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ABSTRACT 

Infiltration processes on rangeland watersheds are highly variable in both space and 

time due to heterogeneities in soil properties and temporal variability of rainfall, as well 

as vegetation, cover and topographic characteristics. Infiltration processes at the plot 

scale are often described and modeled using a single hydraulic conductivity (Kc) 

parameter. In this study, the spatial variability of infiltration processes at the plot scale is 

examined using an integrated measurement and modeling approach. A newly developed 

variable intensity rainfall simulator is effectively used to measure changes in plot scale 

infiltration rate with changes in rainfall intensity. In addition, process-based hydrologic 

simulation models are used to determine the amount of complexity needed to accurately 

model the observed runoff response from the rainfall simulator experiments. First, a soil 

box lysimeter is used to measure variability of infiltration processes and runoff response 

due to soil texture and rainfall intensity. Second, five natural field plots in a rangeland 

watershed are used to measure the same processes with additional complexity in the form 

of cover and topographic characteristics. Steady-state infiltration rates increased with 

rainfall intensity on all of the plots, indicating partial area response and spatial variability 

of infiltration within each plot. Evaluation of the soil box lysimeter infiltration 

experiments showed that the location of areas with higher and lower infiltration 

capacities along a flow path does have an important effect on runoff response and that the 

response changes with changes in rainfall intensity. Using the detailed measurements of 

the field plot vegetative cover and surface characteristics of the plots to discretize the 
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plots into separate overland flow planes improved the ability to model the variability of 

infiltration processes and the observed runoff response. Multi-plane configurations 

parameterized based on soil and plot characteristics resulted in a significant improvement 

over single plane configurations. The measurement and simulation model results show 

that the rainfall runoff relationship cannot be accurately described or modeled using a 

single Ke value at the plot scale. 
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CHAPTER 1 

INTRODUCTION 

Hydrologic processes on hillslopes are highly variable in space and time due to 

the nature of the climatic input, topography, soils, vegetation and land use. The 

hydrologic response of an area is influenced substantially by the infiltration capacity. 

Infiltration rates are significantly affected by both the temporal variability of precipitation 

and spatial variability of soil and vegetation properties. Infiltration, due to its inherent 

spatial variability, has a significant effect on runoff processes. Given this relationship, 

infiltration is one of the most important processes in hydrologic and erosion modeling. 

Process based, distributed hydrologic simulation models often use lumped 

average infiltration parameters to simulate distributed processes across a hillslope. A 

single infiltration rate or lumped average is used to define the infiltration capacity of an 

area without considering the location of areas of high and low infiltration capacity 

(Woolhiser and Goodrich, 1988; Goodrich, 1990; Morin and Kosovsky, 1995). Lumping 

of distributed parameters can lead to distortions in the results of distributed process based 

models (Lane et al., 1995). A primary concern is not the determination of the lumped 

average, but quantification and distribution of the variability of infiltration rates over a 

given area. Measurement of the variability of vegetation and soil properties is relatively 

easy, however, quantifying the effects of that variability on the infiltration process is 

more difficult. This is due, in part, to difficulties in measuring the infiltration process. 
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1.1 Problem Statement 

InfiUrometers and rainfall simulators are the two predominant methods that have 

been used to measure infiltration and its spatial variability. Both methods have 

limitations in their ability to simulate infiltration as it occurs under natural rainfall 

conditions. Spatial variability of infiltration is attributed first to the inherent 

heterogeneity of the watershed infiltration characteristics and second to the method of 

measurement itself (Jury, 1985; Aboulabbes, 1984; Merzougi, 1982). The scale of 

infiltration measurement has ranged from point studies using infiltrometers or small 

rainfall simulators, to large and small plot studies using a variety of rainfall simulators, to 

watershed studies using natural rainfall. 

The point measurements made with infiltrometers measure ponded infiltration 

rates over a relatively small area. These measurements are inexpensive and relatively 

easy to conduct; however, they are not realistic in measuring the infiltration process 

during a rainfall event, or in quantifying the interactions between soil, cover 

characteristics, topography, and rainfall intensity. Point measurements with small rainfall 

simulators indirectly determine the infiltration rate by measuring the runoff rate over a 

very small area. The infiltration rate is significantly affected by the rainfall intensity 

application and is assumed to equal the intensity until runoff starts. Larger plot scale 

measurements made with rainfall simulators often measure variability within a plot 

(vegetation and cover, slope, micro-relieO. and then relate this variability to an indirectly 

determined lumped infiltration rate for the entire plot. 
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Infiltration measurements made at the plot scale with rainfall simulators calculate 

the infiltration rate from the applied rainfall intensity and measured runoff. The 

computed infiltration rate is an effective rate and highly correlated with the rainfall 

intensity. The infiltration rate is assumed to be equal to the rainfall intensity until runoff 

commences and the method does not account for partial area contribution or the effects of 

runoff - run-on processes due to areas of higher and lower infiltration capacities. The 

variability of the cover characteristics is usually measured, not the variability of 

infiltration. Rainfall simulator studies often use two or three high intensities. It has been 

shown that the runoff infiltration process is much more sensitive for smaller events, as 

high intensity rainfall can dominate the process (Goodrich, 1990). It has also become 

apparent that we do not have adequate information on the infiltration runoff process after 

rainfall has stopped. 

As the size or scale of the area being studied increases, from point to hillslope to 

watershed, the need for geometric simplification of the hydrologic processes increases 

(Goodrich, 1990; Woolhiser et al., 1996). The question becomes what is the level of 

detail (complexity) necessary to describe the spatial variability of infiltration in order to 

adequately model the rainfall runoff process for a given scale (e.g., plot, hillslope or 

small watershed). It is important that the process being studied or quantified be measured 

at the desired scale or as close as possible. As we increase in size to the watershed scale, 

this would likely require approximating the watershed by a series of hillslopes. However, 

at this point, we do not have a reliable method of characterizing infiltration and its 

variability at the plot and hillslope scale. 
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To detennine and characterize the infiltration capacity of a hillslope, new 

methods, or variations and combinations of existing measurement methods, and new 

sampling designs need be developed and tested. Currently our ability to measure and 

model infiltration and runoff processes and their interaction on plots and hillslopes is 

limited. These limitations have resulted in gaps in our knowledge of the hydrologic 

processes, thereby limiting our ability to develop and validate spatially distributed 

models. The proposed research will address these gaps in knowledge using innovative 

and automated field experimental techniques. 

An approach, which will be evaluated in this study, is the integration of two 

existing measurement methods, a plot scale rainfall simulator and a tension infiltrometer 

into a single measurement method for measuring infiltration and its spatial variability on 

hillslopes. A programmable and portable oscillating boom variable intensity rainfall 

simulator has been developed. It is an innovative and useful tool for determining the 

infiltration capacity under different rainfall intensities at the plot scale. Spatial 

interpolation methods will be used with the tension infiltrometer measurement to map the 

variability across the plot. The variable intensity rainfall simulator, used in conjunction 

with measurements made with a tension infiltrometer, will lead to new insight into the 

relationship between infiltration and its variability across a hillslope and the infiltration 

rates calculated from runoff hydrographs. A distributed process based model will be used 

as a framework to evaluate the results. Different levels of geometric complexity from 

single plane to cascading multiple planes will be used in the model and the simulated 
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runoff hydrographs will be compared with measured hydrographs from the rainfall 

simulator experiments. 

1.2 Objectives 

The primary goal of this research is to develop new understanding of the 

infiltration process and its spatial variability at the plot and hillslope scales. The overall 

objective is to develop and apply new experimental methods to measure and quantify the 

spatial variability of infiltration processes at the plot scale along hillslopes. This research 

will lead to a greater understanding of the effects of spatial variability of infiltration on 

the rain fall-runoff process. 

Experiments will be conducted on both a controlled plot and along natural 

hillslopes integrating both point and distributed plot scale measurement methods. The 

experiments will range in complexity from a uniform soil with little natural variability, in 

a large well-instrumented rectangular lysimeter, to very complex and spatially varied plot 

on a natural hillslope. 

The specific objectives of the research are: 

1) To determine and quantify the effects of partial area contribution and soil variability 

on infiltration measurements at different rainfall intensities with a rainfall simulator. 
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2) To determine threshold values, for the different levels of complexity, at which the 

rainfall intensity dominates the hydrologic process. 

3) To determine the amount of geometric complexity needed to describe the spatial 

variability of the infiltration process as the heterogeneity/complexity of the system 

increases. 

4) To develop a relationship between point scale infiltration measurements with tension 

infiltrometers and plot scale measurements made with a variable intensity rainfall 

simulator. 

1.3 Approach 

A systematic series of laboratory and field experiments will be conducted at the 

USDA-ARS Walnut Gulch Experimental Watershed located in southeastern Arizona. 

The experimental approach used in this study will involve a suite of experiments that will 

range from highly controlled with low variability, using soil box lysimeters, to highly 

variable natural hillslope plots. Each experiment will provide information on the relative 

importance of the variability of the infiltration properties at different scales and different 

levels of complexity. In all of the experiments, the infiltration process will be measured 

using the variable intensity rainfall simulator and the tension infiltrometer. The results 
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from the experiments will be used in a discrete, process based simulation model, which 

will allow for the investigation of the effects of scale and spatial variability on 

measurement and modeling of infiltration and runoff processes on hillslopes. 

The 150 km^ Walnut Gulch Experimental Watershed is located in a transition 

zone between the Sonoran and Chihuahuan Deserts. The climate is classified as semiarid 

or steppe, with about 70 percent of the precipitation occurring during the summer months 

from convective storms of limited areal extent. The soils are generally well drained, 

calcareous, gravelly to cobbly loams (Renard et al., 1993). The Walnut Gulch 

Experimental Watershed, with its long history and extensive hydrologic database, is an 

excellent location to conduct research into hydrologic processes on semiarid watersheds. 

A high-resolution GIS database of the watershed has recently been created as a tool to 

investigate scale related processes. 

An oscillating boom variable intensity rainfall simulator was recently developed 

and tested at the Walnut Gulch Experimental Watershed. The design is based on the 

Purdue oscillating boom simulator (Darrell Norton, personal communication). The 

simulator is currently able to deliver rainfall intensities between SO mm/h and 200 mm/h. 

It is constructed in two 6 m long modular sections each of which can be used as stand

alone unit or coupled together to cover up to a 12 m length area. Each section has four 

nozzles designed to cover a 6 m length. The modular configuration was selected to give 

flexibility in the size and location of simulator plots while adhering to design limitations. 

Because of the rainfall simulators ability to simulate variable rainfall intensities, the 
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applied intensity can be stepped down incrementally to the point when runoff ceases on 

the plot. 

Soil Box Measurements: 

The soil box lysimeter used in this study was designed specifically for the 

variable intensity rainfall simulator. The lysimeter is 2 m wide, 6.09 m in length, and 0.6 

m high and divided length wise down the center of the plot to create 2 distinct overland 

flow pathways (1 m by 6.09 m). Each of the overland flow paths was divided into two 

planes packed with two distinct soils with distinct hydrologic responses. The planes are 

used to represent overland flow elements with different hydraulic properties on a 

hillslope. The soil box was instrumented with soil moisture probes to measure the 

changes in soil moisture content during the rainfall simulator and tension infiltrometer 

measurements. Four moisture probes were installed in each soil plane in a regular grid 

design along with thermocouples to measure changes in soil temperature. 

The studies conducted in the fabricated soil box lysimeter will allow flexibility to 

control the variability. Infiltration measurements will be made with both the tension 

infiltrometer and rainfall simulator. The effects of the increased variability on the 

resulting infiltration rates will be analyzed. Rainfall simulations will be conducted on the 

two individual soils as well as the two plane configurations. This will provide the ability 

to first determine the responses of the individual soils to changes in rainfall intensity and 

second, evaluate the interaction of the responses of the two plane systems to changes in 

rainfall intensity. The soil box will enable the direct comparison of infiltration 
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measurements made with a variable intensity rainfall simulator and point measurements 

made with tension infiltrometers. 

Natural Hillslope Measurements: 

Natural hillslope experiments will be conducted on S rainfall simulator plots in 

the grassland dominated Kendall sub-watershed at the Walnut Gulch Experimental 

Watershed. The sub-watershed has long-standing hillslope plots (3 m by 10 m) that have 

been used to monitor natural rainfall runoff response as well as rainfall simulator 

experiments. These small watersheds and experimental plots offer a unique opportunity 

for comparison between the studies conducted in this research and results found from 

previous studies and natural rainfall events. 

The spatial variability of the infiltration properties on the four hillslopes will be 

measured using the method described earlier. A portable soil moisture monitoring 

system will also be used to measure soil moisture flux in a grid design across the plot. 

Microtopography and cover characteristics will be surveyed using a point frame and 

characterized across the plots. This will provide additional information on the effects of 

variable soil and vegetation characteristics on the infiltration process at the hillslope 

scale. 

Evaluation Using Process Based Hydrologic Simulation Models: 

Hydrologic simulation models will be used to evaluate both the soil box and natural 

hillslope infiltration measurements. The models were used as research tools interactively 
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with the rainfall simulator experiments. They were used as a tool to determine the 

effective hydraulic conductivity term (Kc) for the soils using the data from the rainfall 

simulator experiments. The models were also used to evaluate different discretizations to 

configure the rainfall simulator plots. Two hydrologic simulation models were used to 

model infiltration and runoff processes in this study. The models compute infiltration 

using the Green-Ampt Mein-Larson (GAML) (Mein and Larson, 1973) equation and the 

runoff hydrograph using the kinematic cascade model. The Infiltration and Runoff 

Simulation (IRS) Model (Stone et al., 1989) simulates infiltration and runoff processes on 

a single plane. KINEMAT (Woolhiser et al., 1990), a research version of KINEROS2 

(Smith et al., 199S), is able to simulate infiltration and runoff processes on a cascade of 

planes and channels. 

1.4 Benefits 

Distributed process based models are being used at the hillslope and watershed scale 

as natural resource management tools. These models are often used to predict overland 

flow and erosion hazards. Overland flow is an important agent of erosion and landscape 

development processes on watersheds. The start of overland flow is a function of the 

infiltration capacity and its spatial distribution across the hillslope. The variability of 

infiltration leads to variability in the soil moisture content and the onset of overland flow. 

The relative location of areas with higher or lower infiltration, with respect to 
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microtopography and cover characteristics, can have a significant effect on the 

development of concentrated flow paths and rills. This research will provide unique new 

knowledge and improved understanding of the relationship between the spatial 

distribution of infiltration processes and dominant hydrologic processes at the hillslope 

scale. Integration of the spatial distribution of infiltration into distributed models will 

improve their ability to simulate hydrologic processes. The overall goal is to improve the 

natural resource simulation models and decision tools used to evaluate the effects of 

resource management activities on hydrologic processes, as well as the potential water 

quality effects on down stream users. 
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LITERATURE REVIEW 

This chapter summarizes the current methods used to measure the spatial 

variability of infiltration on rangeland watersheds and methods to represent that 

variability in simultion model configurations. Literature on the benefits and limitations 

of these methods as well as the implications for modeling infiltration and runoff 

processes at the plot scale are discussed. 

2.1 Introduction 

Hydrologic processes which occur on rangelands are highly variable in space and 

time due to the nature of the climatic input, topography, soils, and vegetation. 

Infiltration, an important component of the rainfall-runoff process, is significantly 

affected by both the temporal variability of rainfall and snow melt and spatial variability 

of soil and vegetation properties. The hydrologic response of an area is influenced 

significantly by the characteristics and areal extent of the cover and soil variability. 

Rangeland vegetation is composed of communities or complexes of species and can 

include trees, shrubs, grasses and forbes, each of which influence the soil surface and sub

surface characteristics in a different manner. A single infiltration rate or a lumped 

average is often used to define the infiltration capacity of a watershed without considering 
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the location of areas of high and iow infiltration capacity (Morin and Kosovsky, 1995). 

Lumping of distributed parameters can lead to distortions in the results of distributed 

process based models (Lane et al., 1995). Measurement of the variability of vegetation 

and soil properties is relatively easy, quantifying the effects of that variability on the 

infiltration prxKess and subsequent impacts on runoff generation is much more difficult. 

This is due in part to difficulty in measuring the infiltration process. 

Spatial variability is first attributed to the inherent heterogeneity of the rangeland 

infiltration characteristics, and second to the method of measurement itself (Jury, 1985; 

Aboulabbes, 1984; Merzougi, 1982). The scale of infiltration measurement has ranged 

from watershed studies using natural rainfall, to large and small plot studies using a 

variety of rainfall simulators, to point studies using infiltrometers (Branson et al., 1972). 

Many of the point infiltration methods are now being used to characterize the spatial 

variability of infiltration across an area. Infiltrometers and rainfall simulators are the two 

predominant methods that have been used to measure infiltration and its spatial variability 

on rangelands. 

Since the 1980s, a number of studies have used point measurements with 

geostatistics in an attempt to quantify the spatial variability of hydrologic processes 

(Bosch and Goodrich, 1996). Point measurements can be limited in their ability to 

characterize the spatial variability of infiltration in relation to hydrologic characteristics 

such as topography, elevation, soil, and other watershed characteristics. Other important 

factors which need to be considered are: 1) the portion of the measurement area or 

watershed contributing to infiltration and runoff (partial area contribution); 2) the method 
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and scale of measurement; and 3) the sampling design (random, grid, transect, irregular 

spacing). 

2.2 Measurement Methods 

Infiltrometers 

The majority of the studies conducted to measure the spatial variability of 

infiltration across a watershed have used point measurements such as ring infiltrometers 

or disk permeameters. These types of measurements have several advantages; the 

infiltration rate is measured directly, measurement time is relatively quick, and cost of the 

experiment is low so that many measurements can be made. 

One of the first studies to measure the spatial variability of soil hydraulic 

properties in the Held was conducted by Nielsen at al. (1973). Steady state infiltration 

measurements were made at twenty 6.5 m square plots. The infiltration rate varied from 

0.5 mm/h to 50 mm/h, with a coefficient of variability (CV) of 91%. Steady infiltration 

rate fit a log-normal distribution; the infiltration rate was highly correlated with the 

percent saturation, but not correlated with water content. Sharma et al. (1980) used a 

double ring infiltrometer (inner ring diameter of 46 cm) to measure the spatial variability 

of infiltration and sorptivity at the R-5 watershed near Chickasha, Oklahoma. 

Measurements were made at 26 sites in the watershed in a regular grid pattern with a 

spacing of about 60 m. Steady state infiltration rates were always reached within 60 min. 
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No obvious pattern in the distribution of the infiltration parameters was found with 

respect to soil type or position in the watershed. The frequency distribution, however, 

was found to be log-normal. Subsequent studies using infiltrometers have also found that 

the results were best described by a log-normal distribution (Sharma et al., 1983; Loague 

and Gander, 1990; Achouri and Gifford, 1984; Merzougi and Gifford, 1987; Grah et al., 

1983). 

Variability studies of infiltration have used both classical statistics and spatial 

statistics to describe the variability and resulting distributions of the measured values 

(Bosch and Goodrich, 1996). The coefficient of variation (CV) has commonly been used 

to describe the variability of infiltration capacity (Warrick and Nelson, 1980). The CV, 

however, is only an indicator of the extent of and not the distribution of the variability 

over an area. In order to describe the spatial distribution of the variability, researchers 

began to use geostatistical methods. Geostatistical methods and kriging had been 

successfully used to determine the spatial variability of infiltration and sampling 

requirements on an agricultural field in Davis, California (Vieira et al., 1981). When 

applied to rangeland watersheds, geostatistical methods have often found correlation 

lengths ranging from several meters (Grah et al., 1983; Aboulabbes et al., 198S) to no 

variance structure at all (Achouri and Gifford, 1984; Merzougi and Gifford, 1987). The 

scale of the measurement used in proportion to the sample spacing and the size of the area 

being measured has been found to be very important in determining the spatial variability. 

Geostatistical methods were used to determine the optimum sampling procedure 

at R-5 watershed, based on SO initial steady-state infiltration measurements made along a 
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transect at 5-m intervals (Loague and Gander, 1990). A total of 157 measurements were 

taken across the watershed using a 25-m grid spacing based on the range suggested from 

the semivariogram of the initial transect. A final transect of 40 steady-state 

measurements was made at 2-m intervals. They found that the range of spatial 

persistence for infiltration on the R-5 catchment was very small and that the 25-m grid 

was not sufficient to map the infiltration variability. The scale of spatial correlation 

between measurements was found to be less than 20-m. 

Achouri and Gifford (1984) and Merzougi and Gifford (1987) used a 2-m interval 

sampling grid on grazed and ungrazed sites in Utah. Each study used a double ring 

infiltrometer to measure 70 and 104 locations at each site, respectively. The results from 

both studies suggest that the infiltration rates are randomly distributed for the sample 

interval of 2 m. In each case kriging could not be used to interpolate between 

measurements as no variance structure was found to exist. 

Grah et al. (1983) investigated the distribution of infiltration relative to slope 

position and overland flow paths on a small watershed on the Wasatch plateau in central 

Utah. Infiltration rates were measured at 5 minute intervals using double ring 

infiUrometers. The infiltration rate was highly correlated with both vegetation cover and 

soil bulk density for all sampling times. A significant relationship was found between 55 

min. infiltration rates and overland flow distance. The range of spatial correlation 

increased with an increase in infiltration time from 3.4 m at the 1 min. interval to 17.4 m 

at the 55 min. interval along the flow path. This suggests that the spatial correlation of 

infiltration rate varies with time during the infiltration process, becoming more 
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homogeneous over time as the effect of the suction term in early infiltration decreases 

with the increasing soil moisture. 

Aboulabbes (1984) compared the semi-variograms from two different transects on 

the same watershed in Morocco. Steady state in^ltration measurements were made with 

double ring infiltrometers at 1 m intervals along both transects. The two transects had 

significantly different space dependence structure, indicating that neither one could be 

used to represent the spatial variability of infiltration across the watershed. A Gaussian 

model, used for one of the transects, showed a spatial correlation distance of 18 m. The 

other transect could only be fit with a linear model using 25 m of the transect. In general, 

all the semi-variograms indicated a large nugget effect and a spatial correlation structure 

over a very short distance. 

Other Infiltrometer Methods 

Disk permeameters and tension infiltrometers (White et al., 1992; EIrick and 

Reynolds, 1992) are variations of the cylinder infiltrometer method. The infiltration rate 

into the soil surface can be measured under ponded (disk permeameter) or unponded 

(tension infiltrometer) conditions. Whitaker (1993) measured infiltration at 10 m 

intervals along a 300 m transect on the Walnut Gulch Experimental Watershed in 

southeast Arizona using both a disk permeameter and a tension infiltrometer. 

Measurements, with both the disk permeameter and the tension infiltrometer, were made 

at each site approximately 20 cm apart within a S-day period. The disk permeameter was 

used with a positive hydraulic head of O.S cm and the tension infiltrometer was set at a 
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hydraulic head of -5 cm. An average infiltration rate of 266 mm/h with a standard 

deviation of 231 and a CV of 87 % was found for the 30 sites using the disk 

permeameter. The average infiltration rate using the tension infiltrometer and a -S cm. 

head was 53.8 mm/h with a standard deviation of 22 and a CV of 42 %. The CV for 

infiltration was much lower with the tension infiltrometer than the disk permeameter, 

though the average initial moisture contents were similar. The average infiltration rate 

measured with the tension infiltrometer is comparable with infiltration rates determined 

using WEPP (Water Erosion Prediction Project, USD A, 1995) rainfall simulator plots on 

the same watershed. The infiltration rates from the rainfall simulator varied from 49 to 

57 mm/h for the dry, wet, and very wet runs, with an average of 53.2 mm/h. 

Rainfall Simulators 

Infiltration measurements on rangelands using rainfall simulators usually measure 

the infiltration rate indirectly. The steady state infiltration rate is often calculated as the 

difference between rainfall application rate and the equilibrium runoff rate. The initial 

infiltration rate is assumed to equal the application rate until runoff commences. The 

rainfall simulator plots have varied in size from 1 m^ to over a hectare (Meyer, 1994). 

Small simulators are often used as ponded infiltrometers, taking measurements at several 

locations across an area to determine the spatial variability of infiltration. Studies using 

large simulators, such as the rotating boom simulator used in the WEPP studies, often 
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measure the variability of the cover characteristics within plots and relate it to the 

calculated infiltration rates. 

Small Simulators 

Aboulabbes (1984), and Merzougi and Gifford (1987) compared infiltration 

measurements from ponded infiltrometer rings with those from a modular rainfall 

simulator plots under both wet and dry conditions. Both methods exhibited large 

variability in infiltration rates across the watershed. Infiltration rates were found to be 

exponentially distributed in most cases. As expected, a significant difference was also 

found between the two methods. The ponded ring infiltration rates were much higher 

than the modular simulator except at very low application rates. The infiltration rates 

from the double-ring infiltrometers were significantly affected by initial moisture 

conditions. The results of the autocorrelation and semi-variogram analyses conducted 

were similar to the results found by Achouri and Gifford (1984). Merzougi and Gifford 

(1987) found that the infiltration measurements were not spatially correlated, i.e. there 

was a complete lack of variance structure and the measurements were all independent. 

Only 18-36% of the variance could be explained by cover characteristics. A significant 

difference was found however, between grazed and ungrazed sites and between rainfall 

simulator and double ring infiltrometer measurements. The infiltration rates measured 

with the double ring infiltrometer were 2 to 3 times higher than the rates determined by 
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the rainfall simulator. These results are similar to the flndings of Aboulabbes et al. 

(1985). 

Springer and Gifford (1980) found the distribution of measured infiltration rates 

for a site in south western Idaho could be described by either a normal or a log-normal 

distribution. Data reported by Gifford and Busby (1974) were used to describe the spatial 

distributions of infiltration. A sprinkler infiltrometer was used to measure infiltration 

rates in twenty four 0.23 m^ plots over a five year period on thirteen dates. The sprinkler 

infiltrometer was run for a 25 min. period at an intensity of 76 mm/h. The average 

infiltration rate varied from 56 mm/h to 28 mm/h, while the CV varied from 0.68 to 0,34 

over the 5 year period. The results were similar to those predicted by Rao ct al. (1979). 

The Green and Ampt (1911) infiltration equation, or some modification of it 

(Mein and Larson, 1973; Chu, 1978), is often used to determine infiltration parameters 

from rainfall runoff field studies in spatially varied rangelands (USDA, 1995; Stone et al., 

1992; Kidwell et al., 1997). Devaurs and Gifford (1986) used the Green and Ampt 

infiltration equation with parameters determined from field data and soil textural 

properties to characterize infiltration on spatially varying rangelands. Using a least 

squares method to fit the field data, they found limitations in the ability of the Green and 

Ampt equation to describe the observed variable infiltration patterns on rangelands. 

When using Green and Ampt parameters predicted from soil texture data, the method was 

most appropriate for disturbed sites with infiltration rates less than 30 mm/h. 

Simulated rainfall was also used to compare infiltration rates and erosion at 28 

study sites in 5 different watersheds in the Great Basin area of Nevada (Blackburn, 1975). 
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Infiltration rates were positively correlated with slope and negatively correlated with soil 

moisture. Percentage of large diameter (>2 in. ) rock cover was poorly correlated with 

infiltration; whereas the percent small diameter rock cover was positively correlated with 

infiltration. Percent bare ground was strongly correlated with infiltration rates. Poesen et 

al. (1990) found soil surface rock cover increases the infiltration rate into the soil, and the 

effect of the rock cover on the infiltration rate is proportional to the percent cover. 

Large Simulators 

The rainfall application rate is an important factor to consider when using rainfall 

simulators to determine the spatial variability of infiltration at both the point and plot 

scales (Aboulabbes et al., 1985; Hawkins, 1982). A comparison between point and plot 

scale measurements using rainfall simulators found that the point measurements were 

unable to describe the infiltration at the plot scale at low rainfall intensities (Cundy, 

1982). The ability of the point measurements to describe the infiltration processes at the 

plot scale improved at higher rainfall intensities. Dunne et al. (1991) found that 

infiltration rate varied with flow depth, and that rainfall intensity had a strong effect on 

the apparent infiltration rate at the hillslope scale. Rainfall intensity influenced flow 

depth along the slope and therefore had a secondary effect on the spatial pattern of 

infiltration. The apparent infiltration was also found to be affected by the 

microtopography, as well as the hillslope length and gradient. At high rainfall intensities 

the onset of runoff is more likely to be determined by the rainfall intensity. 
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2.3 Vegetation and Cover Characteristics 

Vegetation has been found to be one of the primary factors influencing infiltration 

on rangelands (Lane et al., 1987; Blackburn et al., 1992). Gifford and Busby (1974), 

however, found measuring the cover characteristics did not improve the potential to 

predict the hydrologic response of a big sage brush site which had been highly modified. 

Dunne et al. (1991) found empirical studies in the literature to be confusing as to how 

vegetation affects infiltration processes on rangelands. Of the many factors controlling 

infiltration on rangelands, the role of desert and range vegetation and desert or erosion 

pavement are not well understood or quantified (Lane et al., 1987). Percent vegetation 

cover was found to be consistently positively correlated with final infiltration rates 

(Aboulabbes, 1984). Stepwise multiple regression analysis, however, was not successful 

in predicting the infiltration rates from other measured watershed and soil properties 

including vegetation. 

Lane et al. (1987) used a rotating boom rainfall simulator to measure infiltration 

and evaluate the effects of cover characteristics on infiltration. They found final 

infiltration rates decreased as the vegetative canopy cover and rock and gravel cover 

decreased. Tromble et al. (1974) found that the soil- vegetation complex and antecedent 

moisture had a significant effect on infiltration rates. Tisdall (1951) found antecedent soil 

moisture had a significant effect on infiltration rate. Bolton et al. (1990) found vegetation 

had a slight, but significant, effect on infiltration rates. Busby and Gifford (1981) and 
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Simanton et al. (1991) found that removing canopy cover had little direct effect on 

infiltration and runoff processes. 

Discussion 

The spatial variability of rangeland soils and soil hydraulic properties is well 

recognized, however, the methods to measure and characterize the spatial variability are 

limited. Current methods used to measure infiltration are limited in their ability to 

measure the process in the Held under natural conditions and to quantify the spatial 

variability. Studies that have used point measurements across a watershed have often 

found large variations in final infiltration rates and large CVs. These measurements are 

not realistic in measuring the infiltration process during a rainfall event, or in quantifying 

the interactions between soil, cover, topography, and rainfall intensity. Larger scale 

measurements made with rainfall simulators, often measure variability within a plot 

(vegetation and cover, slope, micro-relief, etc.), but then relate this variability to a lumped 

infiltration rate for the entire plot which was determined indirectly. 

Classical statistical methods measure changes over distance and determine the 

number of samples necessary to characterize an area based on the frequency distribution 

of the observations, but provide no information about the variability of the observations 

with respect to the position or coordinates of the area (i.e., spatially) (Vieira et al., 1981). 

