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ABSTRACT
A hillslope investigation took place for the purpose of confirming correlation between
ground-penetrating radar returns and stormflow. A sprinkler system was operated over a 280 by
200 cm area of the slope in order to generate subsurface flow. Through previous investigations a
kinematic response had been shown to rapidly mobilize high rates of runoff. It had been found that
a threshold condition occurred near saturation which activated the kinematic pressure wave. For
our experiment this process drove delivery through preferential flowpaths into a runoff gutter
collection system. Temperature changes and rainfall rates were monitored as well as volumetric
rates of response. Radar returns were processed and examined afterward. A separate soil core
experiment was also conducted under laboratory conditions. This was done to characterize the
retentivity of the soil since antecedent soil moisture makes up the majority of the water that
becomes mobilized. Comparisons between hydrological and radar data were made utilizing the
gathered information.
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CHAPTER 1
INTRODUCTION
During upland storm events groundwater has the capacity to become rapidly mobilized in
the form of subsurface runoff. Research, which began in the 1960's, confirms that both lateral
runoff and antecedent soil-moisture make significant contributions to hillslope hydrological
processes. The overall volumes as well as timing of runoff are similar to that observed in
overland runoff. This stormflow occurs as interflow (a “catch-all” term) which occupies the
region between baseflow and overland flow on a storm hydrograph. This subsurface runoff
makes significant contributions to streamflow: the ultimate destination for most watershed
runoff. Isotopic studies have shown that “old water”, pre-existent to the given storm event,
constitutes much of this runoff. Antecedent soil moisture is translated, or forced, down the
hillslope through the precipitation striking entering the system. Research suggests that a local
kinematic response to rainfall acts as the initial mechanism for this runoff (Williams, et al, 2002).
Once the kinematic response is initiated water may move laterally along preferential flowpaths.
These flowpaths may take the form of macropore networks or some other structural
feature that encourages interflow. Unstable wetting fronts lead to “fingered flow” development
in the upper soil profiles (Selker, et al, 1992). This often occurs because the matric potential
(analogous to “negative pressure” or “suction”) gradient opposes the direction of flow.
Preferential flow and unstable wetting fronts are also attendant to heterogeneities in the soil.
Fingered flow often forms during infiltration pathways but these also occur as sub-horizontal
flows as well.
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The development of macropores in the soil exacerbates rapid delivery. Macropores are
minute structures: areas of increased porosity and permeability. They generally take the form of
tunnel, pore, or fracture structures ranging in diameter from 3 x 10-6 to 3 x 10-4 cm. These
structures may allow for increased preferential flow when pathways are interconnected.
Regardless, it must be kept in mind that the development of these structures can be problematic.
They are easily destroyed by the activity of flora and fauna as well as human activity. Soil
development itself can inhibit macropore development. Clay content in soils, by its very nature,
may act to form impermeable barriers within these channels. The constant drying and wetting
associated with certain soils can also alter macropore structure.
Investigation of the kinematic pressure wave phenomenon as a mechanism for runoff
generation has come about fairly recently. Precipitation is the initial impetus for rapidly
mobilized water, usually through storms of heightened intensity. Pressure waves are propagated
in unsaturated media due to perturbations in the volumetric pore-water content of the soil. The
kinematic velocity or celerity, the wave velocity, is the derivative of the darcian flux with respect to
the water content. It can be used to predict the pressure-driven velocity of fluid pulses in a system.
Small inputs can trigger rapid hydraulic responses due to this phenomenon (Rasmussen, et al.,
2000). Translation of pressure, or energy, waves were found to lead to these responses within
homogeneous media in the unsaturated zone. This response literally pushes old water, or
antecedent soil-moisture, laterally down the hillslope. Water held in tension at negative pressure
attains positive downward pressure.
The two preferential flow mechanisms- interflow and translatory flow- are well
documented. Through the use of hydrological models and hydrological field methods the influence
these mechanisms can be accurately inferred but rarely directly. The direct visualization of
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subsurface flowpaths in situ would be highly favorable as would subsurface data relating to flow.
Nevertheless in order to make direct observations the soil itself would have to be disturbed which
would likely destroy structures allowing for interflow, especially macropores. Doing so would also
alter the continuity of the system itself. The minute structures that allow for preferentially flow are
exceedingly fragile having developed over many years due to soil formation factors: parent
material, topography, climate, biological influence and slope aspect. Although bulk chemical and
physical characteristics of a soil can be analyzed in a laboratory setting by taking core samples,
actual flowpath structure cannot easily be observed or even inferred in such a manner. Furthermore
preferential flow pathways are often transient and dependent on specific conditions that occur
during a variety of time-dependent events. Different sorts of methods must be used to observe
preferential flowpaths. Geophysical investigation is one such set of methodologies.
