distribution of temporally varying, fine time-resolution rainfall
intensities on a catchment. These methods are also not effective in handling moving
storm cells. When the only precipitation information available is a daily point rainfall
estimate, it becomes extremely difficult to represent the temporal variability of rainfall

intensities, especially in highly convective regions.



As model developers try to improve upon work already done and come up with
better approaches to simulating rainfall events at large scales, they must consider lessons
learned from previous work. Klemes (1986) warns that a good mathematical model must
work well for the right reasons and must reflect, even if only in a simplified form, the
essential features of the physical prototype. Hillel (1986) suggests that a model should
not be too complex, and that it should have a limited number of parameters - parameters
with a physically-based significance. Hillel goes on to state that a model need not depict
a phenomenon much more accurately than our ability to measure it, nor should a model
pretend to do too much, as there is no such thing as THE model.

Grayson et al. (1992b) point out that catchment response is typically ‘well
behaved’. Most hydrographs are smooth and predictable. There appears to be dichotomy
between the variability of the natural system (e.g. variability in measured values of
hydraulic conductivity) and the relatively well behaved output of the system. A complex
model should not be required in order to reproduce the well behaved response of
catchments. Grayson et al. conclude by stating that in order to advance the art and
science of hydrological modeling, a good conceptual understanding of the processes, the
variability, and the behavior of natural systems is needed.

Beven (1989) summarizes the challenges facing model developers by noting that
future developments in physically-based modeling will need to take into consideration the
theory of the lumping of subgrid scale processes, the need for closer correspondence
between equations and field processes, and the need for rigorous assessment of

uncertainty in model predictions.
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2.2 SCALING ISSUES

There are two approaches to studying scaling issues in hydrology: a model-
oriented approach and an approach using dimensional analysis and similarity concepts
(Biosch and Sivapalan, 1995). A model-oriented approach focuses on the scaling of state
variables, model parameters, inputs, and conceptualizations. An approach using
dimensional analysis and similarity concepts deals with complex hydrological processes
in a much more simple fashion. In the past decades, hydrologists have used both
approaches in attempting to understand the nature of watershed runoff generation and its
relation to watershed characteristics. These studies have led to a wide range of
conclusions, primarily pertaining to small scale basins. Some of these studies, dating
back to the 1970’s, are summarized herein.

Black (1970, 1972) and Black and Cronn (1975), in their studies of small scale
watersheds using a rainfall simulator, determined that if conditions are saturated,
morphometric features of the basin have little or no effect on the runoff hydrograph, but if
conditions are not saturated these features do affect the hydrograph. They also concluded
that drainage density is not a sensitive indicator of runoff behavior, that the slope and
basin relief will have over-riding effects.

Klein (1976) argues that in small catchments the form of the hydrograph will be
dominated by the overland flow response, while subsurface flows will be too highly
delayed to contribute to peak flows. Klein states that a break occurs around 300 km?:
smaller basins have peakier responses, while larger basins have more attenuated
hydrographs. In large catchments, especially in humid areas, routing times through the

channel network may be long enough that the hydrograph form could become dominated



by subsurface flow contributions. Kirkby (1976) also supports the theory that in very
large catchments, channel flow routing times are long enough that the shape of the
hydrograph is dominated by the topology of the network itself.

Rodriguez-Tturbe and Valdes (1979), along with Gupta et al. (1980), related basin
response to basin geomorphology using a statistical approach. The bifurcation ratio (Rg),
the length ratio (Rp), the area ratio (R,), and the slope ratio (Rs) were used to relate the
characteristics of streams of different orders within the watershed. In their presentation of
the GIUH (geomorphic instantaneous unit hydrograph), Rodriguez-Iturbe and Valdes
(1979) defined peak discharge and time to peak as a function of the Rg, Ry, Ra, and Rs
ratios, assuming a constant velocity in the channels and the independence of flow
pathways. Their conclusions point to the effects of geomorphology in determining
rainfall-runoff conditions.

With regard to the effects of soil and vegetative properties on rainfall-runoff
processes, Milly and Eagleson (1987) examined the effects of spatial variability of soil
and vegetation on spatially and temporally averaged hydrologic fluxes. From their
studies they concluded that an equivalent homogeneous soil can reproduce average
behavior only when there is little initial variability. Loague (1988) examined the impact
of spatially variable rainfall and soil information on runoff predictions by aggregating
detailed hydraulic conductivity and rainfall data to coarser resolutions. According to
Loague’s analyses, accurate representation of the spatial variability of hydraulic
conductivity appears to be more critical than accurate representation of spatially varied

rainfall rates. In addition, he found that obtaining accurate estimates of runoff variables



such as time to peak (T,), peak discharge (Qp), and runoff volume required different
spatial scales.

According to Beven et al. (1988), water flow pathways depend on hillslope
morphology, especially where surface or near surface flows are the major mechanism by
which water reaches a stream channel. Beven states that the channel network can be
described using Strahler’s area ratio and Horton’s bifurcation, slope, and length ratios.
He concludes that runoff can thus be described using ratios of bifurcation, length, slope,
and area.

Moore et al. (1993) suggest that if a single process in the landscape dominates the
rainfall-runoff response, then a simple lumped model may be able to simulate the
behavior if a quasi-distributed representation of the effect of that process can be
incorporated into the model. They propose an index approach, based on simplified
representations of the underlying physics of two processes. These processes are the
distribution of soil water content in a landscape and the susceptibility of landscapes to
erosion by water.

In the application of hydrologic models, Bruneau et al. (1995) suggest that the
space and time resolution used for model calculations is a compromise between the
accuracy required, available accurate data, and computational demands of using smaller
space and time steps. They state that physically-based models are most sensitive to water
content at saturation, flow resistance in the channel network and soils, and initial
conditions of simulations. In their study of hydrological space-time sensitivity using
TOPMODEL on a 12 km? watershed, they determined that the ideal simulation

conditions were at a 30-50 m spatial resolution and a 1-2 hr time resolution.