Rogowski (1972) proposed a variability criteria to indicate the size and type of an area 

that is sufficiently uniform to be represented by a single soil property or characteristic 
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such as infiltration. Geostatistical techniques, autocorrelograms and semi-variograms 

have recently been used to determine the range of correlation of infiltration values in 

space. As discussed earlier, the spatial correlation of infiltration on rangelands has been 

found to be very small, often less than 2 m, using current geostatistical methods (Loague 

and Gander, 1990). Grah et al. (1983) found spatial correlation distance increases with 

longer infiltration periods and when evaluated along flow paths. The ability of the 

autocorrelogram to compute the spatial variability of infiltration is dependent on the 

length of the transect measured (Peck, 1983). Vieira et al. (1981) suggested measuring 

infiltration rates at the finest grid possible with enough samples to detect the spatial 

structure before determining the appropriate variogram model. They also emphasized 

that the semi-variogram (not the autocorrelogram) should be used to determine sampling 

distance because it represents the average for all directions. 

The measurement scale has been found to have a direct impact on the resulting 

variability of the infiltration measurements. Sisson and Wierenga (1981) and Baily 

(199S) found that the infiltration rate increased and variance decreased with an increase in 

measurement area. Jury (1985) conducted a critical review of the studies of the spatial 

variability of soil physical parameters in solute migration. Five studies were evaluated 

where scaling theory was used to interpret the variability of measured parameter values at 

different sample sites. The scaling factors inferred from the measurements of soil 

parameters depended critically on the method of measurement. A significant correlation 

was found between the correlation length of a parameter and the sample size spacing used 

to develop the variogram, indicating that the correlation length parameters depend on the 
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sample grid spacing used to obtain the variogram or correlogram. This implies that 

neither scaling factors nor correlation length parameters are measurable field properties 

using current methodologies (Jury, 1985), and that sampling and measurement methods to 

determine the spatial variability of soil parameters controlling transport needs further 

study. Russo and Jury (1987) analyzed the effects of grid size on the ability to estimate 

correlation scale. Reasonable correlation estimates were found when the sampling 

distance was smaller than the scale of the underlying process being measured. 

2.4. Modeling Infiltration and Model Complexity 

In this study, hydrologic simulation models will be used in conjunction with field 

measurements. The objective is to determine the variability of the infiltration capacity at 

the plot scale and level of model complexity (discretization) that is needed to accurately 

model the infiltration and runoff processes at that scale. This section reviews the 

methods that are commonly used to model different levels of complexity in hydrologic 

simulation models. 

Bloschl and Sivapalan (1995) presented definitions of heterogeneity and variability as 

they apply to hydrology. They defined heterogeneity as being a media property that varies 

in space while "variability" is used to describe fluxes or state variables, which change 

over time. Complexity is defined as the interaction between interconnected parts. In the 

context of hydrology, complexity is determined by the characteristics of the landscape 
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(e.g., cover, soils, and slope) and their relative location and interaction along a plane or 

hillslope. As complexity is dependent on the relative location and interaction between 

hillslope characteristics, the complexity increases as the variability and heterogeneity of 

the system increases. 

In modeling the hydrologic and erosion processes, different characteristics are 

important at different scales. The hydrologic response of an area is influenced 

significantly by the characteristics and areal extent of the soil variability (Sharma et al., 

1983). This is especially true at the local (~1 m), hillslope (~100 m) and watershed (~10 

km) scales. At the regional scale (~1000km) geology will often become the dominant 

characteristic. 

Hydrologic studies at the watershed scale often evaluate geometric complexity in 

terms of geometric simplification (Lane and Woolhiser, 1977; Goodrich, 1990; Stone, 

1990). Using geometric simplification a complex watershed is often represented by a less 

complex configuration. A watershed is often discretized into planes for overland flow 

and channels for concentrated flow. The number of overland flow planes and channels 

used to represent a watershed depends on many factors, including the size and complexity 

of the watershed, the simulation model being used, and amount of information available 

to parameterize the model. However, it has been shown that increasing the complexity of 

the geometry at the watershed scale does not necessarily result in an increase in the 

accuracy of the model (Lane and Woolhiser, 1977), indicating there is a threshold at 

which the model complexity is optimal that is scale and complexity dependent. 
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Data from rainfall simulator plots are often used in rainfall - runoff modeling 

studies (Lusby and Lichty, 1983; Simanton et al., 1991). Rainfall simulator plots are 

often modeled as a single overland plane. However, as has often been shown (Stone and 

Paige, 1996), this can lead to inaccuracies in model results because the entire plot may 

not be contributing to the observed runoff. These inaccuracies often result in over 

predictions of peak runoff and erosion potentials. A method that has been used to 

represent the variability of infiltration capacities within an overland flow plane is to 

model the plane using equal area parallel strips down the length of the plot. The variably 

of infiltration is then distributed across the strips using a log-normal distribution of the 

hydraulic conductivity, Ks (Woolhhiser and Goodrich, 1988; Goodrich, 1990). This 

approach accounts for the variability of the infiltration across the plot due to the 

heterogenous properties of the soil assuming a log-normal distribution. However, it does 

not acount for variability due to the spatial distribution of the cover characteristics and 

changes in microtopography, nor does it account for the effects of run-on runoff due to 

the locations of areas of higher and lower infiltration capacity along the flow plane. 

Other methods of modeling the distribution of the variability of infiltration across the 

rainfall simulator plot will be investigated in this study. This will include incorporating 

the plot characteristics into the discretizations of the overland flow planes. 
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CHAPTERS 

METHODS AND MATERIALS 

3.1. Location and Site Description 

The field research for this study was conducted at the USDA - ARS Walnut Gulch 

Experimental Watershed located in southeast Arizona (31° 4374, 110° 41^) (Figure 

3.1). Walnut Gulch is operated by the USDA- ARS Southwest Watershed Research 

Center in Tucson. The 152 km^ watershed, located within the San Pedro River Valley, is 

a semi-arid brush - grassland complex in the transition zone between the Sonoran and 

Chihuahuan deserts (Renard et al., 1993). The climate is semiarid steppe and the 

precipitation is extremely variable with two distinct rainy seasons, winter and sununer. 

Winter storms are characterized by low intensity frontal storms with a relatively large 

areal extent. Over two-thirds of the annual precipitation (approx. 300 mm) occurs in the 

summer. The summer precipitation is characterized by high intensity convective 

thunderstorms of limited areal extent and short duration (high spatial variability). Runoff 

and erosion on the Walnut Gulch Experimental Watershed result almost exclusively from 

the summer convective thunderstorms (Osbom, 1982; Renard et al., 1993). 

Walnut Gulch Experimental Watershed is highly instrumented with a nested 

watershed structure. Within the Walnut Gulch Watershed are two intensive study areas. 

Lucky Hills that is in the brush-dominated area of the watershed, and the Kendall area 
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that is in the grassland section. The field portion of this study was conducted within the 

Kendall study area. The sub-watershed will be described in greater detail in Chapter 5. 

The laboratory portion of the research was conducted at the USDA-ARS Southwest 

Watershed Research field office located in Tombstone. 

3.2. Soil Box Configuration 

The soil box lysimeter used in this study was designed specifically for the 

variable intensity rainfall. The lysimeter is 2 m wide, 6.09 m in length, and 0.6 m high 

and divided lengthwise down the center of the plot to create 2 distinct overland flow 

pathways (1 m by 6.09 m). Each of the overland flow paths was divided into two planes 

packed with two distinct soils (Fig. 3.2). The soils selected for this study were the 

Bernardino soil and a manufactured soil, half Bernardino and half river sand (mixed 

Soil). These soils were used because their hydrologic responses are distinct. The 

Bernardino soil has a much lower hydraulic conductivity than the manufactured soil. 
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. 3.2. Schematic diagram of the soil box experiment layout and design. 
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3.2.1. Construction 

The in ground lysimeter was constructed at a 7% slope along the length of the 

plot. The ground was sloped and leveled using a front-end loader. The base of the 

lysimeter at the upper end of the plot is at ground level and the base at the lower end of 

the plot is approximately 30 cm below grade. At the lower end of the plot, a trench was 

dug to drain the infiltrating water from the lower end of the plot. The soil box was 

constructed using 12-gauge steel sheets (0.6 m by 3.03 m) welded together and supported 

by steel channel iron (S.08 cm by 7.62 cm by 0.64 cm). A divider, also constructed from 

12-gauge steel, was installed length wise down the center of the box and welded in place. 

The divider was installed so that it is 4 cm higher than the frame of the box. This was 

done to create two distinct overland flow paths. Plot borders were installed around the 

outside of the plot during rainfall simulations. 

To ensure adequate drainage at the lower end of the plot, a drain was constructed. 

A trench was dug across the toe of the plot with a lateral slope of approximately 10%. 

The trench is 3 m in length and grades into a cistern (50-cm diameter) 1 m to the left of 

the plot. The cistern was partially filled with gravel and can be pumped if the water level 

at the toe of the plot starts rising. The depth of the trench varies from 30 cm at the right 

hand side of the plot to 60 cm at the cistern. The trench was filled with coarse gravel 

(2.54 cm) and then covered with the in situ soil to bring it back to grade. 

The soil box was packed by hand in 5 cm lifts to a bulk density of 1.47 g/cm^. 

Each plane (quarter of the box) was packed separately. The soil was put into the box 
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using 37.8 liter buckets. The average weight of the soil in each bucket had been 

determined by filling three buckets with each of the soils and weighing them. The 

average weight of the three samples was used to calculate how many buckets of soil 

would be needed for each 5 cm lift to achieve the desired bulk density for each of the 

soils. The soil was placed in each quarter of the box, smoothed, and then packed by hand 

with a 20-cm diameter tamper. The height of the lift was checked and additional leveling 

and packing of the soil layer was done if needed. The calculations are presented in Table 

3.1. 

Table 3.1. Calculations of soil needed to pack soil box lysimeter. 
Bernardino Soil Mixed Soil 

Volume of each lift 0.15 m^ 0.15 m^ 

Weight of soil (lift) 228 kg 228 kg 

Average wt. Soil bucket 19.5 kg (CV = 5.6%) 20.45 kg (CV = 3.3%) 

Number of buckets/lift 11.7 11.2 

Desired bulk density 1.47 g/cm^ 1.47 g/cm^ 

3.2.2. Soils 

The two soils selected for the study were a gravelly fine sandy loam (Bernardino 

soil) and a gravelly sand which was mixed with the Bernardino soil (Mixed soil). Both of 
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the soils were screened using a 2 mm screen to remove the majority of the larger coarse 

fragments before being packed in the soil box. For the laboratory analysis, the soils were 

run through a U.S. Standard sieve #4,4.760 mm opening. 

Preliminary soil analysis 

It was important that the hydrologic response of the soils be significantly different 

in order to differentiate the hydrographs. To ensure that the hydraulic response of the 

two soils would be different, the saturated hydraulic conductivity of each soil was 

measured using a constant head permeameter following the procedure as outlined in 

Methods of Soil Analysis (Klute and Dirksen, 1986). The soils were air dried and packed 

in the permeameters at a bulk density of 1.47 g/cm^. The soils were saturated from the 

bottom. To alleviate air entrapment the soils were allowed to saturate for a minimum of 

48 hours. The saturated hydraulic conductivities were measured using a positive head of 

17 cm and 24 cm for the mixed Soil and the Bernardino soil, respectively. The resulting 

saturated hydraulic conductivities were 249.57 mm/h for the mixed Soil and 66.21 mm/h 

for the Bernardino soil. 

Preliminary modeling 

To determine if the difference in saturated hydraulic conductivities was significant 

enough to distinguish between the hydrologic responses of the soils, a preliminary 

evaluation was conducted using KINEMAT (Woolhiser et al., 1990). The soil box was 

modeled using a two-plane configuration (see Scction 3.5 for more details on 



54 

parameterizing the model) for each side of the soil box (Fig. 3.2) and variable rainfall 

intensities between 40 and 140 nun/h. 

The saturated hydraulic conductivity value of a soil that is measured in a 

permeameter is not the same as the effective hydraulic conductivity that determines the 

infiltration and runoff processes during rainfall events. The effective hydraulic 

conductivity is usually lower due to several factors such as air entrapment and uneven 

distribution of water on the soil surface (Payer and Hillel, 1986; Bond and Collis -

George, 1981). Therefore, the model was parameterized using an effective hydraulic 

conductivity term equal to 50 percent of the measured saturated hydraulic conductivity. 

The results showed differences in the runoff response from the two individual soils as 

well as two plots. The differences in the runoff response between the two plots decreased 

with increases in rainfall intensity. 

Soil moisture 

The soil box was instrumented with soil moisture probes to measure the changes 

in soil moisture content during the rainfall simulator and tension infiltrometer 

measurements. The soil box was instrumented with sixteen CS615 Water Content 

Reflectometer probes (Campbell Scientific, Inc.) to measure changes in soil moisture 

content during the rainfall simulator experiment. The probes measure the volumetric 

moisture content of porous media using time-domain measurement methods. The 

measured dialectic conductivity of the porous media is converted to volumetric moisture 

content. In this case, individual calibration curves were developed for the two soils. 
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Four CS615 probes were installed in each soil plane in a regular grid design (Fig. 

3.2). Because the CS615 probes return an average response for the entire length of the 

probes, 30 cm, the probes were installed at a 30° angle. This meant that the average 

depth that was measured was at about 7.5 cm. Soil moisture calibrations were developed 

for the CS615 probes for each of the soils. The CS615 probes were multiplexed and 

connected to a CRIO data logger (Campbell ScientiHc, Inc.). Soil moisture readings were 

recorded every 30 seconds at the sixteen locations on the plot during the rainfall 

simulations. The relevant individual probes were monitored during the tension 

infiltrometer infiltration measurements. 

Bulk density 

The bulk density of the soils in the soil box was measured both before and after 

the infiltration measurements. Bulk density was measured for two reasons. First, the 

initial measurements were made to verify the uniformity of the soil box packing and to 

ensure that the bulk density was appropriate for the study. Second, measurements were 

made before and after to quantify changes in the plots due to the rainfall simulations. 

The measurements were made using a 4.76 cm diameter soil corer (Forestry Suppliers, 

Inc.). 

To verify the bulk density and the uniform packing of the soil box, the initial 

measurements were made on the two lower soil planes. Sites 2 and 4. The two soil 

planes were pre-soaked with water to improve the ability to extract the cores. Cores were 

taken in a regular grid sampling design at 0 -5.08 cm and 5.08 -10.16 cm depths. Twenty 
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core samples were taken at each depth within each site. Each core was 5.08 cm in depth 

with a volume of 90.5 cm^. The average measured bulk density for the Mixed soil was 

1.59 g/cm^ and 1.61 g/cm^ for the upper and lower sampling depths, respectively. The 

coefficient of variation (CV) for each of the sampled depths was 4.8% (upper) and 4.7 % 

(lower). The average bulk density for the Bernardino soil was lower, 1.51 g/cm^ for the 

upper layer and 1.50 g/cm^ for the lower layer. The CVs were slightly higher, 7.1% for 

the upper layer and 6.8% for the lower layer. The increase in the measured bulk density 

as compared to the "packed" bulk density is most likely due to the pre-soaking of the 

soils. 

3.3 Rainfall Simulator 

This section describes methods and procedures used to measure the infiltration 

rate using the rainfall simulator. It first presents a general description of the simulator 

and how it was used. It includes a discussion of the methods of determining the 

infiltration rate and discusses briefly how the hydraulic properties of soils were 

determined from the infiltration rates. The specifics of the experimental procedures used 

for the soil box and the field plots and the methods used to determine the hydraulic 

conductivity function from the measurements are presented in Chapter 4. 

A variable intensity computer controlled rainfall simulator was used to conduct 

the rainfall simulator experiments in this study. The simulator has a central oscillating 
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ix>om six meters long with four V-Jet 80-100 nozzles and can apply intensities between 

50 and 200 mm/h over a 2m by 6.1m plot (Fig. 3.3). The computer control allows the 

user to change the applied intensity without stopping the simulator. The distribution of 

the applied rainfall across a 2 m by 6 m area has a measured coefficient of variability 

(CV) of less than 10%. The simulator was recently developed and tested by the USDA-

ARS Southwest Watershed Research Center. For additional information on the simulator 

see Appendix A (Variable Intensity Rainfall Simulator Instruction Manual.) The rainfall 

simulations conducted in this research constitute the field-testing of the simulator. 

The experimental procedure consisted of using the rainfall simulator to rain on the 

soil box and field plots at a series of rainfall intensities from 50.8 mm/h (2 in/h) to 177.8 

mm/h (7 in/h) at 25.4 mm/h (1 in/h) increments. Runoff was measured at the lower end 

of each plot using ISCO 4230 Flow meters. The flow depths were recorded every one to 

two minutes after runoff started. The simulator was run at an initial intensity of 50.08 

mm/h until steady state was obtained for a minimum of 5 minutes. The intensity was 

then increased by 25.4 mm/h to 75.48 mm/h and maintained at that until steady state flow 

was reached and maintained for a minimum of 5 minutes. This same process was 

followed for all of the intensities. 

To measure runoff at the end of the plot, a trough and flume were installed at the 

down slope end of each half of the soil box. The 0.5 ft V-notch flumes had been 

calibrated to convert measured flow depth to runoff rate. Flow depth was measured in 

each flume using an ISCO 4200 Flow depth gauge. The measured flow depths from each 

of the flumes were converted into flow rates using the respective flume calibrations and 
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the contributing area (Simanton et al., 1991). Because the bubble gages have a 

measurement resolution of +/- 0.0914 cm (0.003 ft.), the hydrographs were smoothed 

using the average flow depth at steady state for each intensity to eliminate the "noise" of 

the bubble gage. The infiltration rate was determined indirectly by subtracting the 

measured runoff rate from the applied rainfall intensity. 

Fig. 3.3. Picture of the variable intensity rainfall simulator during a simulator run on the 
soil box lysimeter. 
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3.4. Tension Infiltrometer 

This section describes methods and procedures used to measure the infiltration 

rate using a tension infiltrometer. It first presents a general description of the instrument, 

the theory and how it works. It includes a discussion of the methods of determining the 

hydraulic properties of soils from the infiltration measurements. A description of the two 

methods used to determine the hydraulic properties of the soils is presented. The 

specifics of the experimental procedures used for the soil box and the field plots are 

presented in Chapters 4 and 5, respectively. 

A tension infiltrometer (CSIRO, 1988) was used to determine the hydraulic 

properties of the soil, infiltration rates, and simulation model parameters on the soil box 

and within the rainfall simulator plots in the field. The tension infiltrometer used in this 

study consists of a water supply tube and an inverse mariotte device attached to a porous 

membrane plate. The negative supply head is set by adjusting the water level in the 

mariotte device (Figure 3.4). Water is applied to the soil surface under constant water 

potential. The rate of change of water volume in the supply tube is measured to 

determine the infiltration rate. 

Tension infiltrometers are primarily used to characterize and quantify the surface 

soil structure and hydraulic properties by measuring the infiltration rate at different 

negative supply heads, 4'(L). The hydraulic properties which can be determined from the 

infiltration measurements include the sorptivity, S (L/I^'^), from early time 

measurements; the hydraulic conductivity, K(\|r) (L/T); and the macroscopic capillary 
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length, Xc (L). Tension infiltrometers are also used to determine the range of soil pore 

sizes that are conducting water (Elrick and Reynolds, 1992). 

The selection of these supply heads was made to try to match the corresponding 

infiltration rates that would be measured at different rainfall intensities. As this 

relationship between rainfall intensity and negative potential is as of yet unknown, the 

goal was to obtain a large enough range of infiltration rates from the tension infiltrometer 

as was deemed reasonable. 

Fig. 3.4. Tension infiltrometer used to measure point scale infiltration rates at negative 
pressure potentials. The negative supply head was set by adjusting the water level in the 
small mariotte device mounted above the pressure plate. 



61 

3.4.1. Measurements 

The steady state infiltration rate was determined for each of the three negative 

measurement potentials following the method as described in the instruction manual 

(CSIRO, 1988) and described by White and Perroux (1987). The selected negative 

measurement potentials, 3, 5 and 10 cm correspond to 0.05,0.03, and O.OIS cm pore sizes 

respectively. Initial and final soil moisture contents were determined from gravimetric 

samples. Soil moisture was also measured using the CS615 soil moisture probes on the 

soil box. The sorptivity, S, was determined from the early time measurements as the 

slope of the curve defined by the cumulative infiltration rate as a function of the square 

root of time. 

3.4.2. Methods for determining the hydraulic conductivity 

Several methods have been developed to determine the hydraulic conductivity 

from tension infiltrometer measurements (White and Perroux, 1987; Reynolds and EIrick, 

1991; White et al., 1992; Hussen and Warrick, 1993; Ankeny et al., 1991). Two different 

methods were used to calculate the hydraulic conductivity from the infiltration rates 

measured using the tension infiltrometer. The first method uses a single steady state 

infiltration measurement, the change in soil moisture, and the sorptivity, the initial 

movement of water into the soil, to calculate the hydraulic conductivity. The second 
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method uses the measured steady state infiltration rates from two different measurement 

potentials on the same site to determine the hydraulic conductivity. 

Method One: 

For the tension infiltrometer, one of the more common equations used to calculate 

the hydraulic conductivity of the soil at a measurement potential (HO was developed from 

Wooding (1968) and is given as: 

4bS^ 
K(M') = f — 3.1 

nib(0o-e„) 

where f is the steady state infiltration rate (L/T), S is the sorptivity (L/T®^), ro is the 

radius of the measurement area (L), 6o and On are the volumetric moisture content at the 

measurement potential and initial potential, respectively, and b is approximately 0.55. 

The resulting K(HO is the hydraulic conductivity at the measurement potential. 

Method Two: 

The second method used to calculate the hydraulic conductivity from tension 

infiltrometer infiltration measurements was presented in Reynolds and Elrick (1991). 

The hydraulic conductivity, K(40, is determined from two or more measurements (Qi, 

Qa. Q3>- -) made at different supply heads (\|f|, \|/2, - ) at the same location using the 

following variation of the conductivity-pressure head relationship, K(HO. developed by 

Gardner (1958) 

K(4') = Kfse^"'''^ 3.2 
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where Kfs is the field saturated hydraulic conductivity, Q is the steady state flow rate 

(L^/T), and a is the soil texture/structure parameter (L"'). For the variation, 

K(M') = Kx.ye^""y'^^ 3.3 

x = 1,2,3,...; andy = x + l 

where Kx,y and a^.y represent average values of K and a, respectively. In this case, 

- '"(Qx^Qy) 
"x,y—7 Y 3.4 

[ V x - V y J  

and 

17 _ Clx.y Qx , , IVx.y — = 5" 
a (1 + Gd ax,y n r) (Q^ / Qy )' 

where P = Vi/(Vi-V2)» r = disk radius (L), and Gd is a dimensionless shape factor 

assumed to equal 0.2S. Using the steps as outlined in Reynolds and Elrick (1991), K(\|r) 

was calculated using Eq. 3.3 for each measurement head (T) and for the average 

measurement head \if_ „. 

3.5. Simulation Models 

Hydrologic simulation models were used as research tools interactively with the 

rainfall simulator experiments. They were used as a tool to determine the effective 

hydraulic conductivity term (Kc) for the soils using the data from the rainfall simulator 
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experiments. The models were also used to evaluate different discretizations used to 

configure the rainfall simulator plots. Two hydrologic simulation models were used to 

model infiltration and runoff processes in this study. The models compute infiltration 

using the Green-Ampt Mein-Larson (GAML) (Mein and Larson, 1973) equation and the 

runoff hydrograph using the kinematic cascade model; however, they differ in their range 

of application. The Infiltration and Runoff Simulation (IRS) Model (Stone et al., 1989) 

simulates infiltration and runoff processes on a single plane. KINEMAT (Woolhiser et 

al., 1990), a research version of KINEROS2 (Smith et al., 1995), is able to simulate 

infiltration and runoff processes on a cascade of planes and channels. Full descriptions of 

the simulation models, their similarities, differences and application are described below. 

Infiltration and Runoff Simulation (IRS) Model 

The Infiltration and Runoff Simulation model (IRS) was developed as part of the 

UDSA Water Erosion Prediction Project (WEPP). The model is used to simulate 

infiltration and runoff processes on a single plane. Infiltration is calculated using a 

solution of the Green-Ampt Mein-Larson (GAML) infiltration equation for unsteady 

rainfall presented by Chu (1978). Runoff is calculated using a semi-analytical solution of 

the kinematic wave equation. Full descriptions of the model are presented in Stone et al. 

(1989) and Stone et al. (1992). 

The form of the GAML equation used in IRS to determine the cumulative 

infiltration depth is 

Ket =F-NSIn(H-—) 3.6 
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where = effective hydraulic conductivity (mm/h) 

t = time (h) 

F = cumulative infiltration (mm) 

NS = effective potential (mm) 

and where NS is defined as 

NS = (1 - Se) ne 3.7 

and Se = relative effective saturation (mm/mm) 

ne = effective porosity (mm/mm) 

^ = average matric potential across the wetting front (mm) 

The equation for the infiltration rate, f, is given as 

NS 
f=K-(l+—) 3.8 

® F 

IRS computes infiltration under two distinct conditions, before and after surface 

ponding has occurred. Before ponding, the infiltration rate is equal to the rainfall rate 

and the cumulative infiltration depth is equal to the cumulative rainfall. After time to 

ponding, a Newton - Raphson iterative solution is used to solve equation 3.6 for 

cumulative infiltration. The average infiltration rate for a time interval is determined 

using 

f 3.9 
ti-ti-1 

where i is the current time. 

The time to ponding, tp is calculated using the following 
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^P~ 
KeNS 

r-Ke V ® 
-R + V 

1 
-+t 
r 

3.10 

where V is the cumulative rainfall excess (mm), R is the cumulative rainfall (mm), and r 

is the rainfall rate (mm/h). IRS is able to simulate more than one time to ponding during 

a simulated event. 

Runoff is modeled using the kinematic wave equations for flow on a plane. The 

kinematic wave equations are the continuity equation: 

dh dq H—^ = V 
dt dx 

3.11 

and the depth-discharge relationship 

q=ah'" 3.12 

where 

h = depth of flow (L) 

t = time (T) 

q = discharge per unit width (L^') 

x = distance along plane (L) 

V = rainfall excess rate (L/T) 

a = depth discharge coefficient 

m = depth discharge exponent 
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For the depth discharge relationship either the Chezy or Manning relationships can be 

used. If Chezy is used, m = 3/2 and a = C where C is the Chezy coefficient (L°^/T) 

and S is the slope of the plane (L/L). For Manning, m = 5/3 and a = 1/n where n is 

the Manning coefficient (T/L®^). The initial and boundary conditions are: 

h(x,0) = h(0,t)=0 3.13 

In IRS, the runoff equations 3.11, 3.12, and 3.13 are solved using the method of 

characteristics (Stone et al., 1992) to simulate runoff on a single plane. 

KINEMAT 

KINEMAT, the research version of KINEROS2 (Smith et al., 1995), is able to 

simulate infiltration and runoff processes on a cascade of planes and channels. 

KINEMAT was used in this study instead of KINEROS2, because the GAML infiltration 

model was used instead of the Smith - Parlange infiltration model. This ensures that both 

models are computing the infiltration process using the same equations and parameters, 

so the results can be directly compared. 

Similar to IRS, KINEROS and KINEMAT use the kinematic wave equations 

(eqs. 3.11, 3.12, and 3.13) to model the runoff process on hillslopes. However, in this 

case the kinematic wave equations are solved numerically using a finite difference 

method. Also, if more than one plane is being modeled, the upper boundary condition of 

the planes with another surface contributing flow is: 

1 

h(0,t)= a„h„(L,t)'"" W„ 
aW 

m 3.14 
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where the subscript (u ) indicates flow from the upstream element. This allows the user 

to discietize a hillslope into separate overland flow elements or planes with different 

properties. The infiltration and runoff processes across the entire hillslope can be 

modeled accounting for differences in hydraulic response within the hillslope and 

allowing interaction between the overland flow planes, e.g., run-on - runoff. 
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CHAPTER 4 

SOIL BOX RESULTS 

This chapter presents the results from the infiltration measurements and the 

computer simulation analysis conducted on the soil box. Results from the rainfall 

simulator experiments and tension infiltrometer measurements are presented in the first 

two sections of the chapter. A more detailed description of the methods and procedures 

that were used as well as results from the bulk density measurements are also presented. 

The next section presents the results from the simulation modeling of the plot response on 

the soil box for the rainfall simulator experiments. Different methods of determining the 

hydraulic conductivity parameters to model the infiltration process on the soil box are 

presented and compared as well as the results from different discretizations of the soil 

box plots. 

Infiltration measurements were made on the soil box using the rainfall simulator 

and tension infiltrometer described in Chapter 3. The variable intensity rainfall simulator 

was used to determine the plot scale steady-state infiltration rate for each of the soil plots 

(Right and Left, Fig. 3.2). The plot scale infiltration rate at steady state was determined 

by subtracting the measured runoff rate at steady state from the applied rainfall intensity. 

The tension infiltrometer was used to measure infiltration rates at the point scale across 

the soil box. The measurement results from both of these measurement methods are 

presented in this section. 
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4.1. Infiltration Measurements: Rainfall Simulator 

The variable intensity oscillating boom rainfall simulator was used to conduct a 

total of eight rainfall simulator runs on the infiltration soil box. Three rainfall simulator 

runs were conducted on the entire soil box and five rainfall simulator runs experiments 

were conducted only on the two lower individual soil planes (Sites 2 and 4). A list of all 

of the rainfall simulator runs conducted on the soil box is presented in Table 4.1. The 

simulator runs were conducted on the lower two soil planes to determine the hydrologic 

response of the two individual soils to the different rainfall intensities. For three of the 

simulator runs there was no break between intensities (continuous), while the other five 

runs were discrete. For the discrete rainfall simulations the break between changes in 

rainfall intensity varied from 15 to 45 minutes. In all cases, a given rainfall intensity was 

applied until steady-state runoff was achieved. All of the simulation runs started with an 

initial rainfall intensity of 50.8 mm/h (2 in/h) and rainfall intensity was increased by 25.4 

mm/h increments to a maximum intensity of 177.8 mm/h. For the second and the last 

simulation runs the rainfall was applied first increasing from 50.8 mm/h to 177.8 mm/h 

and then decreasing from 177.8 nrni/h back down to 50.8 mm/h. 



71 

Table 4.1. Rainfall simulation experiments conducted on the infiltration soil box. 