There are a variety of geophysical methods available for detecting groundwater and soilmoisture. Since World War II various types of instrumentation have been used to assess soil-water.
Electromagnetic sounding methods such as time domain electromagnetic (TEM) and magneto
telluric (MT) methods generally utilize low-frequency, long wavelengths to assess groundwater at
great depths (Robinson, et al, 2006). Electromagnetic Induction (EMI) is utilized for shallow
groundwater prospecting over broad areas and at depth. Electrical Resistivity Imaging (ERI) is
utilized mainly for locating the phreatic surface as well as other large volumes of water at depth.
Since the early 1980's Time Domain Reflectometry (TDR) has become a widespread
technique used to determine soil moisture content (Topp, et al, 1980). TDR utilizes the dielectric
permittivity of soils (slight charges induced within capacitors by an exterior electromagnetic field)
which resolves water or moisture content spatially and temporally. The detectable dielectric
permittivity is also known as the dielectric constant of soils which is a dimensionless value
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inherent to a materials electrical property. This value is the ratio of the amount of electrical energy
stored in a material, relative to storage in a vacuum. TDR allows for a smaller scale of resolution
than many other geophysical techniques used for groundwater studies. Other techniques exist such
as Induced Polarity (IP) and even seismic methods can be utilized for hydrological surveying, but
none of these other methods can be used to detect changes in water or moisture-content on the
order of anything smaller than a meter or so.
Ground Penetrating Radar (GPR) is another geophysical technique of interest. This method
utilizes the detection of reflected electromagnetic signals due to the inherent electrical properties of
materials. In the case of GPR the differential dielectric constant between materials is what a radar
unit receives as a return signal. GPR utilizes electromagnetic radiation in the microwave frequency
with antennas transmitting center frequencies of 300-3000 MHz. Wavelengths will vary between
approximately 1 m and 1 mm respectively. Velocity of wave propagation is another factor that is
dependent on the dielectric constant of materials (Figure 1).

Figure 1. Table of dielectric constants and propagation velocities for certain materials
(Loken, 2007)
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This is an account of an investigation that utilized GPR to assess and visualize flowpaths
within the shallow subsurface. What is the relationship between GPR returns and flow? To answer
this question a shallow gutter system on a hillslope that previous researchers had established was
utilized. This area was located in a vegetated watershed within a humid region. The soil was loamy
and well-drained with high clay-content. Previous research found that the response to rainfall was
gutter flow comprised of a mixture of rain water and water that was in the soil prior to rainfall.
Care was taken to prevent overland flow, so this flow came from subsurface flow paths, with
rainwater entering only the surface. It was found that gutter response was due to kinematic
pressure wave processes although there was a lingering question as to whether interflow, possibly
due to macropore development, may have been a part of the mechanism for runoff. Subsequently
the determination of flowpath structure before and after the threshold condition for flow was
achieved using GPR was tested.
An artificial rainfall system was installed over a 280 x 200 cm gridded plot directly above
the aforementioned runoff collection gutter. The artificial rainfall sprinkler system was run off-andon for a period of about a week. Each time the sprinkler was turned out it was set to a fixed
pressure. After a period of wetting, usually a few hours, the sprinkler was turned-off and a GPR
survey was conducted. There were a total of 15 such surveys conducted over a period of six days
yielding 930 radar return images of the shallow subsurface each in a series of 48 different depths
down to approximately 28 cm. Gutter-flow was observed towards the end of the six day
experiment. Hydrological data associated with this gutter-flow was correlated with the GPR
images taken during geophysical surveys immediately afterward in order to compare both sets of
data for concordance. Immediately after the six-day geophysical survey a conservative tracer
experiment was conducted for three days. The results from this second experiment are accounted
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for elsewhere (Beasley, 2011). A Tempe cell experiment using core samples was conducted after
the field-work to assess the bulk physical properties of soil concerning drainage and retentivity.
This laboratory experiment yielded a set of soil-moisture retentivity curves for additional analysis.