Beven (1995) states that the assumption that a model which is applicable at small
scales can be applied to larger scales using ‘effective’ parameter values is an inadequate
approach to the scaling problem. He goes on to suggest a disaggregated approach to
hydrologic modeling, where sub-dividing into smaller areas would better reflect
hydrological heterogeneity.

Farajalla and Vieux (1995) evaluated correct resolutions for distributed modeling
of surface runoff, based on the effects of spatially variable infiltration. They determined
that the correct resolution should capture the essential variability of infiltration
parameters, and that the resolution is related to the fractal dimension of the parameter
surface. Based on their analysis of infiltration, and earlier analyses of hydraulic
roughness (Farajalla and Vieux, 1994), they state that the entropy curve is useful in
describing, a priori, the spatial variability and for identification of critical cell resolution.
The rate of change of entropy is defined as the Hurst coefficient (H), which is a measure
of spatial variability. Their results indicate that the critical resolution is approximately
1209 m. At a fine resolution, no new information is captured and model results are
reproducible. At a coarser resolution variability is lost and model output is inconsistent.
They concluded that an appropriate grid resolution for surface runoff modeling will be
dependent on size of catchment and the spatial variability of the parameters affecting the
hydrological process.

A concept which has gained a great deal of attention in the past decade is the
concept of a representative elementary area (REA). DeCoursey (1996) provides an
extensive review of the theory behind the REA, and gives examples of studies in which

the concept was evaluated using specific hydrological models. Wood et al. (1988) were
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the first to define areas of similar hydrologic response as REA’s, based on the theory that
runoff generation is a multi-scale phenomenon with different length scales characterizing
soil, topography, and rainfall variability. By definition, the REA must be a length scale
larger than the length scale characteristic of rapidly varying components of the
hydrological response, yet smaller than the length scale of slowly varying components.
The basis of the REA is that when variability is integrated over a large enough area, the
effects of small-scale variability are attenuated (Sivapalan et al., 1987; Wood et al., 1988,
1990). Wood et al. (1990) applied TOPMODEL toa 11.7 km? catchment and found the
area representative of hydrological processes to be approximately 1 ki, This was the
same area determined in earlier studies by Wood et al. (1988). Wood and Lakshmi
(1993) extended the analysis using TOPMODEL to evaluate catchment evapo-
transpiration during inter storm periods. Goodrich et al. (1993) evaluated the REA using
KINEROSR, which is a research version of the KINEROS model. They identified two
different REA sizes for the two catchment areas used in the study. Their results indicate
that the REA will be a function of the DEM resolution used in its development and the
catchment size. Bloschl et al (1995) evaluated the REA using the THALES model, which
simulates hydrologic response and includes flow routing. According to their results, flow
routing does not seem to have an effect on the REA. DeCoursey (1996) summarizes the
studies of the REA concept, to date, by stating that the REA depends on catchment
properties and climatic characteristics. At a small scale the REA will vary as a function
of topographic features and the correlation length of soil characteristics. At a large scale,
the REA will vary as a function of vegetation, geologic and geomorphic structures, and

rainfall correlation length scales.
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2.3  GIS AND HYDROLOGICAL MODELS

According to Maidment (1993), coupling geographic information systems (GIS)
with hydrologic modeling will provide methods of doing things more quickly and
efficiently, and will open up new fields of study that have previously been inaccessible.
The use of GIS increases the potential for describing spatial variability, and will thus
extend the applicability of hydrologic modeling in addressing regional or continental
scale processes.

In an effort to take advantage of the large amount of data currently available in
GIS format, modelers are increasingly adapting computer-based distributed parameter
hydrological models to the GIS environment. Advances in computer technology have
made it possible to efficiently handle large amounts of data. Computation times have
been greatly decreased. These improvements point to seemingly endless capabilities for
hydrological modeling, especially the modeling of mesoscale systems. A number of
studies have been performed in order to evaluate the potential for linking hydrological
models to a GIS.

Gao et al. (1993) linked a GIS with a distributed rainfall-runoff model. They used
GIS to provide a dynamic description of the hydrologic response (soil moisture
redistribution, runoff generation, stream flow variation) occurring in the watershed.
They concluded that if properly used, GIS are powerful tools which will enhance the
efficiency and effectiveness of numerical models and will also simplify the analysis of
spatially distributed phenomena such as model-scale issues in surface hydrology.

Chairat and Delleur (1993) interfaced the physically based hydrologic model,

TOPMODEL, with a GIS. GIS data management and manipulation capabilities were



used to derive topographic parameters. They evaluated the trade-off between the
accuracy of digital elevation models (DEMs) and the accuracy of results from the
hydrologic model.

Warwick and Haness (1994) used ARC/INFO GIS to generate input parameters
for the HEC-1 hydrologic model. Tedious and labor intensive tasks were effectively
performed by ARC/INFO, but the outflow hydrographs resulting from the spatially
aggregated parameters were not any more accurate than those obtained using traditional
methods of runoff simulation. They concluded that the lack of input data cannot be
overcome by technological advances.

Garbrecht and Martz (1994) used GIS data to evaluate the grid size dependency of
parameters extracted from a digital elevation model (DEM). The drainage properties
extracted from the DEM included the critical source area, the number of channel links,
the total channel length, the mean channel link slope, and the watershed drainage density.
Based on their studies, they stated that the number of channel links, the total channel
length, and the drainage density decrease with increasing grid size. They defined a
network reference area as the mean area draining directly into channel links, and
concluded that a DEM should have a grid area less than 5 percent of the network
reference area in order to be able to reproduce important drainage features within an
accuracy of approximately 10 percent.

Clearly the transition to a GIS environment presents some challenges. With the
advent of this technology, new problems arise. Scientific advancement must be
motivated by the desire to understand nature and accurately represent physical processes,

not by the desire to create sophisticated graphical images which may not represent reality.