Run # Date: Intensities Type of Run 

1 2/23/99 51 - 178 mm/h 2 plane continuous increasing 

2 3/9/99 51 - 178 mm/h 1 plane continuous increasing 

decreasing 

3* 3/18/99 51 - 178 mm/h 1 plane discrete increasing 

4^ 3/23/99 51 - 127 in/h 1 plane discrete increasing 

5 3/29/99 51 - 152 in/h 1 plane discrete increasing 

6 4/8/99 51 - 178 mm/h 1 plane discrete increasing 

7 4/15/99 51 - 178 mm/h 2 plane discrete increasing 

8 4/26/99 51 - 178 mm/h 2 plane continuous increasing 

decreasing 

*the bubble gage on the right plot was off, a correction factor of -0.01ft was applied to 
the measured flow depth. 
^ there was a discrepancy between measured and calculated discharge on the left plot; the 
flume on the left plot was changed from flume S to flume A for run 5. 

4.1.1. Rainfall distribution and rainfall simulator performance 

The applied rainfall intensity rainfall and its distribution across the plots are 

important factors in evaluating the hydrologic response. During the development and 

testing of the rainfall simulator, both the distribution and accuracy of the applied intensity 

were tested extensively. The goal in developing the simulator was to achieve a 

distribution of rainfall across the 2 m by 6 m plot with a CV of ten percent or less with 

the average of the measured intensity equal to the applied intensity. Details of the 
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simulator design are presented in Chapter 3. The testing methods and the results are 

presented in the Rainfall Simulator Instruction Manual (Appendix A). The final design 

of the simulator resulted in distributions across the 2 m by 6 m plot with CVs between 7 

and 9.3 percent for all of the intensities used in the experiment. 

Though the distribution had a measured CV less than 10 percent, this does not 

signify a uniform distribution of rainfall intensity across the plot. The applied intensity 

was usually higher in the middle of the plot and lower along the edges. The exact 

distribution is dependent on the pressure at the nozzles, the shape of the spray from the 

individual nozzles, and the interaction of the spray between adjacent nozzles. 

The applied rainfall intensity was measured for Runs 4-8 using non-recording rain 

gauges. For the simulations on the lower two soil planes (Sites 2 and 4) a series of three 

non-recording rain gauges were placed on each soil plot. A comparison of the target 

rainfall intensity with the average measured intensity for the simulations on the lower two 

soil planes (Runs 4-6) is presented in Table 4.2. 

The average of the measured intensities was consistently higher than the target 

intensity. For Run S, the difference between the target and measured intensity was less 

than 10 percent for all of the intensities. However, for Runs 4 and 6, the differences 

varied and were often above the desired 10 percent. In all cases, for each applied 

intensity the CV of the measured intensity within runs varied between 0 and 3 percent 

and the CV among runs ranged from 3 to 7 percent. 
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Table 4.2. Measured vs. simulator program intensity for the simulator runs on the lower 
two sites. 

Program Measured Intensity Difference* 

intensity (mm/h) 

(mm/h) Run 4 Run 5 Run 6 Ave. S.D. CV. 

50.80 56.01 0.10 51.31 0.01 56.79 0.12 54.70 2.96 0.05 

(CV) (0.02) (0.03) (0.02) 

76.20 87.63 0.15 78.74 0.03 90.42 0.19 85.60 6.10 0.07 

(CV) (0.01) (0.02) (0.02) 

101.60 115.15 0.13 107.12 0.05 116.21 0.14 112.83 4.97 0.04 

(CV) (0.01) (0.03) (0.00) 

127.00 138.29 0.09 135.63 0.07 143.09 0.13 139.00 3.78 0.03 

(CV) (0.02) (0.01) (0.01) 

152.40 162.56 0.07 170.43 0.12 166.50 5.56 0.03 

(CV) (0.01) (0.01) 

177.80 195.79 0.02 N/A N/A N/A 

(CV) (0.01) 

* Difference was calculated as the difference between the measured and program 
intensity divided by the program intensity. 

Comparing the measured intensity with the target intensity for the discrete rainfall 

simulator run on the entire plot (Run 7), the results vary with applied intensity. A 

comparison of measured and target rainfall intensity from Run 7 is presented in Figure 

4.1. In this case, a total of 8 rain gauges were used, four on each plot. Again, the 

measured intensity is higher than the target intensity; the observed differences ranged 

from 2 to 17 percent. 

The observed differences between the target and measured intensity are partially 

due to the location of the rain gauges and distribution of the rainfall across the plot. The 



74 

distribution of the rainfall intensity from the rainfall simulator across the plot has a 

measured coefficient of variability of between 7 and 9.3 percent. The rain gauges were 

placed down the center of each of the plots. To measure the average "applied" intensity, 

several more rain gauges would have to be used and more evenly distributed across the 

plot. Since, we didn't want to have the entire plot covered with rain gauges, only two or 

three gauges were used per site with the objective of making sure that the applied 

intensity was "close" to the desired intensity. 
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Fig. 4.1. Comparison of measured with target rainfall intensity for the entire soil box for 

Run 7. 
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4.1.2. Individual soil simulator runs 

To determine the hydrologic response of the individual soils to the different 

rainfall intensities, a series of rainfall simulator runs were conducted on the lower two 

soil planes (Sites 2 and 4, Fig 3.2). The lower right plane is Bernardino soil and the 

lower left plane is Mixed soil. For the individual soil measurements, the upper half of the 

soil box was covered with 6ml plastic sheeting and water was diverted off of the plot by 

placing a large section of channel iron across the box between the upper and lower 

planes. An aluminum section of gutter was used to route the excess water away from the 

plot. 

The apparent dynamics of the rainfall runoff relationship of the soils changed with 

the successive rainfall simulations. The first single soil simulation event. Run 2, used a 

continuous rainfall application and consisted of both an increasing rainfall intensity run 

and a decreasing intensity run. The resulting measured hydrographs for both the 

increasing and decreasing simulations are presented in Figure 4.2. It is apparent from the 

hydrographs that the difference in the hydrologic response of the two soils increases at 

higher rainfall intensities. 

The relationship between infiltration rate and rainfall intensity is different for the 

two soils. The steady state infiltration rate was calculated for each rainfall intensity by 

subtracting the steady state runoff rate from the applied rainfall rate. The infiltration rate 

increased with an increase in rainfall intensity for the Mixed soil but was relatively 

constant for the Bernardino soil. The calculated infiltration rate of the Mixed soil 

increased from 27.65 mm/h (for a rainfall intensity of 50.8 mm/h) to a rate of 76.91 nmi/h 
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(intensity of 177.8 mm/h) with a CV of 0.42. For the Bernardino soil the infiltration rate 

ranged from 14.7 mm/h to 22.89 mm/h with a CV of 0.17. The effect of the rainfall 

intensity on the resulting calculated infiltration rate was tested for the Bernardino soil 

using linear regression analysis. The slope of the regression line was not significantly 

different from zero indicating that there was no change in the apparent infiltration rate 

with change in applied rainfall intensity. 
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Fig. 4.2. Measured hydrographs for the individual soil plots for increasing (above) and 
decreasing intensity for the continuous rainfall simulation (Run 2). 
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Four rainfall simulation runs were conducted on the individual soil planes using 

discrete rainfall application. This means that there were breaks in the rainfall application 

between changes in rainfall intensity. In each case, the initial rainfall intensity applied 

was 50.8 mm/h. The individual simulation was run until steady state runoff was achieved 

on both soil plots for a minimum of 10 minutes. If the soil was initially dry, the time to 

ponding for these small plots was approximately 5 min. The time to ponding decreased 

to approximately 30 seconds for the high intensities. The infiltration rate was calculated 

as the difference between the applied rainfall intensity and the steady state runoff. 

Summaries of the results for the four rainfall simulator runs on the individual soil planes 

are presented in Tables 4.3 and 4.4. 

The CV of the calculated infiltration rate for the Bernardino soil varied from 0.09 

to 0.33 within runs. However, the CV of the calculated infiltration rate among simulation 

runs for the same intensity varied form 0.11 to 0.65. These results indicate that the 

hydrologic response of the soil is relatively consistent within the same run, but that the 

characteristics of the soil have changed with subsequent runs. This is evident in that the 

average infiltration rate increased from 15.36 mm/h (Run 3) to 33.84 mm/h (Run 6) 

during the course of the experiments (Table 4.2). Except for Run 6, there is no 

statistically significant change of infiltration rate with intensity for this site. 
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Table 4.3. Summary results from the discrete runs for the Bernardino soil (Site 4). 

Intensity* Calculated Infiltration (mm/h) 

(mm/h) Run 3 Run 4 Run 5 Run 6 Ave S.D. CV 

50.80 18.82 18.18 21.33 26.82 21.29 3.93 0.18 

76.20 15.51 18.48 17.89 14.90 16.70 1.75 0.11 

101.60 16.55 16.09 21.66 35.83 22.53 9.22 0.41 

127.00 14.70 19.93 28.98 40.75 26.09 11.41 0.44 

152.40 10.18 23.48 40.24 24.63 15.06 0.61 

177.80 16.40 44.52 30.46 19.89 0.65 

Ave 15.36 18.17 22.67 33.84 

S.D. 2.89 1.58 4.07 11.09 

CV 0.19 0.09 0.18 0.33 

Intensity* Steady-state Runoff Rate (mm/h) 

(mm/h) Run 3 Run 4 Run 5 Run 6 Ave S.D. CV 

50.80 31.98 35.66 28.45 28.45 31.14 3.45 0.11 

76.20 60.69 65.32 56.19 70.07 63.07 5.97 0.09 

101.60 85.05 95.61 79.94 79.74 85.09 7.43 0.09 

127.00 112.30 118.07 101.07 101.07 108.13 8.48 0.08 

152.40 142.22 129.94 129.94 134.03 7.09 0.05 

177.80 161.40 148.52 154.96 9.11 0.06 

Ave 98.94 78.67 79.12 92.96 

S.D. 49.18 35.90 39.24 43.31 

CV 0.50 0.46 0.50 0.47 
*The measured intensity was used to determine the infiltration rate when available. 
Otherwise, the "target" intensity was used. 
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Table 4.4 Summary results from the discrete runs for the Mixed soil (Site 2). 

Intensity* Calculated Infiltration (mm/h) 

(mm/h) Run 3 Run 4 Run 5 Run 6 Ave. S.D. CV 

50.80 21.77 44.25 36.92 38.49 35.36 9.59 0.27 

76.20 26.80 53.07 50.21 38.18 42.07 12.05 0.29 

101.60 44.57 76.15 60.78 50.44 57.98 13.84 0.24 

127.00 66.00 98.82 71.13 68.56 76.13 15.27 0.20 

152.40 78.92 73.23 76.98 76.38 2.89 0.04 

177.80 81.70 98.89 90.30 12.16 0.13 

Ave. 53.29 68.07 58.45 61.92 

S.D. 26.06 24.52 15.13 24.01 

CV. 0.49 0.36 0.26 0.39 

Intensity* Steady-state Runoff Rate (mm/h) 

(mm/h) Run 3 Run 4 Run 5 Run 6 Ave. S.D. CV 

50.80 29.03 12.95 15.91 18.30 19.05 7.01 0.37 

76.20 49.40 34.53 32.34 61.57 44.46 13.69 0.31 

101.60 57.03 35.55 53.52 65.77 52.97 12.70 0.24 

127.00 61.00 36.68 70.09 74.53 60.58 16.90 0.28 

152.40 73.48 98.47 93.45 88.47 13.22 0.15 

177.80 96.1 98.47 97.28 1.67 0.02 

Ave. 61.01 29.93 54.07 68.68 

S.D. 22.63 11.35 32.24 28.75 

CV 0.37 0.38 0.60 0.42 
* The measured intensity was used to determine the infiltration rate when available 
Otherwise, the "target" intensity was used. 
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The calculated infiltration rates for the Mixed soil were more varied within a 

given run than among runs. The within run CV varied from 0.26 to 0.49, white the CV 

among runs varied from 0.13 to 0.29. Though the hydrologic response of the soil plot is 

changing between runs, there is no statistically significant difference in response. The 

calculated infiltration rates for run 4 were consistently higher than the other runs causing 

the CVs to be higher. Though the relationship varies among runs, all the runs indicate the 

distinct increase in infiltration rate with intensity that was identified in Run 2. 

In evaluating the results of the five simulator runs conducted on the lower two 

sites, it was determined that the soils did have different hydrologic responses. Both 

runoff volumes and steady state discharge rates for the two soils were statistically 

significantly different from each other for each of the simulator runs (0.04>P>0.00). 

The relationship between steady state infiltration rate and rainfall intensity was 

significantly different between the two soils. As shown in Figure 4.3, the average steady 

state infiltration rate of the Bernardino soil was relatively constant with increasing 

rainfall intensity. The effect of the rainfall intensity on the resulting calculated 

indkration rate was tested for the Bernardino soil using linear regression analysis. 

Similar to the results from Run 2, the slope of the regression line was not significantly 

different from zero indicating that there was no change in the apparent infiltration rate 

with change in applied rainfall intensity and that there was no change in the contributing 

area to runoff. It is possible that the hydrologic response of the Bernardino soil was in 

part due to sealing of the soil surface. A penetrometer was used to evaluate possible 
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crusting on the Bernardino soil. However, the results were the same for the two soils and 

no significant crust development was evident. 

In contrast to the Bernardino soil, the average calculated infiltration rate for the 

Mixed soil increased with increasing rainfall intensity (Fig. 4.3). This relationship was 

observed in all five of the rainfall simulator runs and is an indication of partial area 

response. This means that there is spatial variability of the infiltration capacity within the 

plot and not all areas of the plot are contributing equally to the measured runoff at steady 

state (Hawkins, 1982). This is most likely caused by a non-uniform distribution of the 

sand across the plot and the interaction of the sand and the Bernardino soil decreasing the 

ability of the fine particles in the Bernardino soil to seal the surface. It is not clear from 

Figure 4.3 that the final infiltration rate for this soil had been reached because the steady 

state infiltration rate appears to be still increasing. It is important to note that these 

results show that, even on a bare soil of relatively homogeneous surface characteristics, 

the apparent infiltration rate can be significantly influenced by variations in rainfall 

intensity. 
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Fig 4. 3. Comparison of the average steady state infiltration rate as a function of applied 
rainfall intensity from Sites 2 and 4. 

4.1.3. Rainfall simulations on 2 plane configurations 

Differences in runoff volume and peak discharge between the two plots were 

found in all three of the simulator runs. A direct comparison of the measured runoff 

volumes and peak runoff rates for the individually applied intensities from the discrete 

run found a significant difference (P = 0.00) between the left and right plots. 

Rainfall simulation Runs 1, 7 and 8 were conducted on the entire soil box. Run 1, 

the first rainfall simulation run conducted, was a continuous simulation over the entire 

Soil box. The steady state infiltration rates for each measurement intensity are presented 

in Figure 4.4. The steady state infiltration rates from the left and right plots are similar 

plots for the lower two rainfall intensities, however, they diverge for the higher 
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intensities. The infiltration rate on the right plot actually decreases with an increase in 

intensity indicating that the plot was sealing. The infiltration rate on the left plot is 

approximately the same for the first four intensities and then increases significantly for 

the next two rainfall intensities. 
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Fig. 4.4. Intensity vs. steady-state infiltration for Run 1. The Right plot is Mixed soil 
above Bernardino soil and the Left plot has the opposite configuration. 

The differences in plot response from the 2 plane configurations are more distinct 

in Runs 7 and 8 than they were in Run 1. Run 7 used discrete rainfall intensities and Run 

8 was a continuous simulation and consisted of both increasing and decreasing series. 

Figures 4.5 and 4.6 show the relationship between rainfall intensity and infiltration rate 

for Runs 7 and 8, respectively. For Run 7, there is a marked increase in the infiltration 

rate from 42 mm/h to 62 mm/h on the left plot when the rainfall intensity is increased 

from 52 mm/h to 89 mm/h. The infiltration rate on the right plot only increases from 30 
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mm/h to 38 mm/h. For the higher rainfall intensities the infiltration rate is fairly constant 

and averages 62.39 nun/h with a CV of 0.02 for the Left plot, and averages 36.97 mm/h 

with a CV of O.ll for the Right plot. 
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Fig. 4.5. Intensity vs. steady-state infiltration for Run 7. The Right plot is Mixed soil 
above Bernardino soil and the Left plot has the opposite configuration. 

The intensity infiltration relationships for both configurations for both increasing 

and decreasing intensities from Run 8 are presented in Figure 4.6. There is good 

agreement between the increasing and decreasing infiltration rates for the left plot, 

especially at the higher intensities. The agreement between the increasing and decreasing 

infiltration rates for the right plot is better at the lower intensities. 

• left plot 
• right plot 
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Fig. 4.6. Intensity vs. steady-state infiltration for Run 8. The Right plot is Mixed soil 
above Bernardino soil and the Left plot has the opposite configuration. 

Differences due to configuration 

Differences in plot response due to plot configuration were found in all three of 

the simulator runs with 2 plane configurations. A direct comparison of the measured 

runoff volumes and peak runoff rates for the Left and Right plots from Run 7 is presented 

in Table 4.5. The difference in runoff volume between the Right and Left plots is 

relatively constant and does not change much with a change in intensity. The measured 

volume from the Right plot is consistently S to 8 mm higher than the Left plot. This 

result is expected given that the lower soil plane on the right plot is the Bernardino soil. 

When looking at differences in peak runoff rate, again the values are higher from the 

right plot than from the left as one would expect. However, there is also a difference 

when comparing the results from the lowest rainfall intensity (50.8 mm/h) and the other 5 
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rainfall intensities. This follows the same trend seen with the steady state infiltration 

rates for this run (Fig. 4.5). 

Table 4.5. Comparison of plot response due to location of soil type on plot from Run 7. 

Runoff Volume (mm) Peak Flow (mm/h) 

Intensity* Left Right Left Right 

(mm/h) Plot Plot Difference Plot Plot Difference 

59.06 4.85 10.03 5.18 10.43 21.75 11.32 

88.96 8.34 15.72 7.38 26.78 50.58 23.80 

113.35 15.78 24.69 8.91 51.85 77.53 25.68 

136.14 16.96 23.43 6.47 71.34 97.74 26.40 

164.46 24.71 30.38 5.67 103.68 127.26 23.58 

182.24 28.06 33.75 5.69 118.04 139.05 21.01 

""Intensity is the measured intensity applied to the soil box. 

The average of the steady state infiltration values at each of the applied intensities 

for Run 8 are presented in Figure 4.7. The addition of a second soil above the lower two 

soils (Sites 2 and 4, Fig. 4.3) changed the relationship between intensity and plot 

response. The difference in the steady state infiltration rate between the left and right 

plots has decreased (Fig. 4.7). The addition of the Bernardino soil above the Mixed soil 

appears to have damped the effects of the partial area response on the left plot. The 

infiltration rate vs. intensity curve for the Left plot (Fig. 4.7) is much flatter than the 

infiltration rate vs. intensity curve for the Mixed soil alone (Fig. 4.3). The addition of the 

Mixed soil plane above the Bernardino soil on the right plot, resulted in an increase in the 

infiltration rate with increased intensity. However, because the Bernardino soil is located 
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at the lower end of the plot, the change of infiltration rate with intensity is not as great on 

the right plot. The higher infiltration rates on the left plot are probably due to runoff from 

the Bernardino soil infiltrating into the Mixed soil on the lower site. It is not evident 

from Figures 4.3 or 4.7 that the final infiltration rate had been attained for either plot. As 

with the individual Mixed soil, higher rainfall intensities would have to be applied 

sequentially in order to determine the true final infiltration rate for each plot. 
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Fig. 4.7. Comparison of the average steady state infiltration rate as a function of applied 
rainfall intensity from the left and right plots (Run 8). 
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4.2. Infiltration Measurements: Tension Infiltrometer 

Point infiltration rates and hydraulic properties of the soils in the soil box 

lysimeter were measured using the tension infiltrometer. Measurements were made at 

four locations within each soil plane at three different negative supply heads, 10-, 5- and 

3 cm. The measurement locations and "site labels" are presented in Figure 3.2. 

Measurements were made both before and after the rainfall simulation experiments were 

conducted, as it was assumed that the surface properties of the soils would change with 

the application of rainfall. The measurement sites were positioned so that the center of 

the measurement area was directly above the middle of the CS6I5 moisture probes. The 

soil moisture content was monitored during the infiltration measurements and the data 

stored on a data logger. 

The two methods of calculating the hydraulic conductivity of the soils as 

described in Chapter 3 (methods) were used to determine the hydraulic conductivity at 

each of the measurement potentials. The average hydraulic conductivity values for each 

soil plane from the pre-rainfall simulator measurements using method one are presented 

in Table 4.6. 

The differences in the hydrologic response of the different soils as well as the 

changes in the hydraulic conductivity with change in measurement potential are evident. 

There is a marked increase in K(MO with a decrease in measurement potential for all of 

the sites, as one would expect. It is important to note that the lower two planes, sites 2 

and 4, have a different range of calculated K(HO than the upper two planes when 
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comparing the same soil type. The calculated K(40 is much lower for the lower two 

planes than for their counterpart planes. This is attributed to the fact that the lower two 

planes were altered; they were pre-soaked with water before bulk density measurements 

were taken (see Chapter 3). It is hypothesized that the pre-soaking of the soils caused 

compaction of the two soils, thereby decreasing the mean pore size and decreasing the 

infiltration rate. The calculated hydraulic conductivities ranged firom 3.57 nun/h for Site 

4 at a 10 cm measurement potential to 211.49 mm/h for Site 3 at a 3 cm measurement 

potential. The within plot CV for a given measurement potential ranged from 0.09 for 

the Mixed soil (Site 2) to 0.81 for the Bernardino soil (Site 1). 

Table 4.6. Summary of the average hydraulic conductivity calculated using Eq. 3.1. 
(method one) from tension infiltrometer measurements made before rainfall simulations. 
Measurements were made at four locations within each soil plane. 

Left Plot Right Plot 

Bernardino Mixed Mixed Bernardino 

Tension (Site 1) (Site 2) (Site 3) (Site 4) 

3 cm K(M') (mm/h) 102.61 116.16 211.49 27.82 

(CV) (0.33) (0.22) (0.10) (0.26) 

5 cm K(HO (mm/h) 57.95 36.13 147.40 15.11 

(CV) (0.41) (0.09) (0.10) (0.58) 

10 cm K(MO (mm/h) 9.16 5.55 30.10 3.57 

(CV) (0.81) (0.35) (0.49) (0.43) 

The measured infiltration rates and the hydraulic conductivity rates determined 

using Equation 3.1 (Wooding, 1968) are presented for each soil plane and measurement 

potential individually in Appendix B. The change in soil moisture used in method one 
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was determined from the individual CS615 moisture probe measurements. The tension 

infiltrometer measurements were conducted such that center of the infiltrometer was 

placed over the mid-point of the moisture probe. The CS61S moisture probes are 

described in Chapter 3. Though the values presented in Table 4.6 seem reasonable for 

the soils and the applied measurement potentials, the sorptivity values, which have a 

significant affect on the resulting K(HO value were difficult to determine accurately. 

Therefore, there is some degree of uncertainty associated with these values. 

The hydraulic conductivity was also calculated for the initial tension infiltrometer 

measurements using method 2. This method does not rely upon the measured sorptivity 

from early infiltration readings as does method one. Instead, it uses measured infiltration 

rates from one location to approximate the slope of the hydraulic conductivity- pressure 

head curve. This is accomplished by making stepwise approximations of the a curve 

between consecutive measurement potentials. Because the hydraulic conductivity was 

calculated using the average slope of the K(HO curve between two measurements (see 

Chapter 3), K(HO was calculated for the average of two measurement potentials, 7.5- and 

4 cm, as well as each measurement potential. The average K(HO values for each soil 

plane from the pre-rainfall simulator measurements using method two are presented in 

Table 4.7. 
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Table 4.7. Summary of the average hydraulic conductivity calculated using Eq. 3.2. 
(method 2) from tension infiltrometer measurements made before rainfall simulations. 
Measurements at four locations within each soil plane. 

Left Plot Right Plot 

Tension 

Bernardino 

(Site 1) 

Mixed 

(Site 2) 

Mixed 

(Site 3) 

Bernardino 

(Site 4) 

3 cm K(D(nmi/h) 169.32 118.34 432.04 30.67 

(CV) (0.27) (0.23) (0.11) (0.17) 

4 cm K(HO (mm/h) 108.87 66.04 296.82 20.74 

(CV) (0.27) (0.11) (0.11) (0.07) 

5 cm K(*10 (mm/h) 68.08 33.40 203.32 12.21 

(CV) (0.33) (0.25) (0.16) (0.47) 

7.5 cm K(40 (mm/h) 24.99 15.09 81.26 6.88 

(CV) (0.17) (0.18) (0.15) (0.20) 

10 cm K(M') (mm/h) 9.91 6.85 32.91 4.08 

(CV) (0.42) (0.11) (0.25) (0.17) 

4.2.1. Comparison of methods 

A statistical comparison of the results was conducted to determine if there was a 

significant difference in the calculated K(HO values using the two methods. In general, 

the calculated K(40 values are slightly higher using method 2. A paired t-test found that 

two of the twelve measurements were significantly different when comparing the two 

methods (Table 4.8). The two measurements were for Site 1 and Site 3 at the 3 cm 

measurement potential. It's important to note that though the calculated K(HO for Site 3 

at the 3 cm potential is significantly larger using method two, the measured steady state 

infiltration rate was very high and the resulting K(40 with both methods was very high. 
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Table 4.8. Results of the t-test comparing the KOiO results calculated using the two 
methods. The t-test statistic (t-stat) and its probability (prob.) are presented for each 
measurement location and potential. Each t-test was conducted using a sample size of 4, 
an a of 0.05, and 3 degrees of freedom. 

Left Plot Right Plot 

Site I Site 2 Site 3 Site 4 

Tension t-stat. (prob.) t-stat. (prob.) t-stat. (prob.) t-stat. (prob.) 

3 cm -5.073 (0.015) -0.333 (0.761) -12.719 (0.001) -0.816 (0.474) 

5 cm -1.473 (0.237) 0.599 (0.591) -0.2905 (0.062) -1.231 (0.306) 

10 cm -0.457 (0.679) -1.055 (0.369) -0.588 (0.598) -0.797 (0.484) 

4.2.2. Pre and post rainfall simulator runs 

The tension infiltrometer was also used to take point infiltration measurements on 

the soil box after all of the rainfall simulator experiments were conducted. The same 

procedures were used as with the pre-rainfall measurements. The objective in redoing 

these measurements was twofold. First, it was evident from visual observation of the 

plots, the changes in hydraulic response during the simulator runs, and from the amount 

of sediment in the runoff, that the surface characteristics of the soils had been altered. By 

taking measurements before and after the simulations, the changes in the surface 

characteristics and hydrologic response could be quantified at the point scale. The 

second objective was to obtain hydraulic conductivity values that could be used to 

parameterize simulation models for the last two rainfall simulator runs conducted on the 

soil box. 
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The hydraulic conductivity values for the second set of tension infiltrometer 

measurements were calculated only using method two. There are two reasons why 

method one was not used. First, the difficulty in accurately determining the sorptivity 

values from the early measurements meant that the sorptivity value became a fitting 

parameter when using method one. Second, the fact that there was no signiflcant 

difference in 75% calculated values when comparing the two methods. The resulting 

KOIO values for method two from the second set of measurements are presented Table 

4.9. 

Table 4.9. Summary of the average hydraulic conductivity calculated using Eq. 3.2. 
(method 2) from tension infiltrometer measurements made after the rainfall simulations. 
Measurements were made at four locations within each site. 

Left Plot Right Plot 

Tension 
Bernardino 

(Site 1) 
Mixed 
(Site 2) 

Mixed 
(Site 3) 

Bernardino 
(Site 4) 

3 cm K(HO (mm/h) 32.90 154.91 89.26 73.18 

(CV) (0.27) (0.23) (0.34) (0.48) 

4 cm K(HO (mm/h) 25.02 113.58 68.97 55.25 

(CV) (0.25) (0.28) (0.38) (0.43) 

5 cm K(HO (mm/h) 15.13 75.26 49.17 37.04 

(CV) (0.22) (0.39) (0.59) (0.39) 

7.5 cm K(Y)(mm/h) 10.26 44.91 29.68 23.02 

(CV) (0.22) (0.38) (0.49) (0.36) 

10 cm K(MO (mm/h) 7.00 26.85 18.09 14.35 

(CV) (0.25) (0.37) (0.40) (0.35) 
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There are significant differences between the average KOF) values when 

comparing before and after rainfall simulations. However, the differences are not 

consistent. For Sites 1 and 3, the two upper planes, the K(HO values are all much lower 

while for the lower planes. Sites 2 and 4, there was an increase in the KOiO values. The 

K(MO values from before and after the rainfall simulations were also statistically 

compared using a paired t-test. In this case, 50% of the measurements were found to be 

significantly different (Table 4.10). There was a significant change in the upper two 

plots. Sites 1 and 3, for all but the 10 cm head. The opposite result was found for the 

lower two planes. Sites 2 and 4, where only the measurements at the 10 cm head were 

found to be significantly different. 

Table 4.10. Results of the t-test comparing the KOIO results using method 2 from before 
and after the rainfall simulations two. The t-test statistic (t-stat) and its probability 
(prob.) are presented for each measurement location and potential. Each t-test was 

Left Plot Right Plot 

Site 1 Site 2 Site 3 Site 4 

Tension t-stat. (prob.) t-stat. (prob.) t-stat. (prob.) t-stat. (prob.) 

3 cm 5.762 (0.010) -2.988 (0.058) 9.541 (0.002) -2.387 (0.097) 

4 cm 5.894 (0.010) -2.849 (0.065) 7.953 (0.004) -2.852 (0.065) 

5 cm 4.547 (0.020) -2.314 (0.104) 5.503 (0.012) -3.140 (0.052) 

7.5 cm 14.594 (0.001) -3.152 (0.051) 4.094 (0.026) -3.630 (0.065) 

10 cm 1.544 (0.220) -3.843 (0.031) 2.339 (0.101) -3.660 (0.035) 
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That the upper two planes resulted in lower K(MO values while the lower two 

planes showed an increase can be explained by the differences in rainfall application. 

Only three of the eight rainfall simulations were conducted on the entire plot, meaning 

that the upper planes were only rained on enough to cause some compaction and a 

decrease in the infiltration rate. This same effect was found when comparing the initial 

measurements made on the soil box using the tension infiltrometer. The increases in the 

infiltration rates that were seen in the lower planes are attributed to the loss of many of 

the finer soil particles on the soil surface from erosion. The lower planes, however, were 

subjected to many more rainfall simulation events and therefore, much more erosion. 

From visual observation, it was noted that up to 1 cm of soil was lost on the lower two 

planes. 

The extent of the variability of the resulting hydraulic conductivities when 

comparing the left and right sides of the soil box is significantly different. For the left 

plot, there is a significant difference between the K(40 values for the two planes, while 

there is no significant difference between the values when comparing the two planes on 

the right plot. 