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CHAPTER 2
LITERATURE REVIEW
Overview
In 1931 L.A. Richards published work on a partial differential operator that he had
derived based on the Buckingham-D'arcy equation formulated by Edgar Buckingham in 1901
(Richards, 1931; Figure 2). This principle became known as as Richards equation. It represents
flow in unsaturated materials, ultimately based on D'arcy's Law, albeit modified to reflect
unsaturated rather than saturated conditions. Richards’s equation states that the moisture content
of porous, permeable, unsaturated materials changes with respect to time. This equation is useful
for representing water movement within non-swelling soils for instance. As such it would seem
ideal for modeling the highly kaolinitic (1:1 clay) soils of the North Georgia Piedmont. This
would be an over-simplification though. Richards’s equation does not have a closed-form
analytic solution and as such is difficult to solve. It is usually approximated numerically using
finite difference or finite element models.

Figure 2. Buckinghams’ original soil-moisture release curve (Nimmo, 2005)
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Water drainage and supply in soil has long been known as a function of soil-water
retentivity: the antecedent moisture conditions in soil. A metric for determining the capacity of a
soil for retaining antecedent moisture is the water retention curve. The water retention curve
plots the soil-water (matric) potential as a function of the water content (volumetric moisturecontent). This curve is used as a means to determine storage, supply and availability to plants.
While these modeling techniques provide robust tools for understanding flow within unsaturated
systems, other techniques must be utilized to actually determine hydrological processes to
greater lengths.
GPR is a tool that is useful in assessing moisture within upper soil structure, especially
soils with high clay content. Radar signals can become highly attenuated due to clay content of
only 5-10% such that depths below one meter are often irresolvable (Knight, 2001). GPR uses
signals of comparatively high frequencies, microwaves, to detect changes in texture and moisture
content. Materials with high dielectric constants tend to be “radar opaque”. Air has a dielectric
constant approaching of one, clay materials have constants of 8-33 and free-standing water has a
constant of 81 (Loken, 2007). Signals encounter difficulty with higher dielectric constants and
the use of GPR becomes less optimized under such conditions. On the surface such potentials for
use can be mapped in plan view. Soil dielectric properties can be visualized or mapped using
software programs that convert the stored numerical data from radar returns into visual images.
A map of GPR conductivities for the conterminous United States actually exists and can
be used for quick and efficient determination of the viability of its use (Doolittle, et al, 2007).
According to the map the area used in this particular study, in the North Georgia Piedmont, is
fairly well-suited for such analysis. As can be seen on the "Ground-penetrating radar soil
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suitability map of the conterminous United States”, the area of interest (Watkinsville, GA, USA)
falls within an area of moderate GPR application potential, or 3 on the Suitability Index
purported by Doolittle and colleagues (Figure 3). The index is a summation of various limiting
factors on radar signal. According to the report an SI of 3 indicates soils with 18 to 35% clay or
35 to 60% low-activity clay minerals. Low activity clays are associated with the weathering
products of highly porous granitic rocks. These types of materials are what make up parent rocks
in the Northeast Georgia Piedmont, the study sites location. These types of materials are limited
in penetration depth but may afford higher resolutions with near-surface applications. This
suggests that radar frequencies higher than 200 MHz are optimum for near-surface work.

Figure 3. "Ground-penetrating radar soil suitability map of the conterminous United
States” (Doolittle, et al, 2007)
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Kinematic pressure wave generation
A mechanism for fluid transport, that explains flow in many situations within the
unsaturated domain, is the kinematic pressure wave (Rasmussen, et al, 2000). Wave velocity
models in unsaturated soil were found to be greatly underestimated with regards to
experimentally obtained results. Short-duration irrigation produced extremely rapid pressure
wave velocities. The kinematic velocity or celerity, the wave velocity, is the derivative of the
darcian flux with respect to the water content and can be used to predict the pressure-driven
velocity of fluid pulses in a system. Pressure waves propagate due to perturbations in the
unsaturated media. Small inputs can trigger rapid hydraulic responses due to this phenomenon.
Translation of pressure, or energy, waves were found to lead to rapid hydraulic responses within
homogeneous media in the unsaturated zone.
Pressure wave generation was investigated through both laboratory and field
experimentation at Holne Moore in southwest England (Williams, et al, 2002). In a laboratory
experiment, pressure waves were propagated downwards through a soil core (Figure 4). It was
observed that the wave travelled much faster than the chloride tracer used as comparison. The
experiment was then taken to the field. It was observed that rainfall on the Moore initiated a
pressure wave that travelled laterally down the hillslope. The kinematic contributing area was
found to be approximately 65% of the catchment area. Results from both experiments agreed
with kinematic wave theory: both translatory flow and macropores offer rapid transport.