Key points to consider in the transition to a GIS environment relate primarily to scaling
issues. In particular, the spatial variability of input parameters such as soil properties
should be taken into account and consideration must be given to the overall effects of
scale and accuracy on GIS databases. A challenge in adapting models to the GIS
environment is to successfully merge data from different sources, different resolutions,
different accuracies, and different data structures. The first step in doing so is to
determine at what scales geographic data provide enough information for runoff
simulations.
24 THE CONCEPT OF A WATERSHED TIME TO EQUILIBRIUM

The watershed time to equilibrium (Te) is a measure of the wave travel time of the
most hydraulically remote point in the basin to the outlet of the basin. T, is representative
of the interaction of a storm with the watershed, and is an indication of the basin response
time. It is evaluated as a function of storm characteristics, as well as watershed physical
and geometrical properties. Woolhiser (1975, 1977) has described in great detail the
concept of partial and complete equilibrium hydrograph conditions, using the watershed
time to equilibrium as a reference parameter.

The watershed time to equilibrium can be estimated, based on the de St. Venant

equations and the Manning resistance equation, as (Woolhiser, 1977):

nL
T, =(i2/3S”2 ) 2.1
where T, = time to equilibrium i = rainfall intensity
n = Manning roughness coefficient S = runoff slope

L = runoff length

18



The nature of the surface runoff hydrograph, under uniform rainfall conditions.
will depend on the rainfall duration (T,). If T/T.> 1, complete equilibrium occurs.
Under equilibrium conditions, surface runoff increases linearly with rainfall intensity,
warranting the use of linear methods such as the unit hydrograph (UH) and the
instantaneous unit hydrograph (IUH). If T/T.< I, the runoff hydrograph is in partial
equilibrium. Under partial equilibrium conditions, the relationship between rainfall and
peak runoff is non-linear and must be evaluated using non-linear methods. Fig. 2.1 gives

examples of complete and partial equilibrium hydrographs.

Fig. 2.1: Complete and partial equilibrium hydrographs

In Fig. 2.1, hydrograph A corresponds to complete equilibrium conditions, since
the rainfall duration (T¢,) is greater than the time to equilibrium (T.). The peak
equilibrium discharge (q) is equal to rainfall intensity (i) multiplied by runoff length (L).
Hydrograph B corresponds to partial equilibrium conditions, where the rainfall duration
(T.2) is less than T.. In this case peak discharge (q) is evaluated as a function of rainfall

intensity (i), rainfall duration (T.2), and constants alpha (a) and B.



The relationship between T, watershed characteristics, and rainfall properties has
been analytically derived for well defined simple geometries. Kinematic T, was derived
by Lighthill and Whitham (1955) using the method of characteristics for a rectangular
plane sloping in a single direction. Henderson and Wooding (1964) performed similar
studies. Agiralioglu (1984, 1988), also using the method of characteristics, derived
integral forms of T, for converging and diverging planes.

Wooding (1965a, 1965b, 1966) derived an analytical solution for a hydraulic
model of kinematic flow over a plane V-shaped catchment. Wooding went on to evaluate
the relative effects of overland and channel routing on time to equilibrium. He applied
uniform rainfall for a finite duration, where the line stream outflow was laterally supplied
by overland flow. With channel and overland flow treated separately, he defined A as the
ratio of the stream response time to the catchment response time. Wooding concluded
that if A is large, there is a delay in the arrival time of the flood peak, and a reduction in
the peak amplitude. This condition would apply to a large basin. IfA is small, then the
stream flow tends to the catchment outflow, as is the case on small basins. Woolhiser
and Goodrich (1988) later specified that if A is greater than 0.5, channel effects dominate
runoff, and if A is less than 0.5, overland flow plane characteristics will dominate.

More recent studies have looked at applying the concept of time to equilibrium to
specific watersheds. Sivapalan and Wood (1986) derived quasi-analytical expressions for
time to peak and infiltration under conditions of spatially variable soils with a uniform

rainfall and constant soil properties with spatially variable rainfall. They concluded that



rainfall is expected to play an important role in rainfall-runoff modeling since the
correlation length of rainfall is usually larger than that of soil hydraulic conductivity.

A study by Julien and Moglen (1990) evaluated the effect of spatial variability in
slope (S), surface roughness (n), surface length (L), and rainfall intensity () on 1-D runoff
characteristics. They defined a length scale which delineates similarity conditions for
spatially-varied surface runoff. If the runoff length is less than the length scale, the
rainfall-runoff relationship is nearly independent of spatial variability in hydrologic
parameters. If the runoff length is greater than the length scale, the rainfall-runoff
relationship is sensitive to spatial variability. They also found that the time to
equilibrium of spatially varied systems is approximately equal to the time to equilibrium
of spatially averaged values of hydrologic parameters. The distribution of peak
discharges changes drastically as the value of T/T. approaches unity. Variability in peak
discharge was found to be most sensitive to rainfall intensity. Julien and Moglen’s
findings lead them to conclude that it should be possible to analyze extreme events (high
intensity, long duration) with larger grids, as long as the grids have a runoff length which
is greater than the length scale.