4.3 Bulk Density 

Bulk density measurements were made on the soil box before and after all of the 

infiltration measurements were made. As described in Chapter 3, the bulk density 
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measurements were made using a soil corer. The first set of bulk density measurements 

were made on the lower two planes. Sites 2 and 4, and the second set were made on the 

upper two planes. Sites I and 3. Core samples were taken on a regular grid at two depths, 

0-S.08 cm and 5.08-10.16 cm. Twenty core samples were taken at each depth for each 

soil plane that was sampled. The results from the initial measurements were presented in 

Chapter 3. 

The resulting measured bulk densities and their associated CVs are presented in 

Table 4.11. The resulting bulk densities from the same soil type are comparable. For the 

Mixed soil, sites 2 and 3, the measured bulk densities are approximately 1.60 g/cm^, 

while the bulk densities for the Bernardino soils are approximately l.Sl g /cm^. There 

does not appear to be a difference in the before and after measurements. The only 

measurable differences appear to be between the two soil types. 

Table 4.11. Measured bulk density from the soil box both before and after the infiltration 

measurements. Results are presented for both the upper and lower measurement depths. 

Before Measurements 

Site 2 Site 4 

upper lower upper lower 

After Measurements 

Site 1 Site 3 

upper lower upper lower 

Average (g/cm ) 

St. Deviation 

CV 

1.59 1.61 1.51 1.50 1.52 1.51 1.63 1.60 

0.08 0.08 0.11 0.10 0.09 0.09 0.04 0.05 

0.05 0.05 0.07 0.07 0.06 0.06 0.02 0.03 
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4.4. Modeling and Analysis 

The second major component of the soil box study consisted of modeling the 

infiltration and runoff processes from the rainfall simulator experiments conducted on the 

soil box. Two simulation models were used to model infiltration and runoff processes on 

the soil box. Both models compute infiltration using the Green-Ampt Mein-Larson 

(GAML) (Mein and Larson, 1973) equation and the runoff hydrograph using the 

kinematic cascade model; however, they differ in their range of application. The 

Infiltration and Runoff Simulation (IRS) Model (Stone et al., 1989) simulates infiltration 

and runoff processes on a single plane. KINEMAT (Woolhiser et al., 1990), a research 

version of KINEROS2 (Smith et al., 1995), is able to simulate infiltration and runoff 

processes on a cascade of planes and channels. Both of the simulation models, their 

similarities, differences and application are described in Chapter 3. 

4.4.1. Procedures and methods 

Both of the simulation models require the same input parameters. The GAML 

infiltration model requires soil moisture, porosity, matric potential, and effective 

saturated hydraulic conductivity, Ke, as parameters. Soil moisture and porosity were 

computed from the soil moisture probes within each site and bulk density samples, 

respectively. The matric potential term was determined from soil texture using 

relationships derived by Rawls et al. (1982). The Kc term was fit by adjusting its value 
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until the computed runoff matched the observed runoff volume. The kinematic wave 

model requires two parameters, the coefficient and exponent of the depth-discharge 

relationship. The Chezy relationship was used for this study, so the exponent was 1.5 and 

the Chezy roughness coefficient was computed from the hydrograph recession as 

described by Woolhiser (1975). 

A single plane configuration was used to model the rainfall simulator runs 

conducted on Sites 2 and 4, while both a single plane and a two-plane configuration were 

used to model the rainfall simulator runs conducted on the entire soil box. Therefore, two 

different fitting procedures were used, lumped and discrete. For the lumped procedure, 

one Kc value was computed for each of the plots and IRS was run using a single plane 

configuration. For the discrete procedure, each plot was modeled as a two-plane 

configuration corresponding to the two soil sites within each plot. For this configuration, 

Kc values had to be determined for both soil planes within the plot and involved two 

steps. First, the optimized values were determined for the lower two soil planes. Sites 

2 and 4. For the second step, optimized Kc values from the single soils were used to 

parameterize one of the soil planes in each plot and then the IQ value for the other soil 

plane was determined by adjusting the Kc parameter until the simulated runoff matched 

the observed. The procedure will be described in greater detail below. 
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4.4.2. Hydrograph fitting and parameter optimization: Single soils 

The difference in the hydrologic responses of the two soils is reflected in the 

ability to determine the effective hydraulic conductivity of the individual soils. The 

parameter identification procedure described in Chapter 3 and above was used to 

determine the effective hydraulic conductivity (Ke) for the individual soil planes. Sites 2 

and 4. Because only single planes were used, the IRS model was used for the parameter 

identification procedure. A single Ke value was determined for each soil for the 

continuous run (Run 2). For the discrete simulator runs, a Ke value was optimized for 

each of the applied intensities for each of the soils. 

The input parameters, the optimized Ke values as well as the measured and 

simulated results for the continuous run (Run 2) are presented in Table 4.12. There is a 

three-fold difference in the fitted Ke values for the two soils. The fitted Ke values for the 

increasing and decreasing runs on the same soil vary slightly. In both cases the fitted Ke 

values were higher for the decreasing run. However, the measured peak runoff rate at the 

highest intensity is the same for both increasing and decreasing runs on both soils. This 

indicates that the change in the fitted Ke value between increasing and decreasing runs is 

due, at least in part, to the differences in the initial soil moisture condition. It may also be 

attributed to the fact that the optimization process was based on runoff volume and not 

peak runoff. This is evident in the fact that the simulated peak runoff rates are not the 

same for the increasing and decreasing sections. If the model were able to accurately 
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simulate the hydrologic response of the plot, both the simulated runoff volume and the 

peak runoff rate would match the observed. 

The measured and predicted runoff hydrographs for the Mixed and Bernardino 

soils for Run 2 (increasing) are presented in Figure 4.8. For the Mixed soil, using a 

single optimized value of Ke (23.1 mm/h) in the model resulted in an under-estimation of 

runoff at the lower intensities and an over-estimation at the higher intensities. This is 

consistent with the results shown in Figure 4.2. In comparison, the computed hydrograph 

for the Bernardino soil using the optimized Ke (S.6 mm/h) matches well with the 

observed hydrograph, indicating that a single value of Ke is sufficient and also consistent 

with Figures 4.2 and 4.3. 

Table 4.12. Input parameters and measured and simulated results for Run 2 using IRS 
simulation model. 

Mixed Soil (Site 2) Bernardino Soil (Site 4) 

Increasing Decreasing Increasing Decreasing 

Kc (mm/h) 23.1 26.8 5.6 7.1 

Si (%) 10.6 49 11.9 46 

\\f (mm) 90 90 110 110 

Tie (%) 36.9 36.9 37.8 37.8 

Chezy C 10.24 10.24 9.18 9.18 

Measured volume (mm) 56.49 40.93 85.18 59.77 

Simulated volume (mm) 56.43 40.90 84.97 59.73 

Measured peak flow (mm/h) 100.89 100.89 154.91 154.91 

Simulated peak flow (mm/h) 142.36 119.73 164.49 149.87 
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Fig. 4.8. Comparisons of measured and predicted hydrographs for the individual soils 
from Run 2. 

Optimization of Kc for individual intensities: 

The same procedure was used to determine the intensity specific Ke values for 

each soil for the four rainfall simulation runs conducted on the individual soil planes with 

discrete rainfall application (Runs 3 - 6). The specific model input parameters for each 

run were determined as described above for Run 2. The Chezy coefficients (C) that were 
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calculated for each of the soils for Run 2 were used. The effective hydraulic conductivity 

(Ke) was adjusted until the runoff volume simulated in the IRS model matched the 

measured runoff volume for each individual intensity. 

The optimized Ke values determined for the two soils are presented in Tables 4.13 

and 4.14. The optimized Kc values for each of the soils showed the same relationship 

with rainfall intensity as the infiltration rate. The CV was higher among simulation runs 

at the same intensity than within runs for the Bernardino soil. The Mixed soil results 

show an increase in Ke with an increase in rainfall intensity, as one would expect. The 

optimized Kc values for the Bernardino soil ranged from 1 mm/h to 8.8 mm/h while those 

for the Mixed soil ranged from 2.8 mm/h to 64.4 mm/h. The average Ke for the Mixed 

soil, 21.1 mm/h, is over fives times the average Ke for the Bernardino soil of 4.06 nmi/h. 

However, both have large CVs, 0.63 for the Bernardino and 0.66 for the Mixed. 

Table 4.13. Optimized Ke values for the Bernardino Soil (Site 4). 

Intensity Optimized Ke (mm/h) 

(mm/h) Run 3 Run 4 Run 5 Run 6 Ave S.D. CV 

50.8 1.9 3.4 4.5 7.5 4.33 2.37 0.55 

76.2 1.2 3.2 1.7 6.5 3.15 2.39 0.76 

101.6 2 2.2 3 8.3 3.88 2.98 0.77 

127.0 2.3 3 4.2 8.3 4.45 2.68 0.60 

152.4 1 3.1 7.1 3.73 3.10 0.83 

177.8 2.1 8.8 5.45 4.74 0.87 

Ave 1.75 2.95 3.30 7.75 All Ave 4.06 

S.D. 0.52 0.53 1.11 0.87 S.D. 2.57 

CV 0.30 0.18 0.34 0.11 CV 0.63 
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Table 4.14. Optimized Kc values for the Mixed soil (Site 2). 

Intensity Optimized Ke (mm/h) 

(mm/h) Run 3 Run 4 Run 5 Run 6 Ave S.D. CV 

50.8 2.8 15.0 10.8 13.0 10.40 5.35 0.51 

76.2 3.4 29.5 13.3 8.8 13.75 11.25 0.82 

101.6 11.5 44.0 16.8 16.2 22.13 14.77 0.67 

127.0 27.0 64.4 20.0 20.1 32.88 21.27 0.65 

152.4 24.4 20.7 23.5 22.87 1.93 0.08 

177.8 26.7 33.3 30.00 4.67 0.16 

Ave 15.97 38.23 16.32 19.15 All Ave 21.20 

S.D. 11.48 21.09 4.26 8.65 S.D. 13.98 

CV 0.72 0.55 0.26 0.45 CV 0.66 

The measured and fitted hydrographs for the four single plane discrete rainfall 

simulation runs are presented in Appendix C. For most of the cases, IRS was able to fit 

the observed hydrographs for the Bernardino soil (Site 4). IRS was not able to match the 

observed hydrographs for the Mixed soil even for the discrete rainfall simulator 

intensities. The hydrograph significantly overestimates the peak runoff rate and often 

does not match the time to ponding. The rising limbs of the observed hydrographs are 

steep and the plot appears to reach steady state very quickly. 

An additional parameter identification method was used to see if it would improve 

the ability to match the observed hydrograph for the Mixed soil. The method solved for 

K« using the time to ponding (tp) relationship below: 

Ke = 
( *2 

VA0+it_ 
/ 

4.1 
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where i is the applied rainfall intensity. The Kc parameter determined using Eq. 4.1 (Kc-

tp) significantly over estimated the runoff volume and peak runoff rate on Runs 2 and 5. 

For Run 2, the Ke_tp simulated hydrograph matched the observed hydrograph well for 

the first intensity and then over predicted the runoff for the other intensities. For Run S 

(Appendix C), Kc-tp was able to match the rising limb of the observed hydrograph. The 

resulting hydrographs determined using Ke-tp to parameterize the model for the Mixed 

soil on Runs 2 and 5 are presented in Appendix C along with the optimized hydrographs. 

4.4.3. Hydrograph fitting and parameter optimization: Soil box plots 

One of the objectives of the experiment was to determine if the complexity of the 

plots in the soil box required a complex model. Two different methods, lumped and 

distributed, were used to simulate the three rainfall simulator runs conducted on the entire 

soil box. First, lumped (plot average) values were determined for each plot (Left and 

Right) using the IRS model. Each plot was parameterized as a single plane; plot average 

values were used for the porosity, matric potential, initial soil moisture and Chezy C 

parameters. A single lumped Ke value was determined for each plot by adjusting the Kc 

parameter until the simulated runoff volume matched the observed. The second step was 

to model each plot using a two-plane configuration. KINEMAT was used to model the 

more complex configurations. 
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Plots as single planes: 

The hydrologic response of the Left and Right plots from all three of the rainfall 

simulator runs conducted on the entire soil box (Runs 1, 7, and 8) were modeled using a 

lumped, single plane configuration in IRS. The plot average values for matric potential 

(100 mm), effective porosity (37.8%), surface roughness (9.71), and initial soil moisture 

were used. The plot average input parameters were the same for both the Left and Right 

plot except for the initial soil moisture and the optimized Ke values. The lumped Kc 

values were determined for each plot for all three runs, using the same method that was 

used for the individual soil planes. For Run 7, lumped Ke values were determined for 

each intensity. 

The initial soil moisture and the plot average K<. values determined for the 

continuous runs. Runs 1 and 8, are presented along with the model results in Table 4.15. 

The Kc value for each of the plots represents the average Ke values for the two soil 

planes. The K^ values for the Left plot were consistently higher than those for the Right 

plot. The difference in the two values is a function of the relative locations of the two 

soil planes on each of the plots. This is due to the location of the individual soils on the 

plots. For the Left plot, the Mixed soil is located at the lower end of the plot. There is a 

marked change in the hydrologic response of both of the plots between Run 1 and Run 8. 

There is an increase in the lumped Ke value for each plot as well as a decrease in the 

observed peak runoff rates. 

The model is able to simulate the hydrologic response of the Right plot much 

better than the Left plot as indicated in Table 4.15 and Figure 4.9. Comparing the results 
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from the two plots for Run 1 (Fig. 4.9), the optimized hydrograph matches the observed 

runoff for the Right plot well. However, the results are not as good on the Left plot. 

Though the optimized and the measured volumes are close, the steady state runoff rates 

for the simulations on the left plot are underestimated at the lower rainfall intensities and 

significantly overestimated at the highest intensity. For the Right plot Run 8, the 

observed and predicted runoff values were much closer for the decreasing run than the 

increasing (Table 4.14). This is primarily due to the high infiltration rate at the 177.8 

mm/h intensity for the increasing run. 

Table 4.IS. Comparison of simulated and observed results from the continuous rainfall 
simulator runs conducted on the entire soil box. The values were optimized in IRS 
using a lumped single plane configuration for each plot. 

Runoff Volume 

(mm) 

Peak Runoff Rate 

(mm/h) 

Simulator Run 

Si 

(%) 

Ke 

(mm/h) Measured Simulated Measured Simulated 

Run 1 

Left plot 26.4 10.1 86.46 86.25 138.86 160.38 

Right plot 31.7 6.3 96.07 96.15 168.03 165.62 

Run 8: increasing 

Left plot 43.4 28.0 72.76 72.75 118.04 139.94 

Right plot 52.2 20.4 84.90 84.94 127.26 149.82 

Run 8: decreasing 

Left plot 51.6 27.5 83.78 83.61 118.04 126.50 

Right plot 51.1 17.6 99.41 99.41 147.13 140.20 
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Figure 4.9. Comparison of observed and simulated hydrographs for Run 1. The response 
of the plots was simulated using IRS assuming a single plane configuration. 
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For the discrete intensities. Run 7, similar results were observed. Using a single 

lumped Ke, the model was able to simulate the observed hydrograph much better on the 

Right plot than the Left plot. The optimized Ke values for the Right and Left plots are 

presented in Tables 4.16 along with the observed and predicted runoff values. The 

observed and simulated hydrographs for the individual intensities from Run 7 are 

presented in Appendix C. The optimized Ke values for the Left plot ranged from 1S.3 

mm/h to 24.4 mm/h while the Ke values for the Right plot ranged from 10 nun/h to 13 

mm/h. Comparing the optimized lumped Ke values from the individual intensities in Run 

7 with the optimized Ke values from Run 8 (Table 4.15), the optimized Ke values from 

Run 8 are much higher. This indicates that the effects of run-on and re-infiltration may 

be more prevalent in the continuous simulator runs due to the additional water on the 

plot. There are not enough simulator runs conducted on the entire box to be able to make 

any significant comparisons between the continuous and the discrete simulator runs. 
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Table 4.16. Comparison of 
were optimized in IRS using 

simulated and observed results from Run 7. The Ke values 
a lumped single plane configuration for each plot. 

Runoff Volume 

(mm) 

Peak Runoff Rate 

(mm/h) 

Applied Rainfall Si 

Intensity (%) 

Ke 

(mm/h) Measured Simulated Measured Simulated 

59.06 mm/h 

Left plot 43.9 15.3 4.85 4.86 10.43 21.26 

Right plot 58.9 10.8 10.03 10.04 21.75 30.75 

88.96 mm/h 

Left plot 50.0 23.5 8.34 8.36 18.42 26.78 

Right plot 61.1 13 15.72 15.66 50.58 62.29 

113.35 mm/h 

Left plot 52.2 24.2 15.78 15.71 51.85 68.86 

Right plot 61.1 11.5 24.69 24.64 77.53 88.77 

136.14 mm/h 

Left plot 52.2 20.5 16.96 16.91 71.34 91.48 

Right plot 61.1 10 23.43 23.44 97.71 109.90 

164.46 mm/h 

Left plot 52.2 19.5 24.71 24.71 103.68 123.05 

Right plot 61.1 10.8 30.38 30.40 127.26 138.56 

182.24 mm/h 

Left plot 53.3 21.9 28.06 28.07 118.04 137.76 

Right plot 61.1 12.7 33.75 33.76 139.05 153.39 
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Plots using two-plane configuration: 

For the discrete procedure, each plot was modeled as a two plane configuration 

corresponding to the two soil sites within each plot using KINEMAT. In this case, Kc 

values had to be detennined for both soils. Ke values had already been determined for the 

individual soils from the simulator runs that were conducted on the lower half of the soil 

box. However, because infiltration increased with rainfall intensity on the Mixed soil 

shown in Figure 4.2, there was a large difference in Ke values. The optimized K« values 

for the Mixed soil (Site 2) from the discrete simulator runs ranged from 2.5 mm/h to 59 

m/hr, with an average Kc of 18.9 mm/h and a standard deviation of 12.7 mm/h. Though 

the optimized Kc values for the Bernardino soil (Site 4) ranged from 1 mm/h to 8.8 mm/h 

with an average Kc of 4.16 mm/h and standard deviation of 2.57 mm/h, there was no 

discemable trend with changes in intensity. The average Ke value determined for the 

Bernardino soil from the simulator runs conducted on the lower half of the soil box (4.1 

mm/h) was used to parameterize the Bernardino soils in the two-plane configuration. The 

same optimization procedure was then used to determine the Ke values for the Mixed soil 

planes (Sites 2 and 3.) The Ke values were adjusted until the simulated runoff volume 

matched the observed. 

Both a continuous run (Run 8) and a discrete run (Run 7) were simulated using 

this procedure. The resulting optimized Kc values for Run 8 are presented in Table 4.17. 

There is a significant difference in the optimized Kc values for the Mixed soils when 

comparing the Right and Left plots. The average of the Ke values on the right plot is 24 

mm/h, which is close to the lumped Kc values determined for the Right plot. The much 
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higher Ke value for the Mixed soil on the Left plot is attributed to the runoff / run-on 

from the Bernardino soil. The simulated runoff from the upper soil plane on to the Mixed 

soil plane on the left plot was 0.35 m^ with a peak runoff rate of 169 mm/h. 

Table 4.17. The Ke values and the measured and simulated results from the two-plane 
configuration for Run 8. 

Runoff Volume Peak Runoff 

(mm) Rate (mm/h) 

Ke (mm/h) 

Simulator Run Mixed soil Measured Simulated Measured Simulated 

Run 8; increasing 

Left plot 60.55 72.76 72.76 118.04 139.01 

Right plot 48.95 84.90 84.94 127.26 145.63 

Run 8: decreasing 

Left plot 61.1 83.78 83.61 118.04 129.93 

Right plot 39.7 99.41 99.41 147.13 141.52 

Comparing the simulated runoff volume and the peak runoff rates for the two -

plane configuration with those from the lumped single plane configuration (Table 4.15) 

there is not a significant improvement in the ability to simulate the hydrologic response. 

However, when comparing the hydrographs from the two configurations (Fig. 4.10), 

there is a discemable difference. The results for the Left plot for the two-plane 

configuration showed only a slight improvement over the one-plane configuration at the 

lowest intensity. However, there was an improvement in the ability to match the 

observed hydrograph from the Right plot using the two-plane configuration. In this case, 

the model did a much better job at matching the observed hydrograph at the low 
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intensities. However, the two-plane model still significantly overestimated the runoff 

rate at the highest intensity. 

Similar results were found for the two-plane configuration simulations of the Run 

7. The optimized Kc values for each intensity are presented along with the simulation 

results in Table 4.18. The measured and simulated hydrographs for Run 7 are presented 

in Appendix C. As with Run 8, the two-plane configuration did a much better job of 

matching the observed hydrograph on the Right plot than the left. 
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Fig. 4.10. Comparison of measured and predicted hydrographs for Run 8 using the one 
and two plane configurations. 
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Table 4.18. Comparison of simulated and observed results from Run 7 for the two-plane 
configuration. The Ke values were optimized for the Mixed soil using KINEMAT. A Ke 
of 4.1 mm/h was used for the Bernardino soil. 

Runoff Volume 

(mm) 

Peak Runoff Rate 

(mm/h) 

Applied Rainfall Ke 

Intensity* (mm/h) Measured Simulated Measured Simulated 

59.06 mm/h 

Left plot 34.55 4.85 

Right plot 20.26 10.03 

88.96 mm/h 

Left plot 56.15 8.34 

Right plot 27.10 15.72 

113.35 mm/h 

Left plot 59.65 15.78 

Right plot 23.00 24.69 

136.14 mm/h 

Left plot 49.50 16.96 

Right plot 19.60 23.43 

164.46 mm/h 

Left plot 47.8 24.71 

Right plot 21.90 30.38 

182.24 mm/h 

Left plot 53.7 28.06 

Right plot 27.10 33.75 

4.85 

10.03 

8.34 

15.66 

15.71 

24.69 

16.91 

23.43 

24.71 

30.38 

28.07 

33.75 

10.43 

21.75 

18.42 

50.58 

51.85 

77.53 

71.34 

97.71 

103.68 

127.26 

118.04 

139.05 

21.31 

29.47 

42.28 

61.04 

65.98 

88.40 

90.01 

109.76 

121.27 

138.30 

135.77 

152.81 
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4.5. Tension infiltrometer data to parameterize the simulation models. 

Infiltrometers are often used to determine infiltration and hydraulic conductivity 

parameters to parameterize hydrologic simulation models when other data and methods 

are not available. The limitations of this method were discussed at length in Chapter 2. 

However, with the advent of tension infiltrometers, infiltration rates and hydraulic 

conductivity parameters could be calculated for un-ponded conditions. The major 

difficultly is that we don't know a priori what tension to use to determine the infiltration 

rate that corresponds with the hydrologic response of the area for a given event. 

The last two rainfall simulation runs conducted on the soil box. Runs 7 and 8, were 

modeled using the results from the tension infiltrometer measurements. These two runs 

were selected because 1) the simulations were conducted over the entire soil box, and 2) 

they represented two different levels of rainfall intensity complexity. Run 7 was 

discontinuous and only ascending, while Run 8 was continuous and both ascending and 

descending. The tension infiltrometer measurements from the soil box were used to 

parameterize the simulation model KINEMAT. KINEMAT was used so that different 

configurations and complexities of the soil box planes could be parameterized and 

modeled. The hydraulic conductivity values determined from the second set of 

measurements were used to parameterize the simulation model. 
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Model Parameterization: 

The hydraulic conductivity values calculated using method two were assumed to 

be equivalent to the Green & Ampt effective conductivity (Ke) for each measurement 

potential. The matric potential (\|r) was estimated based on soil texture using the soil 

hydraulic properties texture table (Rawls et al., 1982). The initial soil moisture content 

(6i) was determined using the plot average values measured using the CS615 probes and 

the porosity (lie) was calculated from the plot average bulk density measurements. The 

rainfall input file was developed fh>m the measured rainfall intensity and duration when 

possible. Otherwise, the applied rainfall intensity and duration were used. 

Two different levels of complexity were used to model the soil box plots. For the 

first level of complexity, each plot (right and left) was modeled as a two-plane system. 

The average K(HO values for each soil plane (e.g.. Site I) were used to parameterize the 

model. For the second level of complexity, each plot was modeled as an eight-plane 

system. Each soil plane was divided into 4 equal sub-planes, 0.5 m by 1.5 m in area. 

Each sub-plane was parameterized using the results of the tension infiltrometer 

measurements from that sub-plane. The assumption was that the sub-planes were 

homogeneous and that the individual infiltration measurements were representative of the 

entire sub-planes in which they were made. In both of these cases all of the soil planes or 

sub-planes were parameterized using the K(HO values from the same measurement 

potential. 

A partial optimization process was used in modeling the soil box using the tension 

inHltrometer results. The right and left plots of the soil box were modeled and optimized 



118 

separately. The majority of the parameters were the same as those used in the rainfall 

simulator optimization procedure for each of the soils. These parameters were assumed 

to the same for each of the sub-pianes within a soil type, e.g., Bernardino or Mixed. The 

parameters that were held constant include Chezy C and matric potential term (Table 

4.19). The "average" Kc values that were used as input for the two-plane configuration 

are presented in Table 4.9. 

Table 4.19. Input soil parameters that were held constant in KINEMAT for the 

¥ Tic Chezy C 

Soil mm mm/nmi m"^/s 

Bernardino 110 0.387 9.18 

Mixed 90 0.369 10.24 

The optimization process consisted of parameterizing the Ke term using the 

calculated KOlO values. For Run 7, each individual intensity was optimized separately 

starting with the KC¥) values from the highest measurement potential and incrementing 

through the KQV) values until the "best fit" was achieved. It was assumed that the KOF) 

values from the higher measurement potentials (e.g., 10 cm) would be the best "fit" Ke for 

the lower intensities and that the values from the lower measurement potentials would 

"fit" the observed Ke for the higher intensities. The optimization procedure was the same 

for Run 8; the ascending and descending runs were optimized separately. For each 

simulation, the resulting runoff was then compared to the measured runoff volume and 

peak runoff rate. 
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Model results: 

The results from the model simulations of Run 7 using the tension infiltrometer 

measurements were different for the two halves of the soil box, left and right plots. The 

"best" fit for the right plot was found using the hydraulic conductivity values determined 

from the 10 cm measurement potential for all of the intensities. For the left plot, the Ke 

value from the 10 cm potential was the "best" fit for the lowest intensity (50.8 mm/h), 

while the values determined from the 7.5 cm potential were the "best" fit for the rest of 

the intensities. The "optimum" measurement potentials were the same for both the 2 

plane and the 8 plane configurations. These results make sense if one examines the 

relationship between intensity and infiltration rate for the two plots for Run 7 (Fig. 4.3.) 

There is a discemable difference in observed steady state infiltration rates between the 

50.8 mm/h intensity and the other rainfall intensities. For the left plot, the steady state 

infiltration rate at 50.8 mm/h intensity is 41.68 nmi/h, while it averages 62.39 mm/h (CV 

= 0.02) for the other 5 intensities. For the right plot however, there is no clear break or 

change in the relationship between rainfall intensity and steady state infiltration. 

The measured and simulated results for the complex configurations, as well as the 

optimum measurement potential are presented in Tables 4.20 and 4.21. There was no 

significant difference between the results from the 2-plane and the complex 

configurations. Comparing the simulated results with the measured, when using the 

tension infiltrometer hydraulic conductivity values, the runoff volume is consistently 

slightly underpredicted. This is true for both the left and right plots. For the left plot, 

peak runoff volume is overpredicted by approximately 10 to 12 mm/h at each intensity. 



For the right plot, the predicted is equal to the measured peak runoff rate for 2 of the 

intensities and slightly higher or lower for the others. The percent difference between 

measured and predicted is lower for the higher intensity for both left and right plots. 

Table 4.20. Simulation results for the Left plot of run 7 using values determined from 
tension infl Urometer measurements. 

Volume (mm) Peak runoff (mm/h) 

Intensity* Potential Measured Predicted Measured Predicted 

(mm/h) (cm) (% difference) (% difference) 

52.11 10 4.85 4.47 10.43 19.85 
(50.8) (7.84) (90.31) 

88.96 7.5 8.34 6.98 26.78 39.64 
(76.2) (16.31) (48.13) 

113.35 7.5 15.78 14.26 51.85 64.75 
(101.6) (9.63) (24.88) 

134.62 7.5 16.96 13.95 71.34 81.81 
(127.0) (17.75) (14.68) 

164.47 7.5 24.71 21.19 103.68 112.37 
(152.4) (14.24) (8.38) 

182.25 7.5 28.06 25.84 118.04 130.86 
(177.8) (7.91) (10.86) 

*The measured rainfall intensity with the applied intensity in parentheses. 
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Table 4.21. Simulation results for the Right plot of run 7 using Kc values determined 
from tension infiltrometer measurements. 

Volume (mm) Peak runoff (mm/h) 

Intensity* Potential Measured Predicted Measured Predicted 

(mm/h) (cm) (% difference) (% difference) 

52.11 10 10.03 4.51 21.75 19.80 
(50.8) (55.03) (8.96) 

88.96 10 15.72 12.02 50.58 54.31 
(76.2) (23.54) (7.37) 

113.35 10 24.69 20.01 77.53 79.31 
(101.6) (18.96) (2.30) 

134.62 10 23.43 18.80 97.74 97.45 
(127.0) (19.76) (0.30) 

164.47 10 30.38 26.25 127.26 127.79 
(152.4) (13.59) (0.42) 

182.25 10 33.75 30.81 139.05 145.79 
(177.8) (8.71) (4.99) 

The measured rainfall intensity with the applied intensity in parentheses. 

Using the Ke values from the tension infiltrometer measurement to parameterize 

the model for Run 8 produced similar results to those from Run 7. Again, there was no 

discemable difference between the results from the 2-plane and the complex 

configurations and the "optimum" measurement potentials were 7.5 cm and 10 cm for the 

Left and Right plots, respectively. There was no significant improvement in the ability to 

model the runoff response from the plots using the Kc values from the tension 

infiltrometer instead of the Ke values optimized directly from the simulator runs. 
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Implications 

The primary difficulty in using hydraulic conductivity values determined from 

tension infiltrometer measurements to parameterize hydrologic simulation models is that 

one does not know, a priori, the "appropriate" measurement potential to use. Because of 

the heterogeneity within the plots, it is more than likely that different areas within each of 

the plots should be parameterized with a Kc value corresponding to different 

measurement potentials. Using the same measurement potential to parameterize each of 

the planes within the different configurations was similar to "lumping" the parameters for 

each of the plots. However, determining those areas and how they should be 

parameterized was not within the scope of this research. 