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Figure 4. The kinematic wave process in a small soil core (Williams, et al, 2002)
Torres found consistent discharge due to a kinematic pressure wave in his investigations
(Torres, 2002). In the absence of macropores or any other mechanism for preferential flow, a
pressure wave may drive flow if the conditions are correct. When translatory flow occurs water
is displaced rather than released. This displacement does not garner sufficient energy to activate
channels for the initiation of preferential pathways. The mechanism discussed is a threshold
value. When a brief high-intensity burst of rain occurs on wetted soil that is near the threshold
pressure head a slight pressure head increase may occur. The inverse response to this pressure
head increase is a large increase in hydraulic conductivity (K). This response, in turn, forces the
“old water” or soil water downslope. Near-zero pressure heads and had been observed in many
field studies along with concomitant rapid discharge response.
McKinnon discovered that through the stable isotopic analysis of large storm events,
discharge primarily consisted of pre-event, or “old”, water (McKinnon, 2006). It was found that
flow underwent rapid mobilization in a manner consistent with the pressure wave mechanism. A
lag time due to the initial wetting of the slope was observed; this was due in large part to
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whatever antecedent moisture conditions were present in the soil prior to the event. As with
Rasmussen, et al, perturbations in the subsurface initiated by precipitation is observed as soil
pressures fluctuate creating pressure waves. The initial cause for this was water being pushed
through the system due to the impact of rain on the hillslope surface. The effect is translatory
with water being forced from subsurface zones of antecedent moisture into the gutters.
In many respects the work described herein is a follow-up to both McKinnon's
investigations as well as the subsequent research by Thomas (Thomas, 2009). As in McKinnon's
analysis it was found that gutter responded directly to rainfall. Again a lag time was observed as
the soil needed to be “primed” in order for gutter-flow to be initiated. Another observation in
Thomas' investigation: when the soil is dry and high-intensity rainfall occurs uniform infiltration
does not occur. Non-uniform unstable fronts occur throughout the soil and a preferential flow
called “fingering” occurs. Regardless, the kinematic response mechanism drives pressure wave
translatory flow to cause water to flow laterally into the gutters particularly during dry
conditions. Thomas found that, in addition to the aforementioned pressure wave flow, fingering
caused unstable, uneven flow fronts to occur within dry soil.
Soil-moisture retentivity
Numerical models that approximate fluid flow and transport in the unsaturated zone have
been widely developed. Van Genuchten found some of these methods problematic particularly
“when applied to nonhomogeneous soils in multidimensional unsaturated flow models” (Van
Genuchten, 1980). Closed-form models that predicted the unsaturated conductivity, such as that
developed by Brooks and Corey were seen to be more accurate (Brooks and Corey, 1964).
Nevertheless noticeable discontinuities continued to take place in the slope of the soil-water
retention curve as well as in the unsaturated hydraulic conductivity curve. This occurred at some
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negative pressure called the bubbling pressure. The discontinuity prevented convergence of
saturated-unsaturated flow problems. The author found that an approach used by Mualem
(Mualem, 1976) suited the need to overcome this problem. Mualem purported an integral
formula for the unsaturated hydraulic conductivity that could enable one to derive closed-form
analytical expressions. It was found that appropriate equations for the soil-water retention curve
were required.
Van Genuchten set about to derive the necessary terms to correct the problem posed by
Mualem's determinations. He formulated a continuous soil-water retention curve of continuous
slope (Figure 5). He utilized Mualem’s equation for predicting the relative hydraulic
conductivity using the soil-water retention curve in which the pressure head is a function of the
dimensionless water content. To solve this equation an expression of the dimensionless water
content was required that related to the pressure head. To this end the author developed a class of
equations based on one general equation. This equation set the dimensionless water content equal
to an expression to the power of “m”. The expression contained by m was, one over one plus the
pressure head times a factor “a”, to the “n” power. In this context a, m and n are fitting
parameters. Through substitution and derivation the author proved that the general form of the
equation could be used to formulate solutions to relative hydraulic conductivity and soil-water
diffusivity. He also discussed the fitting parameters as well as their utilization.
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Figure 5. Van Genuchten’s retentivity curve
The author also obtained similar results in using an equation by Burdine (1953):
conductivity as a function of the dimensionless water content (theta) equal to a complex integral
with theta as the upper bound. The author then proceeded to invert his own general form
equation and substitute it into Burdine’s equation. This resulted in a series of derivations that, as
with earlier derivations, could be used to determine relative hydraulic conductivity as well as
soil-water diffusivity. In the following graphical analysis of his determinations the author found
that the derivations based on Mualem’s equations were more accurate. For this reason the author
chose to cease discussing the Burdine derivations further and only concentrated on his work with
Mualem’s determinations.