In order to determine the effects of T/T. on runoff events, Ogden (1992)
evaluated hydrologic model sensitivity to spatial variability in statistically equivalent
rainfall fields. In his analysis of two basins, he concluded that runoff timing and
magnitude are directly influenced by rain duration (T). Some of his observations
include:

- Peak discharge always occurred at times greater than 0.5T,
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- The variability in hydrograph timing is larger than the variability in peak discharge for
short rainfall events (T/T. < 0.3),
- The variability in peak discharge increases and the variability in peak timing decreases
when 0.3 < T/T. < 0.6, and
- When T/T. > 0.8, there is very little variability in both peak discharge and time to peak.
Time to equilibrium (Te) at the outlet is determined by the wave travel time
through a flow path originating at the most hydraulically remote point in the watershed.
T. is not to be confused with the time to concentration (T.), which is the time for the most
remote point in the basin to contribute to the outlet runoff. According to studies
performed by Saghafian and Julien (1995), the most hydraulically remote point in a
watershed is stationary for spatially uniform rainstorms, but may vary for spatially
distributed storms. In their analysis of Macks Creek (32.2 km?) using non-uniform
rainfall conditions, the furthest distance geometrically was different from the furthest
hydraulic point, resulting in a time to equilibrium less than the time to equilibrium
corresponding to a uniform storm. Saghafian and Julien also found that infiltration
significantly delays runoff when /K is large (representing highly pervious conditions),
where 8 = (1-S)0.H¢, and where S is initial saturation, 6 is effective porosity, Hg is
capillary pressure head, and K is saturated hydraulic conductivity. For pervious
conditions, they assumed that the time to equilibrium was a function of t; ( a time
associated with infiltration ) and the time to equilibrium corresponding to excess rainfall
(i-K). For highly pervious conditions, ts was found to approach the ponding time (tp).

For near impervious conditions, t; was found to be approximately equal to 178/K.

Saghafian and Julien also determined that for small values of A (as defined by Wooding,
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1965a), the grid size used in calculations should be much less than the overland runoff
length. Small values of A correspond to runoff conditions on small basins.

From analytical derivations using simple geometries, to studies on actual
watershed basins, conclusions regarding the concept of a time to equilibrium emphasize
the effects of spatial variability of watershed characteristics and rainfall properties. Yet
the literature lacks formulations which are applicable to large watersheds. The time to
equilibrium of natural watersheds is not easily evaluated, due to the complexities of the
spatial distribution of topography, surface resistance, soil types, infiltration parameters,
rainfall distribution, and a time-varying infiltration process. The results from small scale
studies can be used to extend our understanding of a watershed time to equilibrium to
mesoscale events on large basins.

2.5 FUTURE NEEDS/TRENDS IN HYDROLOGICAL MODELING

A wide range of conclusions have been made regarding the differences in
response between small and large basins, yet there is no underlying theory to explain why
these differences take place. The success of hydrologic modeling depends on the
accurate prediction of the amount of rainfall which becomes “effective” rainfall, and on
the accurate definition of runoff processes from overland regions to the channel outlet.
These processes will depend on scale. In the development of watershed models, certain
assumptions have been made in order to extrapolate known physical processes to larger
scales. Such assumptions include the lumping of homogeneous units, and the application
of algorithms and parameters used to define subprocesses at the scale of the homogeneous
units. In order to decrease the complexity of models, these assumptions must be accepted

as necessary.
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A more realistic approach to understanding the differences between small and
large basin responses involves the use of dimensionless parameters and similarity
concepts. Technical advances in computers and the increasing availability of watershed
data now make it possible to simulate a wide range of conditions, both in terms of
watershed physical characteristics and rainfall characteristics, and it is now possible to
examine the effects of spatial variability in a much more detailed manner. The concept of
a watershed time to equilibrium provides a dimensionless approach to evaluating the
nature of rainfall-runoff conditions at all scales. This concept can be usec in determining

scales which will be appropriate for simulations on large watersheds.



Chapter III

MODEL DESCRIPTION

3.1 THE MODEL

CASC2D is a physically based distributed watershed model which simulates the
hydrologic response of a watershed, subject to spatially-temporally varied rainfall. The
major components of CASC2D are interception, infiltration, and runoff routing. Once
interception and infiltration are accounted for, excess rainfall becomes surface runoff.
Runoff is then routed as overland flow, based on a 2-D explicit finite difference (FD)
technique, or as channel flow, based on an explicit FD technique.

As described by Julien and Saghafian (1991), the model has been formulated
using to the de St. Venant equations of continuity and momentum to describe the
mechanics of both overland flow and channel flow. Overland flow is generally a two-
dimensional process which is controlled by spatial variations in slope, surface roughness,
excess rainfall, and other parameters. The diffusive wave approximation is used as a
simplified form of the de St. Venant momentum equation. The diffusive wave is selected
because it has been found to be applicable in regions of small slope and or high
roughness, and for its ability to represent stored water. The continuity and momentum
equations are applied by superimposing a grid mesh on the watershed. A numerical

solution is evaluated for individual grid cells of width (W). Rainfall intensity, soil



characteristics, and watershed characteristics are assumed constant within each grid
element, but can vary from one element to another. Fig. 3.1 illustrates a typical grid mesh
used in CASC2D, where W is the grid size. k represents the x-coordinate, and j represents

the y-coordinate.
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Fig. 3.1: A two dimensional model grid mesh
(from Saghafian, 1992)

CASC2D has been incorporated into the GRASS (geographic analysis support
system) environment, which supports the grid element structure of the model. The raster-
based structure in GRASS accommodates variations in watershed characteristics such as
slope, surface roughness, width of the runoff plane, soil characteristics, as well as space

and time distribution of rainfall.

3.2 GOVERNING EQUATIONS

3.2.1 Precipitation

Precipitation is determined using either rain gage data or radar data. At each
computational time step, a rainfall intensity rate must be estimated for every grid element

within the watershed. If gage data is used, an interpolation scheme based on the inverse
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distance squared approximates spatial variability of rainfall throughout the watershed
based on recorded gage values. If radar data is used, rainfall intensities are specified on a
cell by cell basis, based on the resolution of the radar data. Again an interpolation
scheme is used if the radar data is not available basin-wide. At each time step, all cells in
the basin are assigned a rainfall rate.
3.2.2 Infiltration

Infiltration is evaluated using the Green-Ampt infiltration scheme, requiring input
values of soil hydraulic conductivity, capillary pressure, and moisture deficit. A table of
Green-Ampt parameters for various soil types is shown in Appendix B (Table B.1). Each
grid cell, based on the dominant soil type, is assigned corresponding soil parameters.
Once the rainfall intensity has been determined for each grid element, the infiltration rate

is calculated as:

t+At Hf Md
f =K, (l+——At_) 3.1
Fll 2 fH-A(

where At = computational time step
t = time
f = infiltration rate
K, = hydraulic conductivity at normal saturation (m/s)
H; = capillary pressure head at the wetting front (m)
M, = soil moisture deficit
F = total infiltrated depth
For a given time step, either all water infiltrates or a surface depth remains. This

surface depth is then routed overland.