4.6. Discussion Soil Box Results 

Initial evaluation of the soil box infiltration experiments indicates that there are 

many factors that are possibly contributing to the variability of the hydrologic responses 

of the soils. The objectives of the study were to 1) determine the importance of relative 

locations of higher and lower infiltration capacity on runoff response and 2) determine 

how, and if, the relationship between hydrologic response and soil location on the flow 

plane change with variable rainfall intensity. 

This section of the study showed that the location of areas with higher or lower 

infiltration capacities does have an important effect on runoff response and that the 
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response changes with changes in rainfall intensity. For the two-soil configuration, there 

were differences in plot response due to the locations of areas of higher or lower 

infiltration capacity. The Right plot, with the Bernardino soil below the Mixed soil, 

consistently had a higher runoff response than the Left plot. Because of the 

heterogeneous nature of the Mixed soil it was hard to fully evaluate the effects of runoff 

run-on processes on either the Left or the Right plot. 

The fact that the infiltration rate for the Mixed soil changed with intensity made it 

impossible to accurately model the hydrologic response from the plots using a single Ke 

parameter for the Mixed soil. Separating out the Bernardino soil on the Right plot 

improved the ability to model the plot response. However, the behavior of the Mixed soil 

made it difficult to fit the hydrograph. The effects of runoff, run-on and re-infiltration 

were evident in the differences in the optimized Ke parameters for the Mixed soil on the 

Left and Right plots for Runs 7 and 8. To model the observed response from either of 

the two plots, the spatial distribution of the effective hydraulic conductivity within the 

Mixed soil sites is needed. 

The effect of the rainfall intensity on infiltration and runoff response was more 

significant for the Mixed soil than for the Bernardino. For the Mixed soil, the infiltration 

rate increased as the rainfall rate increased, which is an indication of partial area 

response. It was not apparent from the data if the final infiltration rate of the soil had 

been reached at the highest rainfall intensity applied. Though there were observed 

differences in the infiltration rate for different rainfall intensities on the Bernardino soil, 

there was not a statistically significant relationship between intensity and infiltration rate. 
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The implications of these results were demonstrated by applying a distributed 

runoff model, KINEMAT, to the data. Given the increasing inHltration rate with 

increasing rainfall, it was not possible to accurately simulate a hydrograph for the Mixed 

soil with variable rainfall intensity using a single value of Ke. However, a single Ke value 

for the Bernardino soil resulted in a good fit of the hydrograph generated by variable 

rainfall. Modeling the two-plane configuration as a single plane resulted in a significant 

over-estimation of the peak runoff from both of the plots at the high intensity and an 

under-prediction at the low intensity. Using the two-plane conflguration did result in an 

improvement of the ability to match the observed runoff on the right plot. However, 

there was no difference in the model results from the single plane and two-plane 

configurations for the left plot. The heterogeneous nature of the Mixed soil made it 

impossible to accurately model the infiltration and runoff response from either of the 

two-plane plots even using a distributed process based model. To accurately model the 

hydrologic response of the Mixed soil and the two plots, the spatial distribution of the 

effective hydraulic conductivity within the Mixed soil would have to be determined and 

the plots would have to be modeled using a more complex configuration. 
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CHAPTERS 

FIELD PLOTS 

Rainfall simulator experiments were conducted on five plots in a small watershed 

within the Walnut Gulch Experimental Watershed. This chapter presents a full 

description of the field site used in this study along with an analysis of the rainfall 

simulator plot characteristics. The first sections of the chapter describe the location and 

characteristics of the sub-watershed, the plot location selection, and the plot installation. 

The next sections of the chapter present detailed descriptions of the plot characteristics. 

The spatial complexity of the plots are evaluated and compared based on the measured 

topography and cover characteristics. 

5.1. Site Description 

The field research for this study was conducted on a sub-watershed within the 

USDA - ARS Walnut Gulch Experimental Watershed (Figure 3.1). Walnut Gulch is 

operated by the USDA- ARS Southwest Watershed Research Center in Tucson. The 

watershed, located within the San Pedro River Valley, is a semi-arid brush - grassland 

complex in the transition zone between the Sonoran and Chihuahuan deserts (Renard et 

al., 1993). A more detailed description of the watershed was presented in Chapter 3. 

Walnut Gulch Experimental Watershed is highly instrumented with a nested watershed 
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structure. The 152-kni^ watershed was partitioned into 43 small watersheds varying from 

0.17 to 14.80 hectares. Within the Walnut Gulch Watershed are two intensive study 

areas. Lucky Hills that is in the brush-dominated area of the watershed and the Kendall 

study area that is in the grassland section. 

The field research for this study was conducted within the Kendall intensive study 

area on Kendall sub-watershed 112 (Figure 3.1). Kendall 112 is a zero order grassland 

watershed of 1.91 hectares with an average slope of 9.4%. A weir at the outlet measures 

the runoff from the watershed. 

Watershed Characteristics: 

The Kendall sub-watershed (Fig. 5.1), as well as the entire Walnut Gulch 

Experimental Watershed, is within the NRCS Major Land Resource Area (MLRA) 41-3. 

Kendall 112 is classified as a Loamy upland - Limy slopes ecological site with a 30 -40 

cm upper layer (Bt horizon) above the pan layer (Btk and Bk horizons). Loamy upland is 

the dominant classification with inclusions of Limy slopes. The soils on Kendall 112 are 

mapped as an Elgin-Stronghold complex. In general, the soil complex is classified as a 

gravelly fine sandy loam. The typical pedon of the Elgin soil series is a very gravelly 

fine sandy loam found on 8 to IS percent slopes. The typical pedon of the Stronghold 

soil series is a very gravelly loamy sand found on slopes ranging anywhere from 3 to 30 

percent (NRCS, 1993). Plots 1, 4, and 5 were located on the Elgin soil, plot 3 on the 

Stronghold soil, and plot 2 on both soils. The average measured bulk density is 1.40 

g/cm^. A complete description of both soils is presented in Appendix D. 
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Hillslope Profiles: 

There are three identifiable hillslopes within the watershed. Lane et ai. (1995) 

identified three overland flow paths, one on each hillslope within the sub-watershed. 

Each profile originates at the upper boundary of the hillslope and terminates at the outlet 

of the watershed, at the crest of the v-notch in the weir. Each profile was divided into 

segments based on major slope breaks along the flow path. The slope breaks were 

identified, marked and labeled and individual segment slope and length were measured. 

The vegetative canopy cover and surface ground cover were measured using the line-

point method (Bonham, 1989). The vegetative canopy cover and surface ground cover 

have been measured on the profiles several times over the past S years. The data from the 

measurements made in September 1998 are also presented in Appendix D. 

Fig. S.l. Photograph of Kendall 112 sub-watershed looking at the watershed outlet 
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5.2. Rainfall Simulator Plot Characteristics 

The five rainfall simulator plots were installed along profiles 1 and 2 identified by 

Lane et al. (1995) within the sub-watershed. The locations of the rainfall simulator plots 

are presented in Figure 5.2. Three of plots were installed on one of the hillslopes, along 

profile 1, and two were installed on an adjacent hillslope, along profile 2. The location of 

the rainfall simulator plots was based on two criteria: proximity to one of the two profiles 

and variability among the plots. The 2 m by 6 m plots were installed within 2 meters of a 

hillslope profile. Steel plot borders were installed to define the sides and upper boundary 

of each plot. At the lower end, a cutoff wall was installed and a trench was dug to move 

runoff away from the end of the plot. A full description of the plot installation procedure 

is presented in Appendix E. 

Detailed plot microtopography as well as the ground surface and vegetative 

canopy cover characteristics were measured on each of the plots before the rainfall 

simulations were run. The plot characteristics were measured on a very fine grid at 480 

points, within each 2 m by 6 m plot. Topographic characteristics were measured using a 

total station, while the vegetative canopy cover and surface ground cover were measured 

using the line-point method at each of the 480 measurement locations. The data were 

input into a GIS (Geographic Information System) to facilitate the analysis and modeling 

of the plot surfaces. 
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Fig. 5.2. Location map showing the locations of the fleld plots in Kendall 112. 

Vegetative Canopy and Surface Cover 

The plot cover characteristics were measured at the 480 points on a detailed 

(10cm by 25 cm) grid across each plot. At each measurement location a pointer was 

dropped straight down and the canopy cover, if any, and surface cover were identified. 
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The surface cover characteristics were classified as: soil, litter, basal, gravel, or rock (> S 

mm). The vegetative canopy cover was classified as: shrub, forb, grass, cactus, or none. 

The summary cover characteristics (Tables 5.1 and 5.2) are a good indicator of 

the differences between the five plots. Plot 3 has the lowest percent of canopy cover and 

no shrubs and the highest percent of bare soil. Plot 5, on the other hand, has the highest 

percentage of canopy cover (72%), primarily grass, while plot 4 has the highest 

percentage of shrubs (16%) and the lowest percentage of grass cover. All of the plots 

have a high percentage of litter cover (37 — 52%). 

Though the summaries of the plot cover characteristics (Tables 5.1 and 5.2) 

describe the basic plot characteristics and allow for preliminary comparison among the 

plots, they do not show the distribution of the different plot cover constituents across the 

plots. To facilitate further analysis of the plot cover characteristic data, a distribution 

analysis of the individual cover attributes was conducted. 

Table 5.1. Summary of the surface cover characteristics and average slope from the point 

measurements made on the field plots. 

Plot i Plot 2 Plot 3 Plot 4 Plot 5 

Soil (%) 9.00 13.30 16.50 15.00 10.40 

Litter (%) 45.00 51.70 41.80 36.88 50.80 

Basal (%) 8.96 8.96 14.20 15.83 19.60 

Rock (%) 14.00 9.79 8.70 19.17 12.10 

Gravel (%) 23.10 15.80 18.80 12.92 7.08 

Slope (%) 8.42 14.60 11.70 11.00 11.60 
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Table 5.2. Summary of vegetative canopy cover characteristics from the point 

measurements made on the field plots. 

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 

Shrub (%) 8.75 9.38 0.00 15.83 3.96 

Forb (%) 0.83 0.42 0.42 0.21 0.00 

Grass (%) 40.20 45.20 33.80 21.04 67.70 

Cactus (%) 0.00 1.88 0.00 0.00 0.00 

Total (%) 49.78 56.88 34.22 37.08 71.66 

The vegetation in the Kendall sub-watershed is representative of Southwestern 

rangelands dominated by grasses with associated shrubs. The dominant shrubs on the 

watershed are burroweed (Happlopappus tenuisectus), whitethorn (Accacia constrictd), 

mesquite (Prosopis juliflora var. vetulina), creosote bush {Larrea divaricata), beargrass 

(Nolina microcarpa). Yucca (Yucca spp.), sotol (Dasylirion wheeleri), and ocotillo 

(Fouqueria slendens). The major grass species found on the sub-watershed are black 

gramma (Bouteloua eriopoda), blue gramma (Bouteloua gracilis), fluffgrass {Tridens 

pulchellus), and curly mesquite {Hilaria belangeri) (Renard et al., 1993; Tiscareno, 

1994). 

Distribution analysis of cover characteristics; 

Patterns of points on a map can be classified as random, regular, or clustered. A 

nearest-neighbor analysis as described by Davis (1986) was conducted to evaluate the 
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distribution of the cover characteristics across each of the plots. The analysis compares 

the distances between pairs of points with those that would be expected if the points were 

randomly distributed using the ratio, R, described by 

where d is the average of the minimum distance between the points in the area and 5 is 

the expected mean distance between nearest neighbors. The expected mean nearest 

neighbor distance accounting for the plot boundary is calculated as 

where A is the area (m^), n is the number of points, and p is the length of the perimeter 

(m). The sampling variance is described as 

The statistic R ranges from 0.0, where all of the points coincide with a distance of 0 to 

2.15 where the points are uniformly distributed across the area and arranged on a 

hexagonal net. A statistic of 1.0 is indicative of a random distribution of points. An 

illustration of the three distribution patterns is presented in Figure 5.3. 

5.2 

5.3 
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Fig. 5.3. Example nearest neighbor statistics, R, for patterns of points on a map (adapted 
from Davis, 1986). 

The nearest neighbor statistic was calculated for the individual cover attributes to 

compare the differences in cover characteristics among the plots. The results are 

presented in Table 5.3. Shrub is the only cover component with a definitive cluster 

pattern, especially plots 1 and 5. Though there is one large distinct shrub on plot 4 along 

with several other smaller shrub "clusters", the calculated R is higher than plots 1 and 5. 

Most of the resulting R statistics are between 0.5 and 1.0 indicating fairly random 

distribution of the characteristics across the plots. 

There are a couple of factors to consider when evaluating the nearest neighbor 

statistics presented above. First, as described earlier the method used to characterize the 

plot characteristics was the line-point method. Though this method does give a good 

measure of the location and percentage of the plot characteristics, it does not directly 

measure the distance between the different cover constituents. Second, though an R 

value of 1.0 indicates a random distribution and R of 0.1 indicates clustering, there is no 
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clear dividing line between the two extremes. The statistic is probably most effective as a 

comparative measure and best used in conjunction with other measures such as maps. 

Table 5.3. Nearest neighbor R statistics determined for individual cover characteristics of 

the field plots. 

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 

Shrub 0.245 0.493 N/a 0.424 0.184 

Grass 0.726 0.775 0.649 0.623 0.858 

Soil 0.520 0.651 0.681 0.738 0.623 

Litter 0.881 0.895 0.854 0.831 0.917 

Gravel 0.726 0.700 0.717 0.636 0.505 

Rock 0.670 0.618 0.576 0.671 0.710 

To aid in the analysis of the distribution of the plot cover characteristics, surface 

and vegetative canopy cover maps were developed using GIS. First, the point cover data 

were converted into continuous grid coverages. Using thiessen weighting, each of the 

point coverages was converted into a polygon coverage that was then converted into a 

grid file. The percent areas of cover for each of the newly created grid files was 

computed and compared with the values from the original point data to ensure that there 

was no error in the conversion process. The resulting cover characteristic maps (Fig. 5.4 

-5.13) present the distribution of the different surface and vegetative canopy cover 

characteristics across the plots. The maps of the cover characteristics provide a visual 

integration of the information presented in Tables 5.1 - 5.3. 
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Comparing the vegetative canopy cover maps from the five plots (Figs. 5.4 - 5.8), 

it is easy to see some of the major differences in cover characteristics among the plots. 

Plot 5, which has the highest percentage of canopy cover, has two distinct areas with little 

or no cover; the lower meter of the plot and a large area in the middle of the upper half of 

the plot. The vegetative canopy cover on plots 1 and 2 is more evenly distributed across 

the plots, while the sparse vegetative cover on plot 3 is very apparent, as is the large 

shrub in plot 4. 

The relatively high nearest neighbor statistics for the surface cover characteristics 

are reflected in the surface cover maps of the five plots (Figs. 5.9 - 5.13). Surface litter, 

which has the highest percentage cover on all of the plots (Table 5.1), is distributed 

across all of the plots. The maps also show the distribution of bare soil on the plots. 

Plots 4 and 5 (Figs. 5.12 and 5.13) have bare soil located at the bottom edge of the plot. 

From the vegetative cover maps, it is clear that there is no canopy cover on this portion of 

the plots. The location of the bare soil sections can have an impact on the instigation of 

runoff on the plots and the rise in the hydrographs. 
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Plot 1: Vegetative canopy cover 
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Fig. 5.4. Map showing the distribution of the vegetative canopy cover on plot 1. 
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Plot 2: Vegetative canopy cover 

V i  
drection of flaw 

Canopy 
grass 
shrub 
forb 
cactus 

I—I boundary 

N 

A 
1 Metsrs 

Fig. 5.5. Map showing the distribution of the vegetative canopy cover on plot 2. 
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Plot 3: Vegetative canopy cover 
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Fig. 5.6. Map showing the distribution of the vegetative canopy cover on plot 3. 
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Fig. 5.7. Map showing the distribution of the vegetative canopy cover on plot 4. ^ 
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Fig. S.8. Map showing the distribution of the vegetative canopy cover on plot S. 
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Plot 1: Surface Cover 
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Fig. 5.9. Map showing the distribution of surface cover on plot 1. 
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Plot 2: Surface Cover 

Surface 
Mi soil 

litter 
•• basal 
•1 rock 
sM gravel 
I I boundary 

Direction of flow 

Fig. 5.10. Map showing the distribution of surface cover on plot 2. 
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not 3: Surface cover 

cf rection of flew 

Fig. 5.11. Map showing the distribution of surface cover on plot 3. 
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Fig. 5.12. Map showing the distribution of surface cover on plot 4. _ 
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Fig. S.13. Map showing the distribution of surface cover on plot S. 
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Topographic Characteristics 

The field plots had distinct topographic characteristics as well as cover 

characteristics. In selecting the plots, it was necessary to choose locations that would 

meet the requirements for the rainfall simulator, uniform overland flow plane with a slope 

less than 15%, and allow for variability among the plots. 

The topographic characteristics of the field plots and their potential impact on the 

surface hydrology were analyzed using GIS techniques. The first step was to use the 

elevation data to develop a digital elevation map (DEM) for each plot. This was done at 

a very fine scale because of the detailed data sets available. Using ARC INFO surface 

modeling techniques, flow direction and flow accumulation maps were developed from 

the DEMs. These two GIS grids were used to determine where potential concentrated 

flow paths could develop on each of the plots. To do so, a threshold was selected to 

determine a minimum number of grid cells which would have to be contributing to a 

single location cell in order to be considered concentrated flow. Two different thresholds 

were selected. As a flrst cut, the threshold was set at 200 cells, equivalent to an area of 

0.5 contributing to a single location. The second threshold was set at 400 cells, a 1 m^ 

area. From these two GIS grids two different networks of concentrated flow paths were 

developed for each plot. 

Several key factors are apparent in evaluating the concentrated flow paths from 

the 200 and 400 cell thresholds. First, there is a discemable difference between the 200 

and 400 cell flow paths developed on each plot indicating the differences in plot 

configuration that can develop simply by changing the threshold value. The differences. 
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which include number of paths, total length and number of flow path intersections, are 

presented in Table 5.4. As one would expect, the 200 cell paths are more numerous and 

have a greater total length than the paths developed from the 400 cell threshold. 

Comparing the results among all five plots, the difference in total length between the 200 

and 400 configurations is fairly consistent. The largest difference in number of flow path 

segments and intersections for the two configurations was on plot 5. There was no 

change in the number of path intersections on plots 2 and 4. 

Table S.4. Characteristics of the concentrated flow paths developed for each plot from 
the topographic data. The results from the two different path configurations (200 and 
400) are compared. 

Plot I Plot 2 Plot 3 Plot 4 Plot 5 

Total length (m): 

200 15.338 15.512 17.857 16.962 12.247 

400 10.066 10.172 11.396 11.909 7.089 

Number of segments: 

200 7 8 7 4 12 

400 5 6 3 3 5 

Path intersections: 

200 2 2 I 0 5 

400 1 2 0 0 2 

The resulting concentrated flow paths for each plot are presented in Figures S.14 -

5.18. The maps of the concentrated flow paths illustrate the differences in surface 

complexity due to topography. The flow paths on plots 3 and 4 (400 cell configuration) 
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have the least complex surface pattern with 3 parallel flow paths down the length of the 

plots. The most complex flow path pattern is on plot 5 for the 200 cell configuration and 

plots 5 and 2 for the 400 cell configuration. For plot 5, using either configuration, the 

flow paths converge at the end of the plot. This is the only plot on which this happens 

and probably attributable to the lack of vegetative canopy cover at the bottom of the plot 

(Fig. 5.8). 
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Fig. 5.14. Map of the concentrated flow paths on plot 1 from the two different area 
thresholds. The paths marked 400 used a contributing area of 1 m^ and the paths marked 
200 used a contributing area of 0.5 m^. 
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Fig. 5.15. Map of the concentrated flow paths on plot 2 from the two different area 
thresholds. The paths marked 400 used a contributing area of 1 m^ and the paths marked 
200 used a contributing area of 0.5 m^. 
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Fig. 5.16. Map of the concentrated flow paths on plot 3 from the two different area 
thresholds. The paths marked 400 used a contributing area of 1 m^ and the paths marked 
200 used a contributing area of 0.5 m^. 
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Fig. 5.17. Map of the concentrated flow paths on plot 4 from the two different area thresholds. The paths marked 
400 used a contributing area of 1 m^ and the paths marked 200 used a contributing area of O.S m^. 
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Fig. 5.18. Map of the concentrated flow paths on plot S from the two different area thresholds. The paths 
marked 400 used a contributing area of 1 m^ and the paths marked 200 used a contributing area of O.S m^. 
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There are two important results that are evident from the above analysis. First, 

the selection of the threshold area contributing to a given point (200 or 400 cells) to 

determine the concentrated flow paths can make a significant difference in plot 

assessment and potential model configuration. For example, dividing plot 5 into 

contributing planes based on the 400-cell configuration would result in approximately 13 

separate overland flow contributing planes, while for the 200 cell configuration, 

approximately 30 separate planes. This illustrates the importance of both measurement 

and modeling scale in evaluating plot microtopography. 

The second important result is the link between the vegetation and surface cover 

characteristics and the microtopography of the plot. Both the grass and the shrubs on the 

watershed are located on mounds and small hummocks, creating elevation differences 

between vegetated and interspace areas. The surface gravel and rocks also account for 

the changes in microtopography on the plots. The distributions of the cover 

characteristics and relative locations on the plot contribute to the complexity of the 

predicted flow paths. This is evident when looking at the locations of the tops of the flow 

paths in relationship to the locations of different cover characteristics on the plots. On 

plot 2, the flow paths (Fig. 5.15) develop below a ridge of rock, gravel and shrub. The 

flow paths on plot 4 (Fig. 5.17) all start below the location of the large shrub located in 

the upper portion of the plot (Fig. 5.7). 

The major questions that still exist are 1) does the runoff flow along these paths, 

2) which scale or threshold does one need to use to determine the flow paths, and 3) does 

the scale or threshold change with rainfall intensity and flow depth on the plot. To 
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address these questions and fully evaluate the different flow path configurations that can 

be developed, additional field studies are necessary. A method to test and validate the 

different configurations is to conduct dye studies. These can be conducted using different 

rainfall intensities and the actual flow paths mapped. Though these verification studies 

would be useful for this analysis, they will need to be addressed in future studies. 

5.3. Discussion 

As discussed in Chapter 2, there is a difference between spatial variability and 

complexity. Complexity is defined as the interaction between interconnected parts. In 

the context of hydrology, complexity is determined by the characteristics of the landscape 

(e.g., soils, cover, microtopography, and slope) and their relative location and interaction 

along a plane or hillslope. The evaluation of the characteristics of the five rainfall 

simulator plots used in this study shows both the heterogeneity and surface complexity 

that exists in this small 1.91 hectare grassland watershed as well as within a 2m by 6m 

plot. 

There are differences in the amount of heterogeneity and complexity when 

comparing the five plots. There are several criteria that can be used to evaluate the 

complexity of the plots. These are: the number of path intersection and the number of 

path segments from the concentrated flow path evaluation; the percentages and 

distributions of the different cover characteristics; and the results from nearest neighbor 
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analysis. Using these criteria, plot 3 has the least amount of complexity, while plot 5 is 

probably the most complex. Plot 3 has no path intersections for the 400 - cell flow path 

configurations and only one intersection for the 200-cell flow path configuration (Table 

5.4). In addition, grass is the only dominant vegetative canopy cover, and not a large 

percentage (Table 5.2). All of the nearest neighbor statistics for plot 3 are between 0.5 

and 0.9, indicating random distribution. Plot 5, on the other hand, has the greatest 

number of path intersections for both flow path configurations as well as the largest 

number of segments for the 200- cell configuration. It has the highest percentage of grass 

cover of all of the plots. And, even though it has a low percentage of shrubs, the nearest 

neighbor statistic was 0.184, indicating definite clustering (Table 5.4). 

Traditionally, for large plot experiments, the heterogeneity of the plot is usually 

averaged across the plot, and the plot is assumed to behave as a uniform overland flow 

plane (Stone and Paige, 1996). However, when evaluating the runoff response it is often 

difficult to determine if the whole plot is contributing to the observed runoff. Therefore, 

the need exists to determine how to improve our ability to model the infiltration and 

runoff, accounting for the known variability and complexity. In the following chapter, 

different methods of both determining and modeling the variability and complexity of the 

five field plots are investigated. 
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CHAPTER 6 

FIELD EXPERIMENTS 

This chapter presents the results from the infiltration measurements and computer 

simulation analysis conducted on the field plots. Infiltration measurements were made on 

the field plots using the rainfall simulator and tension infiltrometer described in Chapter 

3. The variable intensity rainfall simulator was used to determine the plot scale steady-

state infiltration rate for each of the applied intensities on the five field plots. The tension 

infiltrometer was used to measure infiltration rates at the point scale on three of the plots. 

The results from both of these measurement methods are presented and compared in the 

first sections of this chapter along with a more detailed description of the methods and 

procedures used. 

The next sections present the results from the simulation modeling of the plot 

response from the rainfall simulator experiments. Different methods of determining the 

hydraulic conductivity parameters to model the infiltration and runoff processes are 

presented and compared as well as the results from different discretizations of the Held 

plots. The results from the different model configurations are evaluated in terms of the 

rainfall intensity and the individual plot characteristics. 
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6.1 Rainfall Simulator Experiments 

A minimum of two rainfall simulator runs was conducted on each of the plots, a dry 

and a wet run. Figure 6.1 shows the simulator set up on plot 1. On each plot, an initial 

rainfall simulator run, "dry run" was conducted followed by a second rainfall simulator 

run, "wet run" with a one-hour delay in between. Each simulator run was continuous and 

started with the higher intensities and decreased incrementally down to 50.8 mm/h. 

Fig. 6.1. Photograph of the rainfall simulator on plot 1 in Kendall sub-watershed. 
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A description of each of the simulator runs conducted on the plots is presented in 

Table 6.1. Two sets of simulator runs were conducted on plot i; the second set is 

referred to as Dry b and Wet b. Variations in the rainfall intensities applied were due to 

water supply limitations and difficulties encountered with some of the equipment during 

the simulator runs. 

Table 6.1. Rainfall simulator runs conducted on the field plots in Kendall 112. The 
intensities are presented in the order in which they were applied. 

Applied Rainfall Intensities (mm/h) 

Plot 1: Dry 177.8 152.4 127.0 101.6 50.8 

Wet 177.8 152.4 127.0 101.6 76.2 50.8 

Dry b 177.8 127.0 76.2 76.2 50.8 

Wetb 177.8 127.0 76.2 50.8 177.8 

Plot 2 Dry 177.8 127.0 76.2 50.8 127.0 

Wet 177.8 127.0 76.2 50.8 127.0 

Plot 3 Dry 127.0 76.2 50.8 177.8 

Wet 177.8 127.0 76.2 50.8 177.8 

Plot 4 Dry 177.8 127.0 76.2 50.8 177.8 

Wet 177.8 152.4 127 76.2 50.8 177.8 

Plots Dry 177.8 127.0 76.2 50.8 177.8 

Wet 177.8 152.4 127.0 76.2 50.8 177.8 
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During each rainfall simulator run, runoff was measured from a single flume at the 

end of the plot using an ISCO flow meter as described in Chapter 3. Soil moisture was 

measured before and during the simulator runs at eight locations within each plot using 

soil moisture probes as described in Chapters 3 and 4. Each of the intensities was applied 

until steady state runoff was maintained for a minimum of 5 minutes. After the 50.8 

mm/h intensity was applied on the wet runs, the intensity was increased to 127 mm/h on 

plot 2 and 177.8 mm/h on the other four plots until steady state runoff was observed. The 

runoff recession curve was observed in order to be able to calculate the plot surface 

storage. 

Summary of Rainfall Runoff Relationship 

The relationship between measured runoff volumes and rates and applied rainfall 

volumes and intensities on the five field plots were analyzed to determine differences in 

plot response among the Held plots and between the dry and wet simulator runs. Runoff 

ratios, also known as runoff coefficients, both for runoff volume and peak runoff rate 

were computed for each of the rainfall simulator runs on each of the plots. The total 

rainfall and runoff volumes from each of the rainfall simulator runs are presented in 

Table 6.2. The total volumes were used to calculate volumetric ratios for the entire run as 

well as curve number values (CN) using the SCS curve number method. 
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Table 6.2. Rainfall and runoff volumes from the dry and wet rainfall simulator runs 
conducted on each plot. 

Rainfall 

(mm) 

Runoff 

(mm) 

Volumetric Ratio 

(mm/mm) CN»^ 

Plot 1* dry 64.97 25.73 0.40 81.77 

wet 66.46 38.77 0.58 88.60 

Plot 2 dry 75.04 14.14 0.19 66.86 

wet 83.40 22.93 0.27 70.50 

Plot 3 dry 50.17 18.20 0.36 83.80 

wet 74.08 39.73 0.54 85.63 

Plot 4 dry 69.00 19.37 0.28 74.62 

wet 92.71 37.75 0.41 76.17 

Plots dry 85.94 22.07 0.26 68.69 

wet 91.86 35.33 0.38 75.09 
* These values are for the second set of simulator runs conducted on Plot 1. 
** Curve number 

The peak ratios calculated for each plot for each of the applied rainfall intensities 

are presented in Table 6.3a and 6.3b for the dry and the wet runs, respectively. 

Comparing the observed peak runoff rate for the individual rainfall intensity from the 

field plots simulator runs showed a linear increase in peak runoff rate with increased 

rainfall intensity, as one would expect. The regression coefficients ranged from 0.4S to 

0.77 for the dry runs and from 0.60 to 0.81 for the wet runs. However, the slope of the 

linear regression line increased for the wet runs for each of the individual plots. 

The peak runoff ratios determined for each of the applied intensities are presented 

in Figures 6.2 through 6.6 along with the plots of rainfall intensity vs. peak runoff rate. 
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The largest peak ratios were calculated for plot 1, 0.35 to 0.68 for the wet run and the 

lowest for plot 2,0.00 to 0.32 for the dry run (Table 6.3). 

Table 6.3a. Peak runoff ratios calculated for each of the applied rainfall intensities for 
the dry rainfall simulator runs. 

Intensity 

mm/h Plot 1 Plot 2 

Peak Runoff Ratios 

Plot 3 Plot 4 Plots 

177.8 0.47 0.32 N/a 0.41 0.36 

152.4 N/a N/a N/a N/a N/a 

127.0 0.49 0.22 0.47 0.31 0.22 

76.2 0.45 0.04 0.23 0.07 0.06 

50.8 0.23 0.00 0.00 0.00 0.00 

177.8 N/a N/a 0.55 0.38 0.39 

127.0 N/a 0.22 N/a N/a N/a 

Table 6.3b. Peak runoff ratios calculated for each of the applied rainfall intensities for 
the wet rainfall simulator runs. 
Intensity Peak Runoff Ratios 

mm/h Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 

177.8 0.68 0.41 0.65 0.51 0.51 

152.4 N/a N/a N/a 0.52 0.54 

127.0 0.66 0.34 0.63 0.44 0.40 

76.2 0.53 O.IO 0.45 0.30 0.20 

50.8 0.35 0.00 0.23 0.09 0.04 

177.8 0.68 N/a 0.65 0.51 0.51 

127.0 N/a 0.34 N/a N/a N/a 
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The change in the peak ratio with applied rainfall intensity illustrates a non-linear 

change in plot response to changes in rainfall intensity. Differences in plot response due 

to antecedent moisture conditions are evident when comparing the dry and the wet runs. 