In the next section Van Genuchten compared his findings to the Brooks and Corey (1964)
model. Brooks and Corey’s general form consisted of the pressure head over the bubbling
pressure, this expression to the power of negative gamma, all equal to theta. Negative gamma
was an as-yet undefined soil characteristic parameter. The author found that the two models

15
deviated considerably when theta approached saturation. It was also found that the diffusivity
curves were markedly different at intermediate and greater values of the water content. Towards
the end of the paper the author compared actual field data to fitted data and found that, with
some exceptions his models were in good agreement.
Contributions to runoff
The concept of a variable source area was initially discussed by Hewlett in accordance
with experiments that he conducted at the Coweeta Hydrologic Laboratory in 1961 (Hewlett,
1961). The variable source area is a portion of a watershed that contributes to runoff. This area
expands and contracts over time. Research was conducted in order to test the theory that lengthy
soil moisture drainage sustains mountain streams. In studying these mountain streams it was
determined that very little overland flow contributed to perennial streamflow in the characteristic
deep, friable soil of the study area in North Carolina. Due to previous experience Hewlett
determined that bodies of groundwater were restricted to narrow zones along stream channels.
Since an aquifer did not supply these perennial streams with an adequate supply of water it was
surmised that another mechanism must have been present. The unsaturated material, soil had to
be the source for storage and baseflow, since saturated storage was far beneath the stream-base.
Moisture content and drainage are directly proportional, inclusive of soil depth and physical
properties. To test his theories Hewlett constructed an artificial soil profile along a 40 % slope
(Figure 6). It was found that various contributions to hillslope flow could be calculated through a
series of differential expressions. As precipitation, and thus recharge, increased it was observed
that the extent of the contributing areas varied as well.
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Figure 6. Schematic diagram of Hewlett and Hibbert's soil model
A large field area near Stanford University in California was used to determine surface
and subsurface storm runoff processes, each approach to be utilized independently of the others
(Pilgrim, et al, 1978). Initially the common anisotropic and heterogeneous conditions of soil are
discussed as supporting the variable source area concept: interflow, antecedent moisture,
precipitation, duration, etc. Observed in this experiment were: “Horton-type surface runoff,
saturated overland flow and rapid subsurface interflow.” The site was one of a uniform soil type
“Gaviota Loam and Altamont Clay” with a slope of 30% chosen to clearly observe interflow. The
dimensions of the site were 18.3 x 48.4 m. Tracer measurements were used for data collection as
were two sets of collecting troughs located at two “benches”: one bench set at about 27 m
downslope and the other set at the end of the site near a creek. This method, the use of troughs or
“gutters”, is a robust tool for control over flow downslope. Utilizing such means one can monitor
and even control the volume, velocity and dissolved constituents of groundwater in the field.
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Two natural storms were utilized at the experimental site yet neither produced enough
volume for the utilization of tracers. During the dry season (May, 1968) artificial rainfall was
used for the tracer experiment. 178 mm of water was applied to the entire site using sprinklers at
a rate of 10.7 mm/h. Few instruments were used and the water was collected manually; in fact
nearly all of the work was done manually. Dissolved and un-dissolved organic and inorganic
loads were also determined within the collected water at several times during the experiment.
Each collecting tray was set at different elevations within the exposed soil faces. Subsurface
outflow was seen just above a lower confining silty clay horizon indicating the attenuation of
downward flow due to the lower hydraulic conductivity. Variability in soil type was noted and a
hydrograph was drawn-up for the entire system concerning the later storm. Rapid response to a
storm is noted within the system which supports later findings on the dynamics of the variable
source area. Suspended load response is also noted in this paper. The authors concluded that even
within a seemingly uniform natural system, the variability of hydrological response can be great,
something which they concluded in their findings. The overall response to the storms, both
natural and artificial, was seen as a flushing effect of rapid response through macropores.
Contributions to runoff were found to be extensive and far beyond the field plot.