3.2.3 Overland flow routing

The spatial variability of watershed characteristics governing overland flow is
defined within a raster-based system. Characteristics are assumed homogeneous within a
single cell. Flow is routed overland based on the elevation associated with the center of

the cell (Fig. 3.2).

CASC 2-D

Fig. 3.2: Raster-based description of overland flow routing scheme
(from Julien et al., 1995)

The de Saint-Venant equations of continuity and momentum are used in
describing mechanics of overland flow. The two-dimensional continuity equation in

partial differential form is:

dh dq,

ot  dx
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where h = surface depth of flow
gx = unit flow rate in x-direction
qy = unit flow rate in y-direction

e = excess rainfall (i - f), where i = rainfall intensity and f = infiltration rate



The momentum equation is derived by equating the net forces per unit mass to the
acceleration of flow. The differential form of the momentum equation, described for both

the x and y directions, is:

du N du N du S S dh 33a)

—tu—+ V= =S - 3= .

ax Tty BT T

av av ov ch

Uit v--—ay =g (S, — Sy _ay) (3.3b)
where u,v = average velocities in the x and y directions, respectively

Sox, Soy = bed slopes in x and y directions, respectively

St Sgy = friction slopes in x and y directions, respectively

g = gravitational acceleration
The left-hand side of Eq. (3.3a) and (3.3b) represent local and convective acceleration
terms, while the right-hand side of the momentum equations describe net forces along the
x and y directions.

The kinematic wave approximation to the momentum equations has been the basis
of many rainfall-runoff models. This approximation assumes that all terms in Eq. (3.3a)
and (3.3b), except for the bed and friction slopes, are negligible. Yet the kinematic wave
cannot predict backwater effects (Beven, 1985). The diffusive approximation is able to
simulate backwater effects, and is considered applicable for overland flow over rough
surfaces and for channel flow (Julien and Saghafian, 1991). The momentum equations
based on the diffusive wave approximation reduce to:

ch
Sfx = Sox - -a—x- (348.)
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=S - — (3.4b)

where Sqx, Soy = bed slopes in x and y directions, respectively
Sk, Sy = friction slopes in x and y directions, respectively
h = flow depth
In order to evaluate discharge, a general stage-discharge relationship is defined, witho
and P representing constants which define the flow regime:
q=ohP (3.5)
Assuming turbulent flow over a rough boundary, the Manning empirical resistance

equation is used and the stage-discharge relationship reduces to:

S 172
q=—‘rl h*? (3.6)

The differential forms of the continuity and momentum equations are applied to
all cells, assuming a finite difference representation of the watershed. Flow is routed
overland, from grid cell to grid cell, according to the mass conservation principle. For an
incompressible fluid the net amount of mass (volume) entering an element over a short
period of time is proportional to the change in mass (volume) within the element. A first
order approximation of the continuity equation for element (j,k), at given time t, assuming

two-dimensional flow, is applied in evaluating the flow depth such that:

qx‘(k—->k+l)—qx‘(k—l—>k)]A[ q,'(j=j+D-q,' (j-1j
=L

)
W W 1at (3.7)

h'*4 (j,k) = h*(j, k) +eAt—[

where h™* (j k) = flow depth at element (j,k) at time t + At

h' (j.k) = flow depth at element (j.k) at time t
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At = time step duration

€ = average excess rainfall rate over one time step

qx' (k—k+1) = unit flow rate in x-direction at time t, between (j,k) and (j,k+1)

gx (k-1-k) = unit flow rate in x-direction at time t, between (j,k-1) and (j,k)

qy' (j=j+1) = unit flow rate in y-direction at time t, between (j,k) and (j+1,k)

qy' (j-1-j) = unit flow rate in y-direction at time t, between (j-1,k) and (j.k)

W = square element size = grid size

At a given time step, the unit flow rate at any grid cell depends on the flow
direction, which is determined by the sign of the friction slope. Based on the diffusive

wave approximation to the momentum equation, the friction slope in the x and y

directions are calculated as:

_hGR-h'(Gk-D

Se'(k—=1->k)=S_(k—1->k) W (3.8a)
Sy (i=1-5 =8, (j=1 - ) -~ HOZLUZ L (3.8b)
Knowing elevation values (E) at every grid cell, the bed slopes are evaluated as:
S (k-1—>k)= E(j’k)_vl;:,(j’k D (3.92)
So,(i=1- )= EG:H-BG- LK) (3.9b)

w
Once the friction slope (Sy) has been calculated and the flow direction determined, unit
discharge is evaluated assuming turbulent flow, which is approximated as:

1
n(j, k-1

/
axtk-1—>k)= [h‘(j,k-l)]s3[sfxt(k—1—>k)]'/2 if Spt(k=1-k)20 (3.10a)
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I [, B3 2 -
Qtk -1 k)=— m[h (j,k)r [-sgtk-1K)] " if Sglk-1—k) <0 (3.10b)

The flow rate in the y-direction is calculated in a similar fashion. The above
equations are also used to evaluate flow from element (j,k) to element (j+1,k) in the x-
direction and to element (j,k+1) in the y-direction. The calculations are performed on all
grid cells within the watershed.

3.2.4 Channel flow routing

The channel network is defined as a series of channel links, each of which is
divided into a number of channel nodes. One channel node corresponds to a single grid
cell. Channel characteristics, including channel width, depth, Manning roughness n, and

bed elevation are defined for each channel node (Fig. 3.3).