For all five plots, the peak ratios are higher for the wet runs than the dry runs again 

illustrating the effect of initial soil moisture on plot response. The largest difference in 

plot response between the dry and the wet runs was on plot I (Fig. 6.2), where the runoff 

ratio increased from 0.47 for the dry run to 0.68 for the wet run at a rainfall intensity of 

177.8 mm/h. The smallest difference in plot response between the dry and wet runs was 

on plot 2 (Fig. 6.3) which also had the smallest peak ratios. At the higher intensities, the 

change in runoff ratio with increase in rainfall intensity is relatively small or non-existent. 

This indicates that the apparent infiltration rate of the plot is increasing and that the entire 

plot is not contributing to the measured runoff. 

Comparing the runoff ratios among the plots, the relationship changes between 

the dry and wet runs. For the dry runs, there is a significant difference (a < 0.05) in 

runoff ratio between plot 1 and plots 2,4, and 5. However, for the wet runs the only plots 

which are not significantly different in plot response, are plots 1 and 3 and plots 4 and S. 

These relationships are evident when comparing the plots in Figs. 6.2 to 6.6. 
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6.2. Infiltration 

Steady-state infiltration rates were determined from the rainfall simulator runs by 

subtracting the steady-state runoff rate from the applied intensity for each plot. The 

resulting infiltration rates are presented in Table 6.4. In all cases, the calculated 

infiltration rates for an applied intensity is higher for the dry run than the wet. This result 

was expected due to the changes in initial soil moisture within the plots between runs and 

from the rainfall runoff results presented in the previous section. 

In all of the simulator runs, there was an increase in calculated infiltration rate 

with an increase in applied rainfall intensity. The change in infiltration rate with intensity 

is not as great in the wet run as the dry run. Differences between the plots can be seen in 

the range of infiltration rates and their variability among the plots. For the dr>' runs, four 

of the plots, plots 2-S, the calculated infiltration rate was equal to the applied rainfall 

intensity for the lowest intensity indicating that the lowest infiltration rate on the plot is 

greater than S0.8 mm/h for that antecedent moisture conditions. For plots 1, 3, and 5, the 

infiltration rate for the lowest intensity decreased on the wet run. However, the 

calculated infiltration rates at the highest applied intensity (177.8 mm/h) varied among all 

the plots and ranged from 80.58 mm/h on plot 3 to 121.73 on plot 2. Plot 2 consistently 

had the highest infiltration rates from both the dry and wet rainfall simulator runs. Plot 3 

had the lowest infiltration rates for the wet run, while plot 1 had the lowest rates for the 

wet run. The calculated infiltration rates for plots 4 and 5 are almost identical for the wet 

runs, with the only difference observed for the 76.2 mm/h intensity. 
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Table 6.4. Calculated infiltration rates from the dry and wet rainfall simulator runs 

conducted on the field plots. 

Dry run 
intensity 

mm/h 
infiltration 

mm/h 

Wet run 
intensity 

mm/h 
infiltration 

mm/h 

Plotl 177.8 93.78 177.8 57.05 

127 65.29 127 42.98 

76.2 42.16 76.2 35.81 

50.8 38.9 50.8 33.26 

Plot 2 177.8 121.73 177.8 101.27 

127 98.9 127 83.29 

76.2 72.89 76.2 68.2 

50.8 50.8 50.8 50.8 

Plot 3 177.8 80.58 177.8 61.9 

127 67.19 127 47.23 

76.2 58.66 76.2 42.16 

50.8 50.8 50.8 38.9 

Plot 4 177.8 104.24 177.8 87.27 

127 88.23 152.4 72.63 

76.2 70.73 127 70.93 

50.8 50.8 76.2 53.61 

177.8 110.26 50.8 46.1 

Plots 177.8 114.17 177.8 87.27 

127 98.9 152.4 70.52 

76.2 71.5 127 76.36 

50.8 50.8 76.2 61.01 

177.8 108.27 50.8 48.7 
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The calculated steady state infiltration rates presented in Table 6.4 were plotted as 

a function of rainfall intensity for each of the plots (Fig 6.7a - 6.7e.). This permits a 

visual comparison between the dry and wet runs within plots as well as differences 

among the five plots. The steady state infiltration rates, f(i) (mm/h) for rainfall intensities 

for both the dry and wet runs are shown. For all of the cases, it is not clear that the 

maximum infiltration rate has been reached. The curves through the data were fitted 

using 

f(i) = fo+(ff-fo) 
>-»o 

V ' / 

6.3 

where fo = infiltration rate (mm/h) when runoff begins, fr = maximum infiltration rate 

(L/T), i = rainfall intensity, io = fo = rainfall rate (mm/h) when runoff begin, and c = a 

fitting coefficient. Because fo, fr, and io were not directly measured, the parameters were 

estimated using reasonable values from the data and c was assumed to be 2. The 

estimated infiltration parameters for the curves are presented in Table 6.5. 
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Fig. 6.7a. Steady-state infiltration rate as a function of applied rainfall intensity on plot 1. 
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Fig. 6.7b. Steady-state infilti'ation rate as a function of applied rainfall intensity on 
plot 2. 
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Fig. 6.7c. Steady-state infiltration rate as a function of applied rainfall intensity on plot 3. 
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Fig. 6.7d. Steady-state infiltration rate as a function of applied rainfall intensity on 
plot 4. 
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Fig. 6.1c. Steady-state infiltration rate as a function of applied rainfall intensity on plot 5. 

Table 6.5. Estimated initial and Hnal infiltration rate parameters for intensity- infiltration 

relationships in Figures 6.7a - 6.7e. 

Dry Run Wet Run 

fo(mnri/h) ff(mm/h) fo (mm/h) ff(mm/h) 

Plot I 39 130 35 75 

Plot 2 51 190 51 150 

Plot 3 51 100 39 75 

Plot 4 51 160 51 120 

Plot 5 51 170 49 115 

Comparing the estimated infiltration parameters (Table 6.5), which were 

determined for the intensity- infiltration curves, the differences between fo and ff are 

consistently larger for the dry run than the wet for each plot. For the dry run the 
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differences range from 49 on plot 3 to 139 on plot 2. For the wet runs, the differences 

ranged from 36 on plot 3 to 99 on plot 2. Plot 3, which has the most amount of bare soil 

(16.5%) and the least amount of vegetative canopy cover (34.2%) had the smallest 

change in infiltration rate for both runs. The plots with the largest amount of vegetative 

cover and the greatest amount of surface complexity, plots 2 and 5, had the largest 

differences between fo and ff on the dry run. From Chapter 5, plot 5 showed the most 

complexity in terms of vegetative cover and microtopography. However, plot 2 had the 

largest change between initial and final infiltration rates for both runs as well as the 

largest values. This illustrates that there is an interaction between the vegetative and 

surface cover characteristics as well as the soils on plot 2. The results indicate that using 

a single infiltration parameter to defme a site with moderate to significant variability of 

soil and or cover characteristics may result in infiltration rates and derived infiltration 

parameters with significant error over the range of normal rainfall intensities expected to 

cause runoff. The greater the variability and complexity, the more infiltration parameters 

will be needed to define the area and accurately determine the hydrologic response of the 

site. 

Tension Infiltrometer 

Infiltration measurements were made on three of the field plots (Plots 1-3) using the 

tension infiltrometer. As on the soil box, measurements were made at three different 

negative supply heads, 3 cm, 5 cm, and 10 cm. Measurements were made at a minimum 

of three locations down the length of each plot using all three pressure heads. The 
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measurements were made on "soil" areas within each plot. Loose gravel and litter were 

removed, being careful not to disturb the soil surface. The measurement procedure was 

the same as presented in Chapter 3; infiltration rates were measured continuously at a 

single location starting with a 10 cm negative pressure head. Once steady-state 

infiltration was observed, the pressure head was changed. In this case, only initial and 

final soil moisture measurements were made, changes in soil moisture were not 

monitored during the infiltration runs. 

The resulting steady-state infiltration rates from each of the measurement 

locations on the three plots are presented in Tables 6.6 (a-c). Presented along with the 

steady state infiltration rates, are the calculated hydraulic conductivity values. In this 

case, the hydraulic conductivity was calculated using method two as described in Chapter 

3, Equations 3.3 through 3.5. 

Table 6.6a. Infiltration and hydraulic conductivity values determined from tension 
infiUrometer measurements on plot I. 

infiltration rate (mm/h) hydraulic conductivity (mm/h) 

10 cm 5 cm 3 cm 10 cm 5 cm 3 cm 

A 5.91 16.39 24.22 4.80 12.90 19.33 

B 6.13 16.36 4.49 13.06 

C 6.16 16.15 29.21 3.45 11.18 28.09 

D 6.69 16.1 36.27 3.82 12.29 36.50 

Ave 6.22 16.25 29.90 4.14 12.36 27.97 

St. dev 0.33 0.15 6.05 0.62 0.85 8.58 

CV 0.05 0.01 0.20 0.15 0.07 0.31 
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Table 6.6b. Infiltration and hydraulic conductivity values determined from tension 
infiUrometer measurements on plot 2. 

infiltration rate (mm/h) hydraulic conductivity (mm/h) 

10 cm 5 cm 3 cm 10 cm 5 cm 3 cm 

A 7.84 21.01 32.78 5.76 18.45 27.50 

B 11.29 33.08 53.24 8.09 23.69 44.24 

C 12.45 26.73 38.05 5.29 21.23 29.28 

Ave 10.53 26.94 41.36 6.38 21.12 33.67 

St. dev 2.40 6.04 10.62 1.50 2.62 9.19 

CV 0.23 0.22 0.26 0.23 0.12 0.27 

Table 6.6c. Infiltration and hydraulic conductivity values determined from tension 
infiltrometer measurements on plot 3. 

infiltration rate (mm/h) hydraulic conductivity (mm/h) 

10 cm 5 cm 3 cm 10 cm 5 cm 3 cm 

A 9.14 15.7 23.29 2.10 9.48 18.56 

B 2.12 10.15 13.02 5.85 6.03 8.45 

C 3.5 11.86 21.4 4.51 10.28 19.65 

Ave 4.92 12.57 19.24 4.16 8.60 15.55 

St. dev 3.72 2.84 5.47 1.90 2.26 6.18 

CV 0.76 0.23 0.28 0.46 0.26 0.40 



178 

Comparison of tension infiltrometer and rainfall simulator inHltration rates 

As discussed in Chapter 2, tension inflltrometers measure infiltration at the point 

scale, in this case a 20 cm diameter area, using a constant pressure head. The infiltration 

rates determined using a rainfall simulator are averaged over a larger area (12 m^- in this 

case) and the pressure head at the soil surface varies both spatially and temporally. 

The point infiltration rates measured with the tension infiltrometer are much 

lower than the plot average infiltration rates calculated from the rainfall simulator runs. 

The infiltration rates are lowest for the 10 cm pressure head and increase with decrease in 

negative pressure head as one would expect. For plot 1, the average infiltration rate at 3 

cm of tension (29.9 mm/h) is just slightly lower than the 33.26 mm/h infiltration rate for 

the wet run on plot 1 at 50.8 mm/h intensity. The same relationship held true for plot 2 as 

well, but not for plot 3. Comparing the tension infiltration rates from the tension 

infiltrometer with the calculated rates from the dry runs, the results from the point 

measurements are consistently lower than the plot average infiltration rates, even at 3 cm 

of tension. There is some variability in the measurements made within each plot, the 

largest CVs were on plot 3 and the smallest on plot 1 for the 10- and 5 cm heads. 

The infiltration rates from the tension infiltrometer and rainfall simulator were 

evaluated by comparing the results among the three plots. Paired comparisons among 

plots 1-3 are presented in Figure 6.8. The measured infiltration rates are compared for 

the applied tensions and intensities that were common to both plots. The plots indicate 

two results. First, infiltration rates measured with the tension infiltrometer are 

consistently lower than those measured with the rainfall simulator for both dry and wet 
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runs. Second, there does appear to be a common trend in both measurement results. The 

measured infiltration rates for both methods are higher for plot 2 than plot 1 or 3 and the 

resulting rates from plots 1 and 3, fall along the one to one line. Though the infiltration 

rates are not within the same range of values, the measurement trends, when comparing 

the tension infiltrometer and rainfall simulator results, are comparable. 
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Fig. 6.8. Paired plot comparison of infiltration rates from tension infiltrometer 
and rainfall simulator measurements for common applied tensions and intensities. 
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6.3. Modeling the Hydrologic Response 

Both a distributed and a lumped hydrologic simulation model were used to model 

the hydrologic response on the field plots to changes in applied rainfall intensity. The 

two simulation models used were IRS, to model the plots as single overland flow planes, 

and KINEMAT, to model the plots as a series of two or more overland flow planes. Full 

descriptions of the models were presented in Chapter 3 and 4. The hypothesis was that 

the complexity of the plots and changes in applied rainfall intensity would require a more 

complex (distributed) model to improve the ability to model the hydrologic response of 

the plots. 

Three different plot configurations were used to model the runoff response from 

the rainfall simulator plots. For the first configuration, the plots were modeled as a single 

overland flow plane. For the next two configurations the plots were divided into either 2 

or 3 parallel strips (planes) down the length of the plot. As with the soil box experiments, 

the simulation models were used to determine infiltration parameters for the different 

configurations. The methods and assumptions used to determine the different hydraulic 

conductivity parameters are described for each of the configurations. The infiltration 

parameters determined for the dry runs for each configuration were used to parameterize 

the wet runs as a validation. The results from both the dry and wet runs were analyzed 

using a goodness of fit statistic. 
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Modeling the plots as single planes 

The hydrologic responses of the field plots were first modeled using a single 

plane configuration in IRS. Two different parameter identification methods were used to 

determine an average value for each of the plots; the optimization procedure as 

described in Chapter 4 and the time to ponding solution also described in Chapter 4. 

The IRS model was used to determine single effective hydraulic conductivity 

terms for each plot using the parameter optimization method described in Chapter 4 for 

the soil box experiments. The matric potential parameter, was determined by soil 

texture and assumed to be 90 mm for each of the plots. The initial soil moisture was 

parameterized using the average of the volumetric soil moisture readings from the 8 soil 

moisture probes installed in each of the plots. The Chezy C parameter was determined 

for each plot from the recession curve of the observed hydrograph from the last intensity 

applied during the wet run. The optimized value was determined by adjusting the 

parameter until the simulated runoff volume matched the observed for each rainfall 

simulator run. As with the results from the soil box runs, it was not possible to match 

both the runoff volume and peak runoff rate using a single term for the plot. 

The single optimized Kc values ranged from 20.9 mm/hr on plot 1 to 67.2 mm/hr 

on plot 2 (Table 6.7). The fitted Ke values are higher for the wet runs than the dry runs 

for plots 2, 3, and 4. However, for plot 1 (run lb and 2b) and plot 5, the fitted Kc for the 

dry run is higher, though the values are very close. Also presented in Table 6.7 are the 

calculated hydraulic conductivity values determined from the observed time to ponding 

(Kc -tp). These values were calculated using equation 4.1 as presented in Chapter 4. The 
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resulting Kc-tp values for the dry runs ranged from 12.04 mm/hr for plot 3 to 33.158 

mm/hr for plot 2. The Ke-tp values for the wet runs were much higher, and ranged from 

26.886 mm/hr (plot 1) to 68.214 mm/hr (plot 3). 

The plot average optimized Kc values (Table 6.7) are in general much higher than 

the point IQ values for plots 1-3 determined using the tension infiltrometer (Table 6.6 a-

c). The exception is on plot 1, where the average Ke value at 3 cm was 27.97, which is 

higher than the IQ values optimized for both the dry and the wet runs. The infiltration 

rates at 3 cm of tension are comparable to the - tp values for the dry rainfall simulator 

runs (Table 6.7). This indicates that the IQ - tp values might be representative of the Ke 

values for the bare soil sections of the plots. 

Table 6.7. Single Ke values determined for each of the field plots for the dry and wet 
simulator runs. 

Run 

IRS-Optimized 

Ke (mm/hr) 

Time to Ponding 

Ke-tp (mm/hr) 

Plot 1 dry 26.7 26.69 

wet 20.9 30.24 

Plot 2 dry 52.0 33.16 

wet 67.2 74.88 

Plot 3 dry 28.0 12.04 

wet 43.2 68.24 

Plot 4 dry 39.7 14.36 

wet 48.4 44.43 

Plots dry 49.6 14.01 

wet 46.1 24.54 
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Relationship between optimized K« values and runoff indices 

The hydraulic conductivity term, IQ, and the runoff indices, CN and volumetric 

ratio, presented in Table 6.2 are indicators of the hydrologic response of the plot. The 

ERS-optimized Kc values (Table 6.7) were compared with the volumetric runoff ratios 

and calculated CN values (Table 6.2). Both of these hydrologic indices were determined 

based on the observed runoff volume from the dry and wet rainfall simulator runs. The 

resulting relationships for the dry and wet runs are presented in Figures 6.9 and 6.10 for 

the volumetric runoff ratio and CN, respectively. 

As expected, there is a negative linear relationship between and the two runoff 

indices. There is however, a difference between the dry and wet runs. In both cases, the 

range of values for the dry run is smaller and the relationship is stronger. For the dry 

runs, the equals 0.93 and 0.98 for the volumetric runoff ratio and CN, respectively. 

The relationship between Kc and CN for the wet runs was not as strong as indicated by 

the R^ value of 0.79 (Fig. 6.10). 
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Fig. 6.9. Comparison between the plot optimized values for the dry and wet 
runs and the calculated volumetric runoff ratios. 
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Fig. 6.10. Comparison between plot optimized Kc values for the dry and wet runs 
and CNs. 

Comparison of observed and predicted hydrographs (single plane) 

A comparison of the predicted hydrographs with the observed was conducted to 

evaluate the model's ability to match the hydrologic response of the plots based on time 

to ponding, the rise and the recession, as well as the peak runoff rates. The fitted 

hydrographs are presented along with the observed in Figs. 6.1 la. -6.1 le. Using a single 

fitted Kc value resulted in an overprediction of peak runoff for all of the runs. IRS is able 

to fit the lower intensity runoff well in most cases. The predicted hydrographs resulted in 

a much better fit on the wet runs when comparing the time to ponding and rise in the 

hydrographs. In this case, the two different Kc parameters were used on each plot. The 

optimized Kc values for the dry and wet runs were used to parameterize the models for 

their respective runs. 
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Fig. 6.11 a. Comparison of measured and predicted hydrographs for the dry and wet runs 
on plot 1. The predicted hydrographs were simulated using IRS and a single optimized 
Kc value. 
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Fig. 6.1 lb. Comparison of measured and predicted hydrographs for the dry and wet runs 
on plot 2. The predicted hydrographs were simulated using IRS and a single optimized 
Ke value. 
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Fig. 6.1 Ic. Comparison of measured and predicted hydrographs for the dry and wet runs 
on plot 3. The predicted hydrographs were simulated using IRS and a single optimized 
Kc value. 
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Fig. 6.1 Id. Comparison of measured and predicted hydrographs for the dry and wet runs 
on plot 4. The predicted hydrographs were simulated using IRS and a single optimized 
Kc value. 
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Fig. 6.1 le. Comparison of measured and predicted hydrographs for the dry and wet runs 
on plot 5. The predicted hydrographs were simulated using IRS and a single optimized 
Kc value. 
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It is apparent from the observed increase in infiltration rate with increased rainfall 

intensity (Table 6.4) and from the inability to model the hydrograph using a single Ke 

value, that there is spatial variability of infiltration on the plots and that the observed 

hydrographs are at least in part, a result of partial area contribution. The difficulty arises 

in determining which areas of the plot are contributing and how much they are 

contributing at different rainfall intensities. One assumption that is often made is that the 

bare soil areas have a lower hydraulic conductivity and infiltration capacity than 

vegetated areas (Dunne et al, 1991; Morin and Kosovsky, 1995). However, determining 

the effective hydraulic conductivity of the bare soil areas within a plot under rainfall 

conditions is difficult. 

Modeling the plots as a two plane system 

As discussed in Chapter 2, geometric simplifications are often used in hydrologic 

modeling to represent the complexity of the natural system (Lane et al., 1975; Goodrich 

1990). To represent the variability of the hydraulic conductivity within the field plots, 

the plots were divided into parallel strips down the length of the plot. The representative 

area of each strip within a plot was determined from measured soil and cover 

characteristics. Two different methods were used to parameterize the hydraulic 

conductivity terms of the two plane configurations. 

For method one, it is assumed that only a portion of the plot is contributing at the 

Stan of runoff (i.e., the area with the lowest effective hydraulic conductivity). Ke-tp is 

assumed to be the representative Kc value of the portion of the plot that first contributes 
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to runoff, the bare soil. Therefore, one or more other K« values represent the "covered" 

areas of the plot. Kc-tp parameters were determined for each rainfall simulator run using 

the time to ponding equation (Eq. 4.1) and are presented in Table 6.7. Two different 

assumptions were made and tested using KINEMAT to model a two-plane configuration. 

First, it was assumed that K^-tp represented the effective hydraulic conductivity for the 

area of bare soil within each plot. A strip model method was used to simulate a two-

plane system; a plane with an area equivalent to the area of bare soil within each plot and 

a second plane representing the area with surface cover. Plane 1 was parameterized using 

the calculated Kc-tp values (Table 6.7) and the Ke term for the second plane was 

optimized for runoff volume using the same method as described in Chapter 4. 

A large portion of the surface cover on each plot was determined to be litter 

(Table 5.1). The percentage of litter in each of the plots ranged from 40 to 50 percent. 

Surface litter is often positively correlated with infiltration rate (Kidwell et al, 1997; 

Rostagno, 1989; and Hofmann and Ries, 1991). However, it was not clear whether all of 

the litter that was observed on the field plots would increase the infiltration rate of the 

bare soil or if it would be washed away in the surface runoff. Therefore, a second set of 

simulations was conducted with the assumption that Ke-tp was the effective hydraulic 

conductivity term for the areas with both bare soil and litter. 

The results from the strip model optimization using K^-tp for the dry runs are 

presented in Figures 6.12a - 6.12e. Ke_tps was modeled using Kc-tp as the effective 

hydraulic conductivity term for an area equivalent to the area bare soil and Ke_tpsl was 

modeled using K^-tp as the effective hydraulic conductivity term for an area equivalent to 
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the area bare soil and litter. For the simulation runs using K^-tp, the percent area of the 

plot with a Ke equivalent to Kc-tp appears to be somewhere between the percentage of 

area of bare soil and the area with both litter and bare soil. In some of the cases, because 

of the large percentage of litter on the plots, simply reducing the time to ponding 

hydrograph using the area of soil & litter also resulted in an over estimation of runoff 

volume and peak runoff rate (e.g., plot 2). These are often the runs for which a relatively 

high K<.-tp was calculated. 

Plot 1: dry run X measured 
—precip 
—Kejps 
—Ke_tpsl 
—IRS 
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time (min) 

40 50 

Fig. 6.12a. Resulting hydrographs from three of the simulation model configurations. 
There was no improvement in the simulated hydrograph when the two-plane 
configurations using Ke-tp were used. 
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Fig. 6.12b. Resulting hydrographs from the two of the simulation model configurations 
for plot 2. There was no improvement in the simulated hydrograph when the two-plane 
configuration using K^-tp was used. 
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Fig. 6.12c. Resulting hydrographs from the two of the simulation model configurations 
for plot 3. There was a significant improvement in the simulated hydrograph when the 
two-plane configuration using K^-tp for soil and litter area was used. 
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Fig. 6.12d. Resulting hydrographs from the two of the simulation model configurations 
for plot 4. There was an improvement in the simulated hydrograph when the two-plane 
configuration using K^-tp for the soil and litter area was used. 
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Fig. 6.12e. Resulting hydrographs from the two of the simulation model configurations 
for plot 5. There was only a small improvement in the simulated hydrograph when the 
two-plane configuration using Kc-tp for the soil area was used. 
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The hydraulic conductivity input parameters and the representative areas for the 

two Ke-tp configurations are presented in Table 6.8. The Ke values for plane 2 were 

optimized based on runoff volume. For the configurations using the area of both soil and 

litter for plane 1, the optimized Kc values for the second plane on three of the plots, plots 

2, 4 and S, were greater than 178 mm/hr. This means that, for these plots, that portion of 

the plot that does not consist of soil and litter is not contributing to the simulated runoff 

volume. 

Table 6.8. Effective hydraulic conductivity values and representative areas for the two 
plane plot configurations from the time to ponding Ke values. 

Soil Soil and Litter 

Kc-tp (%area) Plane 2 (% area) Kc-tp (%area) Plane 2 (% area) 

Plot 1 26.69 (9.00) 26.65 (91.0) 26.69 (50.8) 26.60 (49.2) 

Plot 2 33.16 (13.7) 54.80 (86.3) 33.16 (65.4) 178.00* (34.6) 

Plots 12.04 (16.5) 30.00 (83.5) 12.04 (58.3) 102.0 (41.7) 

Plot 4 14.36 (15.6) 45.00 (84.4) 14.60 (58.1) 178.00* (41.9) 

Plots 14.01 (10.4) 54.3 (89.6) 14.01 (61.2) 178.00* (38.8) 

* A Kc value of 178 mm/hr indicates that the plane is not contributing to the runoff. 

Results from the Wet Runs 

The wet runs were used as the "validation" runs for the infiltration parameters 

optimized for the dry runs. The parameter values optimized for the single plane and the 

two Ke-tp configurations from the dry rainfall simulator runs (Table 6.8) were used to 

parameterize the model for the wet runs. The resulting simulated hydrographs are 

presented in Figures 6.13a - 6.13e. 
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Fig. 6.13a. Comparison of one-plane and two-plane configuration model results for the 
wet run from plot 1. The hydrographs from the configurations are almost the same. 
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Fig. 6.13b. Comparison of one-plane and two-plane configuration model results for the 
wet run from plot 2. 
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Fig. 6.13c. Comparison of one-plane and two-plane configuration model results for the 
wet run from plot 3. 
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Fig. 6.13d. Comparison of one-plane and two-plane configuration model results for the 
wet run from plot 4. 
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Fig. 6.13e. Comparison of one-plane and two-plane configuration model results for the 
wet run from plot 5. 

In all cases, the Kc- tp configuration using the area of both soil and litter for plane 

1 consistently performed better than the configuration using only the percent area of soil 

for plane I. The model results for plots 2, 4 and S showed a significant improvement 

when the two plane Ke - tp soil and litter configuration was used. However, it is very 

important to note, that for these configurations, the second plane is not contributing 

(Table 6.8). There was only a slight improvement in the ability to model plots 1 and 3. 

Results from the IRS model on the other 4 plots for the wet run consistently 

approximated the observed runoff rates at intensities of IS2.4 mm/hr while significantly 

overestimating the runoff for the final rainfall application at 177.8 mm/hr. It should also 

be noted that the lime to ponding Ke for the dry run on plot 2 is high (33.16 mm/hr) 

compared to the other values calculated for the other plots. 
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Other two-plane method: 

Another method was used to parameterize the two-plane strip model 

configuration. The method, "Ke-area", was evaluated to see if it would improve the 

ability to model the hydrologic responses. Again, the plots were divided into two 

representative planes based on the area of bare soil and the area with surface and 

vegetative cover. An unvalidated method to adjust hydraulic conductivity terms for 

surface cover and canopy cover was developed from analysis of rainfall simulator 

experiments on desert brush sites in Arizona and Nevada (Stone et al., 1992) 

g(0.009SC+0.0l05CC) 

where IQ is the effective hydraulic conductivity (mm/hr) for the plot, K^b is the base 

effective hydraulic conductivity (mm/hr) for the bare soil, SC is the surface cover (%) 

and CC is the vegetative canopy cover (%). Equation 6.4 was used to adjust the 

optimized Ke values from IRS based on the measured cover characteristics from each 

plot. It was assumed that the K« value optimized using IRS was equivalent to the 

value in Equation 6.4; thus the measured surface and canopy cover characteristics were 

used to estimate a base Kcb value for the bare soil within each plot. 

As with the simulation model configurations using time to ponding, a strip model 

configuration for the field plots was developed. Keb was used to parameterize a strip with 

an area equivalent to the area of bare soil and the Ke term for the second strip was 

optimized based on observed runoff volume. The calculated base Kcb and optimized Kc 

values are presented below in Table 6.9 along with a comparison of measured and peak 

runoff rates. The result for plot 2 using K^-area for the dry run was much better than the 
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two time to ponding configurations (Fig. 6.12b). A full comparison of the results from 

the different model configurations is discussed in section 6.4. 

Table 6.9. Comparison of measured and predicted peak runoff rates using base K^b 
values derived using equation 6.4 and plot optimized Kg values for the "cover" areas. 

Base Keb Kc cover Peak Runoff (mm/hr) Difference 

(mm^r) (mm/hr) Measured Predicted (%)  

Plot 1 dry 6.46 22.8 84.02 110.67 31.7 

wet 5.46 23.0 120.75 147.17 21.9 

Plot 2 dry 13.16 61-7 56.07 65.55 16.9 

wet 20.19 77.8 73.56 83.56 13.6 

Plot 3 dry 9.22 31.2 97.22 132.14 35.9 

wet 14.23 47.5 115.90 134.70 16.2 

Plot 4 dry 12.54 59.5 73.56 105.77 43.8 

wet 15.29 55.3 90.53 120.90 33.5 

Plots dry 10.43 55.6 69.53 101.24 45.6 

wet 9.63 50.8 90.53 118.78 31.2 

Modeling the plots using a three-plane configuration; 

For the third configuration, the plots were modeled using three planes, again as 

parallel strips down the length of the plot. The time to ponding Ke values from the field 

plots and was evaluated using KINEMAT. A third plane with an area equivalent to the 

area of shrubs on each plot was added to the two-plane configuration using the area of 

soil for plane 1. In this case, the Kg value of the "shrub" plane was assumed to be greater 

than 177.8 mm/hr, i.e., that the shrub area of the plot was not contributing to the observed 
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runoff. As with the two-plane configurations described above, plane 1 (area equivalent to 

plot area of soil) was parameterized using Ke-tp, and the Ke value for plane 2 (total area 

minus shrubs and soil) was optimized on volume for the dry run and evaluated using the 

wet run for each plot. This procedure was carried out for all of the plots except plot 3, 

which has no shrubs. The results from the three-plane configuration are directly 

compared with the other model configurations and the observed hydrographs below. 

6.4 Comparison of Simulated and Measured Runoff 

The simulated results from all of the model configurations discussed above were 

evaluated for their ability to predict the observed runoff from both the dry and the wet 

rainfall simulator runs on each of the Held plots. Including the three-plane configuration 

presented above, five different configurations were used to model the hydrologic 

response of each of the plots from the rainfall simulator experiments. The different 

configurations and how they were parameterized in terms of the effective hydraulic 

conductivity are listed briefly below: 

1) IRS; single Ke value for the entire plot, optimized on runoff volume; 

2) Ke-tps; 2 planes down the length of the plot (strip model) 

plane I;  area equivalent to area of bare soil; parameterized using Ke-tp 

plane 2 : area equal to 1- area bare soil; Ke optimized (for dry run); 

3) Ke-tpsl: 2 planes down the length of the plot 
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plane 1: area equivalent to area of bare soil and litter; 

parameterized using Ke-tp 

plane 2; area equal to 1- area bare soil and litter, 

Ke optimized (for dry run). 

4) Kc -shrub: 3 planes down the length of the plot 

plane 1: area equivalent to area of bare soil; parameterized using Ke-tp 

plane 2 : area equal to 1- area bare soil and shrub; 

Ke optimized (for dry run); 

plane 3: area equivalent to area of shrubs; Ke = 178 mm/hr. 

5) Kc -area: 2 planes down the length of the plot 

plane 1: area equivalent to area of bare soil; parameterized using K^b 

plane 2 : area equal to 1- area bare soil; Ke optimized (dry and wet runs) 

A least squares statistic, the mean square error MSE, was used to evaluate the 

different simulation model configurations and parameterizations. The statistic uses the 

sum of the squares of the differences between the measured and the predicted values. To 

compare the ability of the model configurations to match the observed runoff rates for the 

changes in applied rainfall intensity, the MSE was determined using the following 

equation: 

MSE=-i(Xi-Yi)^ 6.5 
n i=i 

where Y is the measured runoff rate, X is the predicted runoff rate, and i is the applied 

rainfall intensity. The test statistic was calculated for both the dry and wet rainfall 
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simulator runs using the peak runoff rate for each applied rainfall intensity during a run. 

A small or minimum mean of the square of the differences between measured and 

predicted steady-state runoff rates indicates that the model configuration is able to 

simulate the observed runoff rates and their change with applied intensities. 

The resulting MSE statistics for the dry run are presented in Table 6.10. The 

minimum MSE for each plot is highlighted in bold indicating the model configuration 

that was "best" at simulating the runoff rates for each of the simulator runs. The results 

show that there was not a single model configuration that consistently out performed the 

others. However, it is important to note that using a two or three plane configuration 

resulted in lower MSE values than the single plane configuration using IRS on all of the 

plots. The lowest calculated MSE was for plot 3, which had a least squares value of 90 

using the two-plane configuration K^-tpsl. Because there are no shrubs on plot 3, the 

three-plane configuration was not used. For plot 1, separating out the shrubs into a 

separate plane for resulted in a significant improvement in the model results. The 

primary difficulty with the two-plane configurations using IQ-tp on plot 1, was that the 

Ke-tp value was very close to the average Ke optimized on runoff volume, this meant that 

there was relatively no difference in the Kc values used to parameterize the two plane 

configuration. The plot with the highest minimum MSE was plot 5. Even with the 

decrease in the test statistic with the three-plane configuration, the MSE is 230, which is 

the highest minimum statistic among the plots. For plot 2, only the K^- area 

configuration/parameterization performs well (MSE = 91). The time to ponding Kc for 

plot 2 was very high, 33.16 mm/hr (Table 6.7), while the Kcb value was 13.16 mm/hr 
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(Table 6.9). This lower Kc value used to parameterize the "soil" area, resulted in a higher 

optimized Ke for the "covered" area and a reduction in the simulated peak runoff rates. 

Table 6.10. Mean square error statistics for the dry runs calculated using Eq. 6.5. 

IRS Ke-tpS K«-tpsl Ke-area Kc -shrub 

Plot 1 251 240 240 216 150 

Plot 2 153 148 153 91 133 

Plot 3 289 318 90 310 N/A 

Plot 4 413 409 188 288 235 

Plots 264 260 455 231 230* 

* Not significantly different from the other MSE values for this plot. 

There is an improvement in the ability to simulate the observed hydrographs on 

the dry runs using the three-plane configuration (especially plots 1 and 5), as seen in 

Table 6.10. However, when strictly evaluating the ability of the model to match the 

maximum peak runoff rate the two-plane configuration, Kc-tpsl, does a better job on the 

dry runs. This is illustrated in Figure 6.14, which compares the measured and observed 

peak runoff rates from the dry runs. This result is slightly misleading in that for three of 

the plots (plots 2,4 and 5) the second plane was not contributing (Table 6.8). 

For the dry runs, using the three-plane configuration resulted in improvements in 

the predicted hydrographs for plots 1 and 5. For plot 4, the two-plane configuration (Kc-

tpsl) using soil and litter area for plane 1 does better at simulating the observed 

hydrograph. It is important to note that the K^-tpsl configuration for plot 4, the second 

plane is not contributing to the runoff (K^ greater than 178mm/hr). The results using 
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three-plane configuration on plot 4 are a significant improvement over the results using 

the other two-plane configurations (Ke-tps and Kc-area) and the single plane 

configuration using IRS. 

Maximum Peak Runoff ' •' 
• IRS 
A Ke_tps 
• Ke_tpsl 
• Ke_shrub 
• Ke_area 

140 1 

I 120 

£ 100 -

60 

40 
40 60 140 80 100 120 

measured (mm/hr) 

Fig. 6.14. Comparison of peak runoff rates compared with the observed for the highest 
intensity applied for the dry runs. 

The mean square errors (MSE) for the wet runs are presented in Table 6.11. In 

general, the test statistics are lower for the wet runs than the dry runs. For all of the plots, 

except plot 2, using a multiple plane configuration with values optimized from the dry 

run performed better than the optimized single plane configuration. For plot 2, the 

optimized IRS configuration had a value of 59, while the multiple plane configurations 

were 124 and higher. Plot 1 had the lowest MSE for ail of the wet runs using the dry run 

parameters with a value of 46 for the three-plane configuration. Plots 2 and 5, the plots 

with the most complexity had the worst model efficiency statistics. The multi-plane 



207 

conflgurations all perform better than the single plane configuration on plot 5, but not on 

the other three plots. The inconsistency in the results among plots when comparing the 

different model configurations indicates that the characteristics of the plots and their 

hydraulic properties have a significant bearing on the "optimum" configuration to be used 

in order to model the hydrologic response. 

Table 6.11. Mean square error statistics for the wet runs calculated for each of the model 
configurations using Eg. 6.5. 

IRS IRS_dry* Ke-tps» Ke-tpsl* K«-area* Kc-shrub* 

Plot 1 120 87 87 87 154 46 

Plot 2 59 385 385 124 291 253 

Plots 83 237 277 65 264 N/A 

Plot 4 173 380 374 52 135 116 

Plots 138 116 112 106 114 94 

* The K« values optimized for the dry run were used. 

For the wet runs, comparisons were also made on the ability of the model 

configurations to predict peak runoff and runoff volume (Figs 6.15 and 6.16). As can be 

seen in Fig. 6.15, the two-plane configuration Kc-tpsl was the best at predicting the peak 

runoff rate. However, it is important to note that for three of the five plots, when using 

Kc-tpsl, only a single plane is contributing. Though the models were not optimized on 

runoff volume for the wet runs, the resulting values are very close to the observed (6.16). 

Both the Ke-tpsI and the Ke-shrub configurations do a very good job at approximating the 

measured runoff volume. 
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Fig. 6.15. Comparison of predicted peak runoff rates compared with the observed for the 
highest intensity applied for the wet runs. 
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Fig. 6.16. Comparison of predicted runoff volume compared with the observed for the 

wet runs. 
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6.5. Summary of Strip model and Single Plane Configurations 

Ideally, hydrologists would like to be able to model a 2 m by 6 m rainfall 

simulator plot using a single hydraulic conductivity value to describe the infiltration 

process. However, using a single fitted Kc value, it was difficult to match the observed 

peak runoff rates on all five field plots. In most cases, the single plane conHguration was 

able to match the lower intensity runoff well, but overestimated the runoff from the 

higher intensities. In general, the simulated hydrographs were a much better fit on the 

wet runs than the dry runs; both in matching the time to ponding and the rise in the 

hydrograph. The results show the differences in optimized Kc values that can be obtained 

depending on the initial soil moisture conditions. The fact that the fitted IQ values were 

different for dry and wet runs is indicative of the spatial variability of infiltration across 

the plots. 

Using a multi-plane configuration, either a two or three-plane strip model approach, 

resulted in an improvement over the single plane configuration. Comparing the model 

configurations parameterized using Kc-tp, the percent area of the plot with a Kc 

equivalent to K«-tp appears to be somewhere between the percentage of area of bare soil 

and the area with both litter and bare soil. In some of the cases, because of the large 

percentage of litter on the plots, simply reducing the time to ponding hydrograph using 

the area of soil and litter also resulted in an overestimation of runoff volume and peak 

runoff rate. However, there was no single model configuration or method of 

parameterization that was consistently better. The configurations that did perform well 
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for each of the plots were the configurations that had large differences in the Ke values 

for the separate planes, again indicating the spatial variability of the infiltration capacity 

within each of the plots and the importance of accounting for that variability in 

simulation models when it exists. 

6.6. Complex Plot Configuration 

In the preceding analyses of the hydrologic response of the field plots, it was 

shown that a single hydraulic conductivity term, Kc, was not sufficient to describe the 

infiltration and runoff processes on the field plots when multiple rainfall intensities are 

applied in series. One of the theories that is being evaluated in this study is that a more 

complex plot or hillslope system needs to be characterized at a finer scale in order to 

accurately describe and model the hydrologic response of the system. For all of the 

simulator runs, modeling the plot response using a multi-plane configuration resulted in 

an improvement the ability to simulate the observed hydrograph. 

Using the vegetative canopy and surface cover characteristics (soils, litter, and 

shrub) to parameterize the Ke values for representative areas in a strip model 

configuration improved the model results as discussed above. However, the strip model 

configuration is still a geometric simplification of the complexity of the plots. It does not 

account for the relative locations of areas of higher and lower infiltration capacity on the 
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plot, the effects of run-on and runoff, and interaction of overland flow with changes in 

microtopography. 

A more complex model configuration was tested on one of the field plots, plot 4, 

incorporating a run-on runoff multiple plane configuration. The plot was divided into 

strips; however, each strip was divided into multiple planes, with each plane being 

parameterized as soil, shrub or cover. The hydraulic conductivity parameters optimized 

for the two and three plane strip model configurations were used. Though many more 

planes were used, 34 to be specific, there was not a significant improvement in the model 

results. As with the 2 and 3 plane configurations, the difficultly appears to be 

determining the percent area of the plot that should be parameterized using Kc-tp. 

Because the litter cover is well distributed across the plot (Table 5.3), sub-planes could 

not be separated out based on litter. It is much easier to separate out uniform areas based 

on shrubs or bare soil. 

A major difficulty with more complex model configurations is the identification 

of the internal hydraulic conductivity parameters. Using tools such as GIS, areas as small 

as a 2m by 6m rainfall simulator plot can be divided into a network of overland flow 

planes and concentrated flow paths based on microtopography (flow paths were 

presented in Chapter S). However, determining the parameters for each of the potential 

overland flow paths and the geometry and parameters for the flow paths is more difficult 

as the internal hydraulic conductivity parameters are unknown. 
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CHAPTER? 

CONCLUSIONS AND RECOMMENDATIONS 

This final chapter presents a summary of the results of the research that was 

presented in the preceding three chapters, the conclusions based on those results, and 

recommendations for future research. The results are evaluated in terms the objectives of 

the study, including the identified needs and shortcomings. Recommendations for future 

research based on the findings of this research are presented. 

7.1. Summary of Research Results 

This research study examined the measurement and modeling infiltration process at 

the plot scale. The study was divided into two sections, a controlled soil box lysimeter 

study and a field study. Using the soil box lysimeter, the variability of infiltration 

processes and runoff response due to differences in soil texture and rainfall intensity were 

studied. For the field plots, additional complexity was added in the form of cover and 

topographic characteristics. 

Evaluation of the soil box infiltration experiments indicates that there are many 

factors that can contribute to the variability of the hydrologic responses of the soils. The 

objectives of the study were to 1) determine the importance of relative locations of higher 

and lower infiltration capacity on runoff response and 2) determine how, and if, the 
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relationship between hydrologic response and soil location on the flow plane change with 

variable rainfall intensity. 

This section of the study showed that the location of areas with higher and lower 

infiltration capacities does have an important effect on runoff response and that the 

response changes with changes in rainfall intensity. For the two-soil configuration, there 

were differences in plot response due to the locations of areas of higher and lower 

infiltration capacity. The Right plot, with the Bernardino soil below the Mixed soil, 

consistently had a higher runoff response than the Left plot with the Bernardino soil 

upslope of the Mixed soil. Because of the heterogeneous nature of the Mixed soil, it was 

hard to fully evaluate the effects of runoff run-on processes on either the Left or the Right 

plot. However, there was evidence of runoff run-on processes in the determination of the 

optimized IQ values for the Mixed soil in the two plane plot configurations. The 

optimized value for the Mixed soil on the Left plot was consistently higher than the 

optimized value for the Right plot. 

The soil box that was used is simplistic representation of the complexity that 

exists on rangeland watersheds. However, it was a tool that was used successfully to 

evaluate differences in hydrologic response of soils due to spatial location and intensity. 

The results of the study illustrated these differences along with the effects of partial area 

contribution due to partial area contribution on runoff response. The modeling of the soil 

box rainfall simulator runs illustrated the inability to accurately model the infiltration and 

runoff processes on heterogeneous surfaces with a single Kc-
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The field experiments using the variable intensity rainfall simulator also 

illustrated the changes in infiltration rate with rainfall intensity. The differences in 

observed runoff between the dry and wet rainfall simulator runs illustrated the effect of 

antecedent moisture condition on runoff and the changes in calculated infiltration rate 

with applied rainfall intensity illustrated the variability of the infiltration capacity across 

the plots. The differences in plot response among the five Held plots show the variability 

in infiltration and runoff processes within this small watershed when evaluating the 

processes at the plot scale. 

Using a single fitted Ke value it was difficult to match the observed peak runoff 

rates on all five field plots. In most cases, the single plane configuration was able to 

match the lower intensity runoff well, but overestimated the runoff from the higher 

intensities. In general, the simulated hydrographs using a single optimized Ke were a 

much better fit on the wet runs than the dry runs; both in matching the time to ponding 

and the rise in the hydrograph. However, the optimized values for the dry and wet 

runs were not the same. This indicated I) the effect of the initial soil moisture content 

and 2) the variability in infiltration capacity within each plot. 

A multi-plane configuration, either a two or three-plane strip model approach, 

resulted in an improvement over the single plane configuration. Comparing the model 

configurations parameterized using K^-tp, the percent area of the plot with a Kc 

equivalent to Kc-tp appears to be somewhere between the percentage of area of bare soil 

and the area with both litter and bare soil. In some of the cases, because of the large 

percentage of litter on the plots, simply reducing the time to ponding hydrograph using 
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the area of soil and litter also resulted in an over estimation of runoff volume and peak 

runoff rate. However, there was no single model configuration or method of 

parameterization that was consistently better. 

For both the soil box study and the field plot study, the relationship between the 

point infiltration measurements made with the tension infiltrometer and plot scale 

infiltration measurements made with the rainfall simulator remains unclear. Though the 

infiltration rates measured using the tension infiltrometer and those calculated from the 

rainfall simulator were often comparable, the primary drawback is that the relationship 

between measurement tension and applied rainfall intensity is still unknown. A modeler 

does not know a priori to use an infiltration rate from a measurement made at 10 cm or 7 

cm of suction to parameterize the simulation model. 

Evaluation of research objectives 

The research conducted in this study was successful in meeting the overall goal to 

develop and apply new experimental methods to measure and quantify the spatial 

variability of infiltration processes on rangeland watersheds at the plot scale along 

hillslopes. A newly developed variable intensity rainfall simulator was effectively used 

to evaluate changes in plot scale infiltration rate with changes in rainfall intensity. Using 

the detailed measurements of the plot vegetative cover and surface characteristics of the 

plots to discretize the plots into separate overland flow planes improved the ability to 

model the variability of infiltration processes and the observed runoff response. 
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In Chapter 1, four specific research objectives were identified. Not all of these 

objectives were met in this study. This was due, in part, to changes in the research 

approach during the course of the study as well as limitations of the experimental 

procedures. The research results are evaluated in terms of each of the specific objectives 

below. 

1) To determine and quantify the effects of partial area contribution and soil variability 

on infiltration measurements at different rainfall intensities with a rainfall simulator. 

Partial area contribution of runoff was observed on both the soil box and field plot 

experiments. In all cases, except the simulator runs conducted on the Bernardino soil, the 

steady state infiltration rate increased with increases in rainfall intensity, indicating the 

effects of partial area contribution. On the soil box the contributing area of the two 

different soil planes was known a priori. Therefore, the identification and quantification 

of the partial area contributions to runoff could be determined, at least on the Right plot. 

The heterogeneity of the Mixed soil on the Left plot made it difficult to quantify the 

partial area contribution of the two soil planes on that plot. 

The partial area contributions on the field plots were determined and quantified 

based on percent area of the measured cover and surface characteristics. The 

determination and distinct parameterization of these areas significantly improved the 

ability to model the observed runoff from the rainfall simulator runs. The time to 

ponding Ke was used to parameterize the percentage of the plot with bare soil and litter. 

The remaining portions of the plot were either parameterized as uniform "covered" areas 
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or the percent area of shrubs was separated out. The specific representation was 

dependent on the complexity of the individual plot. In general, this relationship held true 

for both the dry and wet runs on all Ave plots. 

A major question that arose was the percent area of the plot that should be 

parameterized using the time to ponding K^. Based on the results from the simulated 

hydrographs, the representative area appeared to be greater than the area of bare soil and 

the area of bare soil plus litter. For three of the plots, when K«-tp was used for the 

representative area of bare soil and litter, the remaining percent area of the plot was not 

contributing to the runoff. Therefore, more research is still needed to determine the 

portion of the plot contributing to runoff at the lower intensities. The true effects of 

surface litter on rainfall infiltration are still unknown. 

2) To determine threshold values, for the different levels of complexity, at which the 

rainfall intensity dominates the hydrologic process. 

This research objective was not directly addressed in this study. The primary 

reason is a limitation in the experimental design. The highest rainfall intensity that was 

applied in the study was 178 mm/hr. However, even at this high intensity, it was not 

clear that the entire plot was contributing to the observed runoff on either the soil box or 

the field plots. For the rainfall intensity to dominate the hydrologic process, the entire 

plot needs to be contributing to the runoff. The only plot for which the entire plot may 

have been contributing to the observed runoff plot 3. Therefore, comparisons and 

thresholds based on different levels of complexity could not be made. 
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3) To determine the amount of geometric complexity needed to describe the spatial 

variability of the infiltration process as the heterogeneity/complexity of the system 

increases. 

The results of this research showed that the infiltration runoff process could not 

be accurately modeled at the plot scale using a single plane configuration. It also showed 

that simulation model results improved when more complex model configurations (e.g., 

more planes) were used to describe the plots. On the right plot of the soil box and fleld 

plots, modeling the plots using multiple plane configurations improved the ability to 

simulate the observed runoff. For the plots in this study, a minimum of two planes was 

necessary to model the observed hydrologic response. On the more complex field plots, 

plots 1 and 5, a three-plane configuration further improved the ability to model the 

runoff. 

For the Left plot on the soil box additional model complexity was needed to 

simulate the observed runoff response. As was shown in Chapter 4, because of the 

heterogeneity of the Mixed soil, it was not possible to model the response from that soil 

using a single value. In this case, a more complex model configuration (e.g., 

discretize the Mixed soil plane into two or more planes) was needed. 

The soil box experiment was designed specifically to evaluate the effects ninon-

runoff processes along a flow path due to differences in infiltration capacities. The 

runon- runoff effects that were observed during the simulator runs were illustrated using 

the two-plane configuration in the simulation model. Because of the configuration of the 
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soil box and the locations of two soils relative to each other in the Left and Right plots, 

the configuration of the two planes, one above the other, was relatively straight forward. 

The multiple plane model configurations for the field plots, on the other hand, 

used the strip model (parallel plane) approach. The percent areas of the plot with 

different infiltration capacities were modeled as parallel planes, with no interaction. In 

this case, the complexity of the plots due to plot characteristics was addressed, however, 

the effects due to location of areas of higher and lower infiltration capacity within the 

plot were not. This means that the runon- runoff processes that occur with in the plots 

were not modeled and the geometric complexity of the field plots was not directly 

addressed. To model the geometric complexity of the field plots effectively, methods to 

determine the internal infiltration parameters are needed. This is further addressed in the 

section on recommendations for future research. 

4) To develop a relationship between point scale infiltration measurements with tension 

infiltrometers and plot scale measurements made with a variable intensity rainfall 

simulator. 

This objective was not fully met. As stated earlier the infiltration rates measured 

using the tension infiltrometer and those calculated from the rainfall simulator were 

comparable on the soil box. However, the primary drawback is that the relationship 

between measurement tension and applied rainfall intensity is still unknown and could 

not be determined from the measurements made in this study. A modeler does not know 
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a priori to use an inflltration rate from a measurement made at 10 cm or 7 cm of suction 

to parameterize the simulation model. 

On the field plots, there was agreement between the values from the tension 

infiltrometer and the plot scale values calculated from the observed time to ponding. 

However, the infiltration rates from the tension infiltrometer measurements were much 

lower than the plot scale measurements from the rainfall simulator. Therefore, it was not 

possible to determine a correspondence between the infiltration measurements from 

different applied intensities and different tensions. 

The major difTicultly arises from the limitations of where the tension infiltrometer 

measurements can be made; it is very difficult to make measurements using the 

infiltrometer on vegetation without destroying vegetation and disturbing the site. In this 

study, all of the tension infiltrometer measurements were made on bare soil sites within 

the plots. Loose gravel on the surface was removed. This accounts for the agreement 

between the time to ponding values and the tension infiltrometer Ke values. A 

question that still remains is how to equate point scale measurements often made on 

"soil" areas with plot scale measurements that include vegetation and surface cover 

effects. 
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7.2 Identified Needs and Shortcomings 

As with any field research study, there were several shortcomings and needs 

identified during both the fieldwork and analysis phases. The shortcomings and needs 

are not presented in order of importance. They are presented as explanations as well as 

information that should help improve future research. 

Using a variable intensity rainfall simulator was instrumental in conducting this 

research. The variable intensity rainfall simulator used in this study is a prototype design. 

It was newly developed and tested at the USDA-ARS Southwest Watershed Research 

Center (see Appendix A). However, this was the simulator's first field use and as such 

the simulator runs presented in this research comprise the first real field test. More work 

remains to be done until the characteristics of the rainfall from the simulator are fully 

quantified. A factor that needs to be addressed is whether the long delay (5 sec) between 

applications at the lowest intensity has a significant effect on the observed runoff. 

Ideally, the results from a rainfall simulator experiment will reflect the hydrologic 

characteristics of the site and not the characteristics of the rainfall simulator. A full 

comparison between the new variable intensity simulator, the rotating boom simulator, 

and natural rainfall needs to be conducted before the effects of the simulator on the 

observed results are fully understood. 

A second identified shortcoming was the fact that rainfall simulator runs using 

individual intensities (discrete rainfall application) were not conducted on the field plots. 

This was not an oversight, but a compromise in experimental procedure due to a limited 
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water supply and support staff. However, simulator runs using the individual intensities 

would have permitted the identification of separate Ke values for the applied intensities 

(similar to the soil box) and greater insight into the variability of infiltration within each 

of the plots. 

The plot characteristics were measured on a very fine scale before the rainfall 

simulator runs were conducted. Ideally they would have been measured both before and 

after the simulations. Because of the lack of personnel and the onset of the summer 

monsoons directly following the completion of the rainfall simulator runs this was not 

done. It also became apparent during the course of the analysis, that there needs to be a 

better definition of litter, or at least a method to differentiate between litter that can affect 

the infiltration process and litter that would be washed away during the initial onset of 

rainfall. 

An optimization process was used to determine the parameters, except for 

Ke_tp, used in the hydrologic simulation models. In this study, the values were 

adjusted until the simulated runoff volume matched the observed. This often resulted in 

an overestimation of peak runoff when a single value was used for a plot. On the 

other hand, optimizing by matching the peak runoff would significantly under 

estimate the observed runoff value. An alternative approach that could be used is to 

optimize the values using a multiple objective function. For example, could be 

optimized using both runoff volume and peak runoff rate simultaneously, or runoff 

volume and the steady-state runoff values for each intensity (i.e., the shape of the 

hydrograph). This optimization process would result in lower K« values than the ones 
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presented herein. This method would be best suited for situations where only a single 

"average" value needed to be determined. 

Ideally, this study would have been conducted on a greater variety of field sites. 

This would have resulted in more variability among the field plots and hopefully allow 

for more conclusive results. The variability observed among the plots in this study, on 

the same small watershed, are potentially small compared to differences that may be 

found when comparing results from different watersheds and ecological sites. 

7.3 Conclusions 

The overall goal of this research was to develop new understanding of the 

infiltration process and its spatial variability at the hillslope scale. The main objective 

was to try to quantify the variability of infiltration during the rainfall-runoff process at the 

plot scale. In reviewing the results above, this study research has increased our 

understanding of the variability of infiltration and runoff processes on rangelands and the 

relationship among plot complexity, rainfall intensity, and runoff. 

The integration of measurement and modeling techniques was integral to this 

study. This integration enabled an iterative approach to examine the relationship between 

the variability of infiltration across a plot or overland flow plane and the observed runoff 

for a given rainfall intensity. With all hydrologic simulation models, the user is making 

assumptions and simplifications. In this case, it was assumed that the infiltration process 
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on these plots could be modeled using the GAML model. It was also assumed that the 

runoff on the plots and the individual sub-planes behaved similar to the kinematic wave 

model. Given these assumptions, the simulation models were used in conjunction with 

the field measurements to identify effective hydraulic conductivity parameters and test 

different plot configurations. This was an effective and useful method for modeling and 

evaluating different levels of modeling complexity. 

The advance of geographic information systems over the past decade has enabled 

great leaps forward in our ability to collect, analyze and store spatial data. In the Held 

section of this study, the plot characteristics were measured at a very fme scale. This 

enabled the development of plot configurations also at a very fine scale. Though we 

could develop these plot configuration based on microtopography and flow dynamics on 

the plot, it was not possible to determine the internal parameters needed to model the 

complex configuration. We can measure static point data at a very fine scale, but it is 

much more difficult to measure the processes at the same scale and relate it to processes 

at a larger scale (i.e., plot scale). Though some headway was made in this study, the 

relationship between the distribution of plot characteristics and hydrologic processes is 

still not fully quantifiable. 
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7.4 Recommendations for Future Research 

The research results presented in this study are limited in that the field research was 

conducted within a single small watershed and there was no separate validation of the 

different configurations. Further research is needed to both extend and test these methods 

on other rangeland sites and extend the concept to the small watershed scale. There are 

four major recommendations to extend and improve the results of this research. 

1) In this study, ranges in plot response due to changes in rainfall intensity as well as 

differences between field plots due to cover and slope characteristics were determined. 

However, these five field plots are located within the same sub-watershed, on the same 

soil complex and with the same ecological site. To fully evaluate the scale of the 

variability, the study needs to be conducted on a full range of soils and rangeland 

watersheds. 

2) One of the objectives of this research had been to develop a relationship between 

applied rainfall intensity (rainfall simulator) and negative pressure head (tension 

infiltrometer) on resulting infiltration rates on the same soil. It became apparent during 

this research that this was not possible using the approach in this study. However, a 

possible approach that would add additional information to link the two methods would 

be to determine the relationship between contributing area and measured infiltration rate 

at an applied tension. 
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3) Further research is also needed to develop a method to determine the internal hydraulic 

conductivity parameters that are needed to model more complex configurations. It is not 

clear that point measurements can be used for this. A major difficulty still remains in 

relating measurements made with a constant head over a relatively small area with those 

made over a larger area with a variable pressure head. A possible approach would be to 

discretize the plot into sub-planes using the method outlined in Chapter S before 

infiltration measurements are made. Then, infiltration measurements could be made 

within the identified sub plane areas as well as the plot scale measurements with the 

rainfall simulator. Though time consuming, this would be a method to both test and 

validate the different scales of discretization. 

4) The use of flow path configurations that can be developed from microtopography 

measurements as the basis of complex model configuration should be investigated. 

However, before the flow paths are used as the basis of model configuration, they need to 

be verified in the field. Conducting dye studies on the field plots would be an effective 

method to verify the flow paths. The dye studies can be conducted by applying the dye 

across the top of plot or using the rainfall simulator. Using a rainfall simulator, the dye 

can be applied at different intensities. In this case, any potential changes in flow patterns 

due to rainfall intensity and flow depth on the plot could be evaluated. In addition, 

geomorphic statistics based on the number of channels and the drainage density should be 

incorporated into the analysis of plot complexity. 



APPENDIX A 

OSCILLATING BOOM RAINFALL SIMULATOR: 

USER MANUAL AND OPERATING INSTRUCTIONS 
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OVERVIEW: Variable Intensity Rainfall Simulator 

The oscillating boom rainfall simulator is a portable, modular simulator. It is designed to 

rain on field plots with a 2 m width and up to 12.2 m length. It has been designed in two 

modules each of which covers an area up to 6.1m in length. Currently the simulator is 

configured to rain on a plot 2 m wide by 6.1 m in length. 

Water is applied to the plot though the central oscillating boom that runs the length of the 

plot. The simulator is computer controlled. A computer program starts and stops the 

oscillation of the central boom of the simulator. The applied intensity is determined by 

the delay at each end of the oscillations across the plot. 

Plot Size: 

The simulator is designed to simulate over a 6.1 m (20ft) by 2m (6.Sft) area or less. 

This uses four nozzles spaced 1.52 m (5 ft) apart and 2.44 m (8 ft) above the plot. A 

second model can be added to extend the plot to a length of 12.2 m. 

Intensities: 

Using the current nozzles (Vee Jet 80-100) and programs, the simulator can simulate 

intensities from 50.8 mm/hr (2 in/hr) to 177.8 mm/hr (7 in/hr). 