Flood Plain Flood Plain /

Fig. 3.3: Representation of a channel cell
(from Julien et al., 1995)

When overland runoff reaches a channel cell, a one-dimensional diffusive channel
flow equation is used to route the flow. The continuity equation for channel flow,

corresponding to a finite channel width, is:

dA dQ
X +8x—q‘ 3.1



where A = channel flow cross-section
Q =total discharge in the channel
qi = lateral inflow rate per unit length, into or out of the channel
Assuming turbulent flow conditions in the channel, the Manning resistance

equation is applicable and channel discharge rates are calculated as:
1
Q=_ARZI3 SflIZ (312)
n

where n = channel Manning roughness

A = arez of channel cross-section

R = hydraulic radius

S¢ = friction slope

The equations used in determining friction slope (S¢) on overland cells, based on
the diffusive wave approximation to the momentum equation, are used for channel cells
as well, with bed slope (S,) being calculated as a function of bed elevations in the channel
network. Channel routing proceeds from the first order links in the upper-most parts of
the basin towards the outlet watershed.
3.3 CASC2D SCALING ISSUES

The CASC2D model has been effectively used in simulating runoff events on
small watersheds, including Macks Creek (32 km?), and Goodwin Creek (21 km?).
Studies have been performed by Ogden (1992), Saghafian (1992), and Johnson (1993),
with grid sizes ranging from 150 m to 400 m. Today computers are capable of handling
large amounts of data effectively and efficiently, and watershed input data is becoming

increasingly available at grid resolutions as fine as 30x30 m. As a result of current data
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availability and computer advances, the applicability of the CASC2D model can be
extended, increasing the potential for the simulation of rainfall-runoff on large
watersheds.

The objective of this research is to examine the possibility of extending the
applicability of the model to larger basins, with coarser grid resolutions. All components
of the model formulation must be considered in order to evaluate the effects of grid size
on CASC2D simulations. Conclusions made with regard to grid size effects and large-
scale applicability will depend on assumptions of the model, the physical laws
representing hydrological processes, and the numerical schemes incorporated into the
model.

Key assumptions of the CASC2D model are as follows:

1. Hortonian surface runoff mechanism;

2. The loss of infiltrated water, which does not re-appear as subsurface runoff;

3. Homogeneity is assumed within a cell, whereby cell characteristics are represented by
a single value;

4. Uniform depth and discharge are assumed on individual grid cells.

The model simulates rainfall-runoff in two distinct phases: hydrological
processes and hydraulic processes. The parameters governing these processes are
summarized in Table 3.1.

In the interest of extending the applicability of CASC2D to larger watersheds, the
effects of grid resolution will be evaluated, and appropriate grid sizes for large-scale
simulations will be defined. Simulations using coarser grid resolutions require less input

data, and computation times are greatly decreased. Yet the spatial heterogeneity which
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governs rainfall-runoff processes may be lost if large grid sizes are used. An ideal grid
size for simulations on large watersheds will be small enough to accurately represent
physical processes governing rainfall-runoff conditions, but large enough to warrant the
applicability of the model on watersheds up to 1000 km®. With this criterion in mind, the
CASC2D model was applied to two basins in Mississippi which drained areas of
approximately 21 km? and 560 km®. The effects of grid resolution were evaluated using
grid sizes ranging from 30x30 m to 1x1 km, with computational time steps ranging from
5 seconds to 30 seconds.

Table 3.1: Processes simulated using CASC2D

Process Parameters and unknowns
Hydrological Rainfall spatial and temporal distribution
Interception/Depression storage  detention storage (Sq)
Infiltration hydraulic conductivity (K,)
capillary pressure (Hy)
moisture deficit (My)
Hydraulic Overland routing slope (8), overland roughness (n)
Channel routing slope (S), channel roughness (n¢pan),

channel width, channel depth
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Chapter IV

SMALL-SCALE SIMULATIONS

4.1 GOODWIN CREEK INPUT DATA

Goodwin Creek is a 21 km® watershed located in north-western Mississippi. The
creek is a tributary of Long Creek, which flows into Yacona River, one of the main rivers
in the Yazoo River Basin. The watershed climate is humid. Elevations range from 71
meters to 128 meters above sea level. In overland regions, 50% of the basin has a slope
less than 0.02 and 15% of the regions have slopes greater than 0.03. Landuse types are
described as cultivated areas (13%) or idle land such as pasture or forest (87%). The
dominant soil types are silt loam and fine sandy loam. Channel slopes range from 0.0017
to 0.017, with an average channel slope of 0.004.

Goodwin Creek is an E:xperimental basin monitored by the National
Sedimentation Laboratory of the Agricultural Research Service (ARS), located in Oxford,
MS. Due to the abundance of data available, engineers at Waterways Experiment Station
(WES) in Vicksburg, MS, have used CASC2D to simulate rainfall-runoff events on
Goodwin Creek. Over ten years of rainfall and runoff data are available for the
watershed. Precipitation measurements have been recorded at 17 raingages located

throughout the basin. Discharge, including sediment measurements, has been recorded at
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14 flow gaging stations located throughout the drainage network. These raingage and

stream gage locations are shown in Fig. 4.1.

] Measuring Station (including
raingagej

3 Raingages

Fig. 4.1: Goodwin Creek basin
(from Blackmarr, 1995)

Input data for runoff simulations on Goodwin Creek were primarily obtained from
WES, where CASC2D had been used in a study of rainfall-runoff models (Johnson 1993.
Johnson et al. 1993). In Johnson's study, simulations were performed using a 416 ft (127
m) grid size. Since all the input data were available at a 416 ft grid size, this resolution
was selected as a starting point for the analysis of grid size effects on CASC2D
simulations. Input data in the form of raster maps included a digital elevation map, a soil
type map, and a landuse map (see Fig. 4.2a, 4.2b, 4.2c). The soil map was used to
determine infiltration parameters corresponding to each soil type. The landuse map was
used to determine resistance to flow in overland areas. Channel data for Goodwin Creek
included width, depth, and roughness coefficients for individual stream segments (see

Appendix B for values).
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Fig. 4.2a: Goodwin Creek elevation map at a 416 ft grid size

E l} Soil type 1
B 2) Soil type 2

Fig. 4.2b: Goodwin Creek soil map at a 416 ft grid size

B 1) Landuse Lype 1
B 2) Landuse type 2
B 3) Landuse type 3

Fig. 4.2a: Goodwin Creek landuse map at a 416 ft grid size
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4.1.1 DEFINING GRID RESOLUTIONS

The objective of this research being to look at the effects of increasing grid size on
CASC2D simulations, two additional grid resolutions were selected for the analysis.
Since the original data was at a 416 ft grid size, grid sizes of 832 ft (254 m) and 1248 ft
(380 m) were chosen. Original input data were aggregated in order to develop elevation.
soil, and manning roughness raster maps at the larger grid sizes. A simple approach to
aggregation was applied, using GRASS (geographical resources analysis support system)
capabilities for data manipulation. When a coarser resolution is defined in GRASS. the
cell value at the original resolution which is nearest to the center of the larger cell is
designated as the value corresponding to the cell at the coarser resolution (see Appendix
D for details. g.region program).

In addition to the aggregation of raster map data, the channel network was defined
at the larger resolutions, based on its original location. Channel slopes were known for
individual links throughout the network. All channel properties, include channel slope.
were preserved at the coarser resolutions.

Data aggregation to larger grid sizes affected the representation of certain
watershed characteristics. The GRASS platform was used to evaluate the effects of
increasing grid size on the representation of basin area, the number of channel cells, the
number of overland cells, and drainage density. These characteristics are summarized in
Table 4.1, for the three resolutions used in the analysis. The total number of grid cells is
reduced from 1290 cells at a 416 ft grid size to 140 cells at a 1248 ft grid size. This
represents a decrease in the required amount of computation time for CASC2D

simulations. The drainage density, evaluated as the ratio of the total channel length to the
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drainage area. drops from 1.3 km™' at a 416 ft grid size to 1.15 km™ at a 1248 ft grid size.
This change in the representation of the channel network will have an impact on the
relative contributions of overland flow and channel routing in rainfall-runoff simulations.
The ratio of the number of channel cells to the total number of cells also increases as grid
size increases. The implication of this change, in terms of the CASC2D formulation. is
that at a 416 ft grid size overland flow is converted to channel flow on 16.4 percent of the
total area. At a 1248 ft grid size, overland flow is converted to channel flow on 43.6
percent of the area. Once water reaches the channel, it is routed directly towards the
outlet. Consequently, the increased ratio of channel cells to total cells leads to a more
significant effect of channel routing at increasing grid size.

Table 4.1: Goodwin Creek watershed characteristics at increasing grid size

416 ft 832 ft 1248 ft

(127 m) (254 m) (380 m)
Drainage area [km’] 20.74 20.71 20.26
Total number of grid cells 1290 322 140
Number of channel cells 212 101 61
Ratio of channel cells to total cells [%] 16.4 314 43.6
Ratio of overland cells to total cells [%] 83.6 68.6 56.4
Total length of channel {km] 26.88 25.36 23.20
Drainage density [km'] 1.30 1.24 1.15

The analysis of topographic maps corresponding to increasing grid sizes shows
that upland slopes decrease as grid size is increased (Fig. 4.3). As a result of data
aggregation at larger grid sizes, elevation information is lost. These changes will also
have an impact on upland runoff rates, which are evaluated as a function of friction slope
(S¢), and where friction slope is related to bed slope (S,) through the momentum equation

(see Eq. 3.8a, 3.8b, 3.10a, and 3.10D).
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Fig. 4.3: Slope in upland areas as a function of grid resolution

As reflected by the decrease in drainage density corresponding to coarser
resolutions, the total length of the channel network is shortened. The channel network at
increasing grid size is shown in Fig. 4.4. For modeling purposes, the network has been
divided into 19 links. Each link is assigned a specific width, depth, and roughness
coefficient. Stream gages are located on sub-basins throughout the channel network.
Gage locations for sub-basin discharge measurements are shown in Fig. 4.4 at the 416 ft
grid size. Discharge conditions in the channel network are a function of bed slope. In
order to reduce the effects of grid size on rainfall-runoff simulations, bed elevations have
been defined such that channel slopes are constant at all three grid resolutions.
4.1.2 RAINFALL-RUNOFF EVENTS

Over 10 years of rainfall and runoff data are available for Goodwin Creek.
Rainfall data includes precipitation measurements at 17 rain gages, at one minute
intervals during high intensity rainstorms. Runoff data is available for 14 stream gages
located throughout the network. Based on previous simulation studies done on Goodwin
Creek (Johnson, 1993), four rainfall-runoff events were selected for the calibration and

validation of the CASC2D model (for more information, see Appendix B, Table B.3).
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Fig. 4.4: Goodwin Creek at increasing grid sizes
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Conditions for the four events are summarized in Table 4.2. Events 1. 2. and 3
lasted approximately 3.5 hr, 6 hr, and 7 hr respectively. Event 4 lasted over 24 hr. The
largest volume of rainfall fell during event 4, and the smallest volume of rainfall fell
during event 2. The average rainfall rate was calculated as the total rainfall volume
divided by the duration of the storm, and corresponded very closely to the mean value of
the instantaneous rainfall rates measured throughout the basin. A final distinction
between the events was that event | was preceded by very little rainfall, while the other
three events were preceded by significant amounts of rainfall.