Water Requirements: 

Recommend having 500 gallons of water for a '/2 hour simulation using 4 nozzles (plot 

length = 6.1m). The volume of water that is actually used on the plot varies with rainfall 

intensity. Some calculated volumes are presented below: 
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Intensity 

63.5 mm/hr 

Water Required (soraved on plot) 

177.8 mm/hr 

127 mm/hr 

l i s  gallons 

225 gallons 

315 gallons 

Set Up Requirements: 

Need 2 to 3 people to set up simulator. 

Tools required include: alien wrenches, flat head screw driver, nut driver, level and tape 
measure (english and metric.) The tools are stored in the simulator toolbox. 

Materials Required for Field Simulation: 

Large Pickup Truck with headache bar and trailer 

Plot borders 

Cut off wall 

Ditch witch (trencher) 

Flume(s) 

Water tank: small fiberglass tank, 500-gallon water bladder, and collapsible water tank. 

Power Supply/Generator for pump, simulator, and computer 

Table and stool 

Ladders 

Tool box 

Rainfall Simulator and components 
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List of Simulator Components 

Simuiaton 

• 2 modules; each 6.1m long with the following parts 

3 leg sets (one with motor and drive shaft), 4 sets of leg support cross bars, 

2 support brackets for water boom, water boom, nozzles and pressure 

gages. 

• Pump 

• Hoses (blue 2 in. hose between pump and simulator, green 2 in. suction hose 

between water tank and pump) 

• Controller 

Laptop Computer: 

• Panasonic CF-35 

• PCMCIA cards: PCM-D24/CTR3 (upper PCMCIA slot) 

PCM-DAS16D/12 (lower PCMCIA slot) 

• Cable to controller 

Computer Boards (green hard shell case): 

• CIO-D AS 1600/12 for the bubble gages (connect to PCM-DAS 16D/12) 

• CIO-ERB24 - for the controller (connects to PCM- D24/CTR3) 

• Battery (attaches CIO-ERB24 using a 5Volt converter) 

Bubble gage: (2 are available) 

• ISCO 4230 Flow Meter 
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• 4-20 mA converter 

• Cables to connect to bubble gage and to computer boards 

Power supply 

• Generator 

• Inverter and deep cycle batteries 

• Todd Battery charger 

• Power line conditioner (surge protector) 

• Three extension cords (I for the pump, 2 for simulator & bubble gages) 

Water Supply: 

• Portable auxiliary tank: 1500 gallons (open top) 

• Collapsible water tank: 525 gallons (fits in back of pickup truck) 

• Filter for field use 

3. Quick Check List (for in depth explanation see Section 4.£)etailed Instructions) 

Structure 

1) Set up legs and supports 

2) Install main boom attach drive shaft assembly (nozzles and drive shaft should be 
aligned) 

3) Install drains and funnels (make sure funnels are under the nozzles and 
centered) 

4) Install drain collector (make sure air lock tube in place) 

5) Attach water delivery pipe to water boom and to pump 

6) Attach water drainage tube to collector (needs straight fall back to water tank) 
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7) Attach wind break system 

8) Raise simulator up (check that the height is 8ft above the plot along the entire 
length of simulator) 

9) Center simulator over plot and make certain that the simulator is level across the 
plot 

Test Simulator (computer console commands are written in teal). 

1) Plug step motor into Controller (Very important that the controller be attached to 

the motor before power is turned on to the controller) 

2) Test oscillation of simulator (see Section 4 for more detail in running the motor) 

Run the simulator without water and using only the controller. 

a) Center the nozzles and the oscillating boom driver. 

b) Move the nozzles to the left using the controller (-18000) 

c) Set the origin (Shift O) 

d) Run the two directional programs to ensure that the nozzles travel into the drains 

1) From left to right (G288). 

2) Check to make certain that the nozzles have traveled the full distance across 

the plot (Shift Z) The value returned is the current nozzle location and should 

read as 36000. Make sure the nozzles are all in the drains. 

3) From right to left (G320). 

4) Check to make certain that the nozzles have traveled the full distance across 

the plot (Shift Z) The value returned is the location and should read as 0 (or 
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very close- the distance can vary by a few steps). Make sure the nozzles are 

all in the drains. 

5) Reset origin (Shift O) 

3) Test drainage system (left side only). 

a) Make sure all valves are open. 

b) Turn on pump 

c) Check pressure at pump (-30 psi) and at nozzles (8 psi) 

d) Make sure water is draining back into tank. 

4) Attach all of the other simulator components. 

a) computer boards (check battery supply) 

b) bubble gages to 4-20mA converters to computer boards 

c) computer boards to laptop. 

d) Check all batteries and power supplies. 

Run Check List: 

1) Open LABTECH program timetest.ltc 

2) Check initial intensity setting in the vision program 

3) Check the status of the output file (e.g., new file-old file deleted or name 
changed) 

4) Turn on pump, when pressure is established at nozzles start the Iabtech program 
(RUN arrow) 
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Emergency Stopping: 

If communicating using the Sim program (directly with the controller) 

use the "esc" key to stop the simulator. 

If running the LABTECH program: 

1) Depress the Button. 

2) Exit the vision program (Alt F .V) 

3) Unplug computer boards from PCMCIA cards 

4) Open "Sim" (direct link with controller) 

5) Hit"c.vc" 

6) Move nozzles off the plot if they are spraying on the plot. 

7) Turn off pump 
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Detailed Instructions 

Simulator Set up 

1) Setup legs and boom support brackets: 

For one module (6.1m length), three sets of legs are needed. Set up legs and attach 

the cross bar supports. Attach the two boom support brackets (Figure A.l) to the top 

of the legs using bolts and wing nuts. The boom support at the motor end is already 

in place. Align the boom support brackets perpendicular to the plot. Do not raise 

simulator to full operation height yet. It is easier to install and set up all of the parts 

when not at full height. 

Fig. A.l. Support bracket for main boom. 

2) Place oscillating boom in support brackets. Make sure that the PVC pieces are 

resting on the bearings. 

3) Add second module (otherwise proceed to step 4). 

Set up legs 

Install additional oscillating boom section. 

Attach the boom(s) ensuring that the nozzles are aligned. 

4) Attach oscillating boom to step motor drive shaft assembly ( Figure A.2) 

Make sure that the nozzles and drive shaft assembly are aligned and centered 

(nozzles pointing straight down). 
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Fig. A.2. Oscillating boom drive assembly. 

5) Install drain collector (Figure 3) 

Drain collector is installed under the support for the motor and drive shaft. 

Requires bolt driver to install- use self-tapping metal screws (in tool box). 

Place rubber tubing in drain collector pipe orifice to prevent airlock. 

Attached drain hose (2 inch green suction hose) to collector (end should go back 

into water tank). 

Iniportcml ihcu (he tlrainofn' hose has srrai^/it fall into water tank or else an 

airlock can cause the drain collector to overflow. 

Fig. A.3. Drain collector for recycling water. 
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6) Install drains 

Install aluminum 4x4 sections on the aluminum cross bars on the boom bracket 

supports (see Fig A.l). Follow the number sequence on drains and match to number 

on leg supports. The 4x4 drains should be secured with the 16-inch bungee cords so 

that they are held in place. Place the funnels under the nozzles so they sit in the cut 

outs in the tops of the 4 x 4s (Figure A.4). 

Fig. A.4. Drainage system: funnel placement in 4x4 drains. 

The inside edges of the funnels should be 6 1/2 inches apart centered on the nozzles 

(3.25 in) 

Secure the funnels with small bungee cords, one on each side (Figure A.5). 

Fig. A.5. Bungee cord location to secure funnels on drains. 
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7) Attach hose (quick coupling) to end of oscillating boom and secure delivery pipe to 

first simulator leg. 

8) Raise simulator to height of 8 ft above the plot. 

Use the plumb to make sure the simulator is aligned and that the legs are in the 

proper location with respect to the nozzles. 

9) Place boards under legs to reduce settling. 

10) Set up supports for wind breaks. 

y* inch conduit is placed on the top of the leg supports and attached to the bolts. 

Two additional pieces of conduit are attached vertically to the bolts on the end set 

of legs on the simulator. 

Put up windbreaks (silver/gray tarps on the sides; parachute on the end). 
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Running the Simulator 

Simulator controls and instruments 

A list of the controls and instruments for the simulator are presented in Table 1 (list of 

simulator components). It includes the controls needed to run the simulator and collect 

runoff data from a field plot. This is not a comprehensive list; the necessary instruments 

will vary for each experiment. 

Controller: 

The oscillation of the simulator across the plot is driven by a high torque stepper motor 

(Superior Electric Company #MH112-FJ-8020). The "Controller", a high performance 

microstepper driver & indexer (Intelligent Motion Systems, Inc., Model HI2) is used to 

direct the stepper motor. There are two simple programs that have been saved in the 

controller (Appendix A.). One program, Left.txt, moves the simulator nozzles from the 

left side of the plot across to the right side of the plot. The second program, Right.txt, 

moves the nozzles from the right side to the left side of the plot. The rainfall intensity is 

determined by varying the length of time between the two programs (the time the nozzles 

are not spraying on the plot). The details of communicating with the controller and 

oscillating the nozzles back and forth across the plot are given below. 

Using the terminal program (See IMS Software Reference Manual) 

The hyperterminal program "Sim" on the laptop should be used to run the simulator 

during set up and should remain directly connected to the controller when the Labtech 
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program is being used. The laptop communicates with the controller through COM port 

1 using the communication cable attached to the controller. Once the controller is 

correctly hooked up to the laptop and the "Sim" program is opened, hit the space bar 

and the following sign-on message should appear on the screen: 

xxxx xxxx ADVANCED MICRO SYSTEMS, INC 
MAX-20(X) Vx.XXI 

This indicates that the laptop and the controller are communicating. Press the ENTER 

key. The controller should respond with a "#" indicating that the controller is ready to 

accept commands. 

Moving the nozzles/determining the location/ setting the origin: 

The controller can move the motor in a positive or a negative direction. To move the 

nozzles from left to right is positive and from right to left is negative. To move the 

nozzles from left to right type and the number of steps followed by a return, from 

right to left type and the number of steps followed by a return. To move the nozzles 

across the entire plot takes a total of 36000 steps. 

Examples: (underlined values are number of steps to be moved) 

Left to Right: +2000 (enter) (2000 steps will move the nozzles about 1/4 of an inch). 

Right to Left: -18000 (enter) (18(XX) steps will move the nozzles 1/2 way across the 

plot). 
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Setting the Origin (zeroing the controller): 

The origin, starting position for running the simulator motor programs should be verified 

before each run. The location of the nozzles relative to the origin can be checked 

between runs. To determine the origin, the zero, for running the simulator programs, first 

move the nozzles to the center of the plot. Second, move the nozzles back to the starting 

position on the left side of the plot by typing {-18000). Third, set the step counter to zero 

{Shift O). 

Checking Step Location; 

To check the step location of the motor, the command is Shift Z. This will return the 

"location" in steps of the motor. 

To ensure that the origin is set, type Shift Z this should return a 0. 

Once the origin has been determined and set, the programs can be tested and run. 

1) To move the simulator from Left to Right the command is "G288" followed by a 

return. 

Check the step location {Shift Z). It should be 36000 +/- 5. 

2) To move the simulator from Right to Left the command is "G320" followed by a 

return. 

Check the step location. It should be 0 +/- 5. 
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Trouble shooting (See Controller manual for additional information): 

If you do not see the text, first hit the "enter" key. If a "#" sign appears you were already 

communicating with the controller. If nothing happens check connections and restart the 

controller and the program. To stop the motor when in motion or running, use the 

"cscape" key. 

Connecting the components: 

A flow diagram showing how all of the controls and instruments connect is presented in 

Figure 6. The number of connections will vary depending on the experiment. The laptop 

connects to the controller (and stepper motor) two ways. First, the laptop connects 

directly to the controller through the COM port as discussed above. Second, the laptop 

connects to the controller through the top PCMCIA slot and the relay board (large 

computer board). Important: Do nnt cfninccl the CDiupntcr hoiml lo ihc PCMCIA card 

until ready lo run. The "Sim" program cannot be used to communicate with the 

controller when the PCMCIA card is connected. The gray cable from the relay board 

plugs into the top of the controller. This connection is necessary to run the simulator 

continuously and change the rainfall intensity using the LABTECH program (see next 

section). 

The bubble gages (ISCO flow meters) can be used on their own or they can be 

simultaneously monitored using the LABTECH program. In order to be monitored by 

LABTECH, a 4-20mA converter (Fig A.7) is attached to the interrogator port on the 
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bubble gage and to the digital I/O computer board. The digital I/O computer board 

connects to the laptop through the lower PCMCIA slot (Fig. A.6). 

Legend 

aO-OAS160(V12 to L^Xop PCM-OAS16(V12 
(top PCMCIA slot in Laptop) 

Battery 
12v 

4-20 mA 
Conveftar 

ISC0 4230 
Flow Mater 

Laptop 
Computer 

Cornputar 
Boards 

OigiUII/O 
Board 

aO-ERB24 to Laptop PCM-024/ctt3 
(bottom PCMQA slot in Laptop) 
Cl0-0asl600/l2 to Banery 

"" Battery to Laptop power 
aO-OAS160(V12 to Controlar 
CorMfoler to Laptop (conn 1) 
4-20 mA converter to CIO-ER824 
(SCO 4230 to 4-20 mA converter 
Stepper Motor to COntroler 

Fig. A.6. Flow diagram showing the connections between the components. 
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Fig. A.7.4-20inA output that goes between the ISCO flow meter 
and the computer boards. 

Labtech: 

Background: 

Labtech Control Software (Laboratory Technologies Corp.) is used to run the rainfall 

simulator and monitor the bubble gages. Labtech is a data acquisition and application 

control software. It is used in conjunction with the computer boards, relay and digital I/O 

boards, to monitor and run the simulator. Labtech allows the user to run the simulator in 

continuos mode and allows the operator to interactively change the rainfall intensity. 

Running: 

To run the labtech program open the "Build Time" icon on the laptop desktop. Open the 

file HmetestMc. For lab tech to communicate with the simulator, the relay board must be 

connected to the top PCMCIA card (see section on Connections). To run the program, 

simply push the green run arrow (left side bar) with the mouse. The LABTECH run 

time program and vision based software will start. The interactive vision screen will 

appear. Each item in the vision screen is explained in detail below. 
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Left Side of Screen: 

Time: the elapsed time for the simulation event 

Total time: the time for one pass of the nozzles across the plot (includes delay 

time). 

Intensity Icnob: allows user to change intensity between 2 and 7 in/hr (0.25 in/hr 

increments) 

GO: will light up when the computer board relay to run a direction program is 

turned on. 

Relay position: the "Right" and "Left" indicate how the relay ports are set. If the 

direction is highlighted in red - the ports are set so that direction 

program will run when the "go" relay is turned on. The ports 

automatically change once the direction program has started. 

Stop button: when depressed stops communication between LABTECH and the 

controller. 

Right Side: (can vary with number of bubble gages used) 

Level: flow depth in flume from bubble gage 

Discharge: flow rate from plot (computed from plot area and flume rating curve) 

Graph: discharge over time 

Stopping the simulator: 

The Green Slop button in the middle of the vision program screen will stop 

communication between the Labtech and the controller when depressed. The LABTECH 
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program is still running even if the simulator is not oscillating. This means that the relays 

are still being turned on and off and the program is still monitoring the bubble gage(s). It 

is best to stop the simulator when it is all the way to the left or to the right, but can be 

used to stop it at any time. Otherwise, water will be spraying on the plot. 

Always stop the simulator using the stop button before exiting the vision program. 

If you stop the oscillations of the simulator using the stop button and want to restart the 

simulator with out exiting the Vision program, it is important to know which side of the 

plot the nozzles are on. To restart the simulator, release the green stop button when the 

correct direction program indicator is highlighted in red. 

Setting and changing the rainfall intensity: 

The rainfall intensity can be changed by moving the intensity knob with the mouse. To 

set the intensity before a simulation event, open the vision screen (press the up arrow on 

the upper right hand comer of the vision screen icon) move the knob to the desired 

intensity, save the file and exit the vision program. The intensity can also be changed 

during a simulation event. In this case, it is best to change the intensity when the nozzles 

are temporarily stopped on either the left or the right. The operator could also use the 

stop button to stop the oscillations, move the intensity knob, and then restart the 

oscillations by depressing the stop button. ^ When restarting the simulator with the stop 

button, it is very important that it is restarted when the correct direction indicator is 

highlighted. Otherwise the incorrect program will be run, the motor will move in the 
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wrong direction, the step counter will be off, and the simulator and origin will have to 

be reset. 

Data Output: 

The LABTECH program is set up to automatically create a text output file, logtest.pni 

each time the program is run. Currently, the output file records the simulator run time, 

the program intensity, the level from the bubble gages, and the calculated discharge from 

the Humes. If the LABTECH program is stopped and restarted, the next run is appended 

to the logtest.pni file. Each individual run is separated by a three-line file header, which 

includes the date and the time. The data is output to the text output file every 1/10 of a 

second. This means that the output file is huge and not easily managed. A simple 

program was written to calculate the average of the data every second or more and output 

the averaged data to a new file. The program and command necessary to run it are 

presented in the Appendix. The new file is easily imported into a spreadsheet program, 

such as EXCEL, to analyze the data. 
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APPENDIX B 

TENSION INFILTROMETER DATA FROM THE SOIL BOX EXPERIMENTS 
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Table B.l. Infiltration rates and calculated hydraulic conductivity values from tension 
infiltrometer measurements on the Left Plot of the soil box. KOIO was calculated using 
Equation 3. L 

Soil Site Head Inf. Rate K(40 
(-cm) mm/hr mm/hr 

Bernardino la 10 13.500 6.490 
5 23.400 14.350 
3 38.760 27.390 

lb 10 7.060 6.250 
5 18.660 14.030 
3 31.280 24.120 

1c 10 7.490 4.160 
5 16.170 8.540 
3 28.050 16.350 

Id 10 12.010 8.020 
5 26.840 16.390 
3 48.720 24.280 

Mixed 2a 10 36.920 5.050 
5 113.000 77.180 
3 216.000 101.300 

2b 10 43.930 18.930 
5 124.270 21.090 
3 192.930 43.780 

2c 10 15.260 4.020 
5 44.320 24.610 
3 115.660 42.920 

2d 10 36.570 4.880 
5 88.190 9.840 
3 150.950 39.270 
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Table B.2. Infiltration rates and calculated hydraulic conductivity values from tension 
infiltrometer measurements on the Right Plot of the soil box. KOiO was calculated using 
Equation 3.L 

Soil Site Head Inf. Rate KW 
(-cm) mm/hr mm/hr 

Mixed 3a 10 13.150 5.430 
5 37.270 9.990 
3 66.360 32.590 

3b 10 24.410 9.720 
5 63.480 10.000 
3 107.840 68.130 

3c 10 39.960 38.420 
5 106.680 74.080 
3 157.150 115.210 

3d 10 22.350 6.180 
5 44.150 7.150 
3 77.440 54.840 

Bernardino 4a 10 25.390 11.240 
5 58.750 29.270 
3 89.450 39.270 

4b 10 10.060 8.590 
5 23.920 15.530 
3 40.040 16.480 

4c 10 17.220 8.820 
5 44.050 18.170 
3 72.560 27.070 

4d 10 20.740 10.450 
5 61.720 25.970 
3 124.920 44.140 



252 

APPENDIX C 

HYDROGRAPHS FROM SOIL BOX RAINFALL SIMULATOR RUNS 



253 

£ 
<0 

precip 

measured 

20 40 60 
time (min) 

80 100 

Fig. CI. Measured and predicted hydrographs from Run 2 on the Mixed soil. Predicted 
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Mixed Soil: Run 3 
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Mixed Soil: Run 3 
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Fig C.2. Hydrographs for each intensity from Run 3 on the Mixed soil. 
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Bernardino Soil: Run 3 
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Bernardino Soil: Run 3 
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Fig C.3. Hydrographs for each intensity from Run 3 on the Bernardino soil. 
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Mixed Soil: Run 4 
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Mixed Soil: Run 4 
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Fig C.4. Hydrographs for each intensity from Run 4 on the Mixed soil. 
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Bernardino Soil: Run 4 
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Fig C.5. Hydrographs for each intensity from Run 4 on the Bernardino soil. 
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Mixed Soil; Run 5 
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Fig C.6. Hydrographs for each intensity from Run 5 on the Mixed soil. 
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Bernardino Soil: Run 5 
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Mixed Soil: Run 6 
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Mixed Soil: Run 6 
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Fig. C.8. Hydrographs for each intensity from Run 6 on the Mixed soil. 
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Bernardino Soil: Run 6 
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Bernardino Soil: Run 6 
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APPENDIX D 

HILLSLOPE PROFILE DATA & SOIL DESCRIPTIONS 
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Table D. 1; Vegetative canopy and surface ground cover percentages for each segment 
along Profile 1. 

Segment Segment 
Length 

(m) 

Cumulative 
Distance 

(m) 

Segment 
Slope 
(%) 

Canopy 
Cover 
(%) 

Ground 
Cover 
(%) 

Bare 
Ground 

(%) 

I 5.68 5.68 5.92 76 43 57 

2 3.78 9.46 8.24 75 80 20 

3 6.58 16.04 8.09 81 81 19 

4 5.47 21.51 11.97 95 91 9 

5 9.07 30.58 17.59 96 83 17 

6 6.66 37.24 14.85 77 50 50 

7 6.4 43.64 14.7 86 62 38 

8 2.75 46.39 13.91 96 71 29 

9 6.4 52.79 10.54 96 76 24 

10 8.23 61.02 11.54 81 62 38 

11 7.62 68.64 12.34 85 65 35 

12 4.57 73.21 15.98 91 77 23 

13 3.36 76.57 16.6 81 57 43 

14 4.87 81.44 20.66 89 95 5 

15 2.68 84.12 23.94 96 84 16 

16 1.89 86.01 17.94 100 94 6 

17 1.68 87.69 13.2 76 76 24 

18 .92 88.61 21.3 100 74 26 

19 2.43 91.04 8.64 91 87 13 

20 8.54 99.58 4.56 100 62 38 

21 7.31 106.89 4.88 100 61 39 

22 3.66 110.55 5.65 89 63 37 

23 6.71 117.26 5.5 100 95 5 

24 4.42 121.68 4.07 100 59 41 

25 2.59 124.27 4.77 96 71 29 

Weighted 
Ave. 

88.63 72.84 27.16 

Standard 
Deviation 

8.847 14.22 14.225 
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Soil Series Descriptions for the Soils in Kendall 112 Sub-watershed. 

Elgin Series 

Depth class: very deep 
Drainage class: well 
Permeability: slow 
Landform: fan terraces 
Parent material: mixed fan alluvium 
Slope range: 8 to 12 percent 
Elevation: 4500 to 5000 feet 
Classification: Fine, mixed, thermic Ustollic Paleargids 

Typical Pedon 

Elgin very gravelly fine sandy loam in an area of Elgin - Stronghold complex, 8 to 15 
percent slopes, located at a latitude of 31 degrees, 44 minutes, 28 seconds North and 
longitude of 109 degrees, 56 minutes, 30 seconds West; 2325 feet north and 350 feet west 
from the southeast comer of section 36, Township 19 S., Range 23 E. 

A—0 to 1 inch; brown to dark brown (lOYR 4/3) very gravelly fine sandy loam, 
dark brown (lOYR 3/3) moist; weak granular structure; soft, very friable, nonsticky and 
nonplastic; common very fine roots; common fine interstitial and tubular pores; 38 
percent gravel and 5 percent cobble; noneffervescent; neutral (pH 6.8); abrupt smooth 
boundary. 

Btl—1 to 6 inches; dark reddish brown (5YR 3/2) clay, dark reddish brown (5YR 
2.5/2) moist; moderate medium angular blocky structure; slightly hard, firm, very sticky 
and very plastic; common very fine and fine roots; common fine tubular pores; many 
distinct clay films on ped faces and on rock fragments; 10 percent gravel; 
noneffervescent; neutral (pH 6.8); clear smooth boundary. 

Bt2—6 to 15 inches; dark reddish brown (5YR 3/4) clay, dark reddish brown (5YR 
3/3) moist; moderate medium angular blocky structure; slightly hard, firm, very sticky 
and very plastic; common very fine and fine roots; common fine tubular pores; many 
distinct clay films on ped faces and on rock fragments; 10 percent gravel; 
noneffervescent; neutral (pH 7.2); abrupt smooth boundary. 

Btk--15 to 21 inches; reddish brown (5YR 5/4) gravelly sandy clay loam, reddish 
brown (5 YR 4/4) moist; weak fine subangular blocky structure; slightly hard, firm, sticky 
and plastic; few very fine roots; few fine tubular pores; common distinct clay films on 
rock fragments; conmion distinct calcium carbonate coatings on rock fragments; 25 
percent gravel; slightly effervescent, 11 percent calcium carbonate equivalent; slightly 
alkaline (pH 7.6); abrupt smooth boundary. 
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Bkl—21 to 27 inches; 70 percent light reddish brown (SYR 6/4) and 30 percent 
reddish brown (SYR 4/4) gravelly sandy loam, 70 percent pink (SYR 7/4) and 30 percent 
reddish brown (SYR S/4) moist; massive; soft, friable, nonsticky and nonplastic; common 
fine roots; few fine interstitial and tubular pores; many distinct calcium carbonate 
coatings on rock fragments; 30 percent gravel; violently effervescent, 11 percent calcium 
carbonate equivalent; moderately alkaline (pH 8.0); clear smooth boundaiy. 

Bk2—27 to 60 inches; pinkish gray (7.S YR 7/2) very gravelly sandy loam, brown 
(7.5YR 5/4) moist; massive; slightly hard, friable, nonsticky and nonplastic; few fine 
roots; few fine interstitial and tubular pores; many distinct calcium carbonate coatings on 
rock fragments; 40 percent gravel; violently effervescent, 20 percent calcium carbonate 
equivalent; moderately alkaline (pH 8.2). 

Range in Characteristics 

Surface rock fragments: 25 to 30 percent gravel 
Rock fragments: less than 3S percent in the control section 
Reaction: slightly acid to moderately alkaline 
Depth to calcic horizon: 20 to 40 inches 
Clay content: more than 35 percent 
Organic matter 1 to 2 percent 

A horizon 
Hue: 7.5YR, lOYR 
Value: 3 or 4, dry or moist 
Chroma: 2 through 4, dry or moist 
Texture: sandy loam, fine sandy loam 
Reaction: slightly acid or neutral 

Bt horizon 
Hue: 2.5YR,SYR 
Value: 2.5 through 5, dry or moist 
Chroma: 2 through 4, dry or moist 
Texture: clay loam, clay, sandy clay 
Reaction: neutral to slightly alkaline 

Btk horizon 
Hue: 2.5YR,5YR 
Value: 4 through 7, dry or moist 
Chroma: 3 or 4, dry or moist 
Reaction: neutral to moderately alkaline 
Calcium carbonate equivalent: 5 to 15 percent 
Effervescence: slightly to strongly 
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Bk horizon 
Hue: 5YR,7.5YR 
Value: 4 through 7, dry or moist 
Chroma: 2 through 4, dry or moist 
Reaction: slightly to moderately alkaline 
Calcium carbonate equivalent: 10 to 25 percent 
Effervescence: strongly to violent 
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Stronghold Series 

Depth class: very deep 
Drainage class: well 
Permeability: moderately rapid 
Landform: fan terraces 
Parent material: mixed calcareous fan alluvium 
Slope range: 3 to 30 percent 
Elevation: 4500 to 5200 feet 
Classification: Coarse-loamy, mixed, thermic Ustollic Calciorthids 

Typical Pedon 

Stronghold very gravelly loamy sand in an area of McAllister - Stronghold complex, 3 to 
8 percent slopes, located at a latitude of 31 degrees, 44 minutes, 36 seconds North and 
longitude of 110 degrees, 01 minutes, 00 seconds West; 2230 feet west and 390 feet 
south from the northwest comer of section 32, Township 19 S., Range 23 E. 

A—0 to 1 inch; brown to dark brown (7.5YR 4/2) very gravelly loamy sand, dark 
brown (7.5YR 3/2) moist; weak thick platy structure; loose, nonsticky and nonplastic; 
few very fine roots; common fine interstitial pores; 37 percent gravel; strongly 
effervescent; moderately alkaline (pH 8.2); abrupt smooth boundary. 

Bkl—1 to 8 inches; brown to dark brown (7.5YR 4/2) gravelly sandy loam, dark 
brown (7.5YR 3/2) moist; weak fine subangular blocky structure; soft, very friable, sticky 
and plastic; common very fine and fine roots; few fine tubular pores; few patchy calcium 
carbonate coatings on rock fragments; common distinct organic coatings on rock 
fragments; 34 percent gravel; violently effervescent, 14 percent calcium carbonate 
equivalent; m<^rately alkaline (pH 8.2); clear smooth lx>undary. 

Bk2—8 to 25 inches; light brown (7.5YR 6/3) gravelly sandy loam; brown (7.5YR 
5/4) moist; massive; slightly hard, very friable, slightly sticky and plastic; common very 
fine and fine roots; few fine tubular pores; many distinct calcium carbonate coatings on 
rock fragments; common fine and medium calcium carbonate filaments; 23 percent 
gravel; violently effervescent, 20 percent calcium carbonate equivalent; moderately 
alkaline (pH 8.2); clear smooth boundary. 

Bk3--25 to 60 inches; light brown (7.5YR 6/3) and pink (7.5YR 7/3) gravelly 
sandy loam, brown to dark brown (7.5YR 4/4) moist; massive; slightly hard, friable, 
nonsticky and nonplastic; few very fine and fine roots; few fine tubular pores; many 
distinct calcium carbonate coatings on rock fragments; common fine calcium carbonate 
filaments; horizontal seams of calcium carbonate .5 to 1 inch thick and 12 to 18 inches 
long; 18 percent gravel; violently effervescent, 18 percent calcium carbonate equivalent; 
moderately alkaline (pH 8.2). 
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Range in Characteristics 

Surface rock fragments: 35 to 55 percent gravel 
Rock fragments: 15 to 35 percent 
Reaction: slightly to moderately alkaline 
Depth to calcic horizon: 2 to 20 inches 
Clay content: 5 to 15 percent 
Organic matter 1 to 2 percent 

A horizon 
Hue: 10YR,7.5YR 
Value: 3 through 5 dry, 2 through 4 moist 
Chroma: 1 through 3, dry or moist 
Texture: fine sandy loam, loam, loamy sand 
Effervescence: slightly to strongly 
Calcium carbonate equivalent: 5 to 15 percent 

Bk horizon 
Hue: 10YR,7.5YR 
Value: 4 through 7 dry, 3 through 5 moist 
Chroma: 2 through 4, dry or moist 
Texture: fine sandy loam, sandy loam, loamy sand 
Effervescence: strongly to violently 
Calcium cartx)nate equivalent: 14 to 40 percent 
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