Table 4.2: Rainfall-runoff conditions for rainfall events

Rainfall Rainfall preceding Average rainfall rate Rainfall

duration event volume
Event 1 211 min very little 0.811 in/hr (5.72E-6 m/s) 1,503,472 m’
Event 2 361 min significant amount 0.224 in/hr (1.58E-6 m/s) 711,970 m’
Event 3 407 min significant amount 0.340 in/hr (2.40E-6 m/s) 1.213.651 m’
Event 4 1,869 min significant amount 0.186 in/hr (1.31E-6 m/s) 2,865,181 m’

Observed rain gage data from 17 rain gages was used in defining the temporal and
spatial variability rainfall rates corresponding to each event (see location of gages in Fig.
4.1). The temporal variability of rainfall corresponding to measured precipitation at rain
gage 1, which is located at the outlet, is shown in Fig. 4.5. At each time step, rainfall
rates on individual grid cells throughout the basin were determined by interpolation, using
the inverse distance squared method. The spatial variability of average and maximum

rainfall rates throughout the basin is presented in Appendix B, Fig. B.2 and Fig. B.3.
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Fig. 4.5: Rainfall rates recorded at rain gage 1, located at the outlet

42  MODEL CALIBRATION AND VALIDATION

The CASC2D model was calibrated using events 1 and 2. The model is
formulated using an explicit channel routing scheme, requiring that initial discharge in
the channel be considered equal to zero. Once a simulation has been performed, baseflow
can be added to the simulated runoff hydrograph, for comparison with the observed
hydrograph. In simulating conditions on Goodwin Creek, the baseflow of less than 0.1
m’/s at the outlet was considered neglibible, as compared to measured peak runoff rates
ranging between 30 m®/s and 100 m*/s (see Fig. B.1 in Appendix B).

Two approaches to calibrating were used. In both cases the criteria for calibration
was to simulate observed values of peak discharge and time to peak. The volume of

runoff was not considered in the calibration procedure.



The objective of the first calibration approach was to fit the simulated outlet
hydrograph to the observed outlet hydrograph. Calibration was performed at each of the
three cell resolutions: 416 ft, 832 ft, and 1248 ft. A comparison of the calibrated
parameters at increasing grid sizes shows the effects of grid resolution on CASC2D
simulations for basins on the order of 20 km®. A comparison of discharge hydrographs
for sub-basin areas, generated using parameters calibrated for the outlet, shows grid
effects at the sub-basin level, where rainfall-runoff processes on upland areas play a
significant role in defining the nature of the hydrograph.

The objective of the second calibration approach was to fit simulated to observed
hydrographs at sub-basin gages. Calibration was performed by evaluating the sensitivity
of runoff hydrographs at the sub-basin level to the model parameters. Using a 416 ft grid
size, the parameters to which runoff was most sensitive were adjusted so as to simulate
the peak discharge and time to peak at individual gages. These parameters were then
applied at the larger grid sizes. A comparison of the runoff hydrographs corresponding to
sub-basin gages shows the effects of grid resolution on the simulated runoff response of
overland cells.

The model has been formulated using six parameters: Sg4, K, He, My, nql, and
Nehan. All parameters are directly related to physical processes governing rainfall-runoff
generation. Detention storage (Sq) represents water which accumulates before overland
runoff occurs, such as water retained by leaves or in depressions. Infiltration rates are
determined by soil characteristics such as hydraulic conductivity (K;), capillary pressure
(Hp), and initial soil moisture deficit (Mg). Since two soil types exist in the basin (see Fig.

4.2b), soil parameters are defined for each of the soil types. Overland discharge rates are
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evaluated as a function of the overland Manning roughness coefficient (ny). Three
roughness coefficients were used to describe runoff conditions in upland areas, based on
the landuse map (Fig. 4.2c). Runoff rates in the channel network are evaluated as a
function of the channel roughness coefficient (Nchan).

42.1 CALIBRATING TO OUTLET CONDITIONS

The model was first calibrated using event 1, described in Table 4.2. The rainfall
started at 9:19 PM on October 17th, 1981, lasting 3.5 hr. Precipitation measurements
were available at all 17 rain gages. The event had an average rainfall intensity of 0.811
in/hr (20.6 mmv/hr), with instantaneous measurements ranging up to 6.2 in/hr (157
mm/hr).

The criteria for model calibration was to simulate peak magnitude and time to
peak. In order to calibrate the model, input parameters were varied at each grid resolution
in order to obtain the best possible fit between simulated and observed outlet
hydrographs. Numerous trial simulations were performed using the 416 ft, 832 ft, and
1248 ft grid sizes. Some of the hydrographs simulated as a result of calibration runs
using a 416 ft grid size are shown in Fig. 4.6. More detailed results from all the trial
calibration runs for 416 ft, 832 ft, and 1248 ft grid sizes are presented in Appendix C
(Table C.1, C.2, C.3 and Fig. C.1, C.2, C.3).

As seen in Fig. 4.6, trial 1 resulted in the best fit, where best fit was defined as the
simulated hydrograph which approximated as closely as possible first the magnitude of
the peak discharge, then the time to peak. The variations in parameter inputs for trials 4,

6, 7, and 8 are summarized in Table 4.3, where the value (A) shown is evaluated as:
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(value (gja) — valuegay)

A= “.D

value yjai |

where valueyiy = parameter value used in trial 4, trial 6, trial 7 or trial 8

valuegia | = parameter value used in trial 1
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Fig. 4.6: Sample calibration results

Table 4.3: Variations in parameters calibrated for outlet conditions

trial 4 trial 6 trial 7 trial 8

A A A A
Sq 0.333
ng typel 615 11.5
n, type2 2.75 5.25
n,type3 0.875 5.25
K;soil 1 0.392 0.392
K;soil 2 0.377 0.377
H; soil 1 0.043 0.043
Hg soil 2 0.376 0.376
M;soil | -0.875 -0.5
Mgsoil 1 -0.875 -0.5

With reference to Fig. 4.6 and Table 4.3, the magnitude of peak discharge was

greatly reduced by increasing overland roughness coefficients (o), as seen in trials 4 and
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