Preferential flow due to macropores
Subsurface flow can either be described as steady accumulation approaching saturation or
intermittent unsaturated flow (Bouma, 1981). Unsaturated flow is analogous to a “shortcircuiting” effect as water enters dry or unsaturated pores. Pore size is less important than the
continuity of pore interconnection. Four procedures determine macropore flow: field descriptors,
use of schematized, use of staining techniques to characterize macrostructure, and use of
pedological features to determine macropore structure. Previous macropore descriptors are
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covered with an emphasis on chloride-tracer breakthrough curves for soil structure. Two case
studies are considered: one of infiltration into clay soil with continuous macropores, and upward
fluxes in clay soils. Micromorphology is discussed which is essentially an examination of soil
structure in thin-section using microscopy. In this manner the presence of macropore
development is clearly observed. How these structures are interconnected in situ may be the next
question. How would one go about observing these structures in the field?
Beven and Germann discussed macropores using several different criteria (Beven and
Germann, 1982). One of the most common methods of addressing development has been in
interpreting the soil moisture retentivity curve through pore size classes. Through this method an
analogy is made between the macroscopic retentivity and capillarity of the soil. The overall
change in hydraulic conductivity of the soil may be an indicator of macropore development.
Several types of pores are discussed in this paper such as those formed by: fauna, floral roots,
cracks and fissures due to clay and mineral desiccation, and soil pipes due to natural erosive
processes. Continuity or connectivity is not always a given in the case of these structures.
Difficulties in examining macroporosity are discussed such as the problem of establishing an
equilibrium tension throughout a given sample. When such is the case direct measure of the
macropores themselves are often not available, nor is the exact nature of flow. Experimental
evidence indicated that micropores and macropores at the surface fed lateral macropore flow
once significant flow downward had occurred (Figure 7). The authors summarize that a variable
zone of saturation or a relatively impermeable horizon dominates lateral macropore flows during
subsurface stormflows in the unsaturated zone.
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Figure 7. Diagram of flow within macropore space (Beven and Germann, 1982).
Although macropores (pores larger than 1 mm in diameter yet often not much larger) can
transmit a significant amount of water, mesopores were found to be capable of transmission as
well (Luxmoore, et al, 1990). Mesopores are pores that are smaller than 1 mm diameter. While
smaller than macropores, mesopores have a much higher surface area than macropores. Using
chemical tracers Luxmoore and others determined that mesopore flow path lengths changed in
proportion to stages in the subsurface hydrograph. Macropores were viewed as being important
conduits in zones of physical convergence. The authors determined that a few large
interconnected macropores can have a significant influence on discharge.
In a recent paper the degree of subsurface soil erosion was postulated as one of the causes
of preferential flow (Nieber and Sidle, 2010). Preferential flow was seen as a “self-organization”
process which leads to flowpath connectivity regardless of macropores. The preferential flow
network expands as saturation due to an external flux increases. Regarding these structures, there
may be a lack of connectivity but large localized hydraulic gradients can overcome this. Finite
element models were utilized in determining flow through hypothetical blocks of soil, both with
and without macropores. Macropores containing coarser grained materials directly influenced
flow through the soil block. As the application of precipitation increased the outflow increased in
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a like manner due to the influence of macropores. These structures were also seen as producing a
variance of flow versus the soil blocks that did not contain them. Flow in the domain without
macropores was found to be very regular while occurring yet that flow was seen as
discontinuous. Small-scale erosion within the pores themselves guided connectivity: flow
occurred within a series of flowpaths in the most energy-efficient manner possible. The
increasing connectivity of volumes of soil moisture was the key to establishing preferential
flowpaths in the model. Macropore development exacerbated the process. They are essentially a
mechanism for increasing the velocity of flow as well as the direction of flow, to a certain extent.
Ground-penetrating radar utilization
Radar waves are of sufficiently high frequency to travel through earth materials unimpeded
with little dispersion (Sharma, 1997). The relative permittivity or dielectric constant of materials
controls the velocity of radar waves through them. The dielectric constant is the ratio of the
dielectric permittivity of the medium to the dielectric permittivity of free space. The dielectric
permittivity is the electrical displacement or polarization property of materials that normally
behave like insulators. High frequencies, such as those emitted by radar, enable such materials to
behave like conductors. When these electromagnetic pulses encounter differential dielectric
constants they are, in part, reflected. The intensity and amount of the reflected signal is dependent
on the dielectric contrasts between layers as well as thickness of the layers encountered. Thicker
layers tend to attenuate the signal as does an increase in depth. The velocity of radar waves within
earth materials is based on the ratio of the speed of light over the square root of the permittivity of
free space times the materials dielectric constant. Since the dielectric permittivity of free space is
close to unity (unless highly magnetic materials are involved) this value is generally not used. Thus
the velocity of a signal is highly controlled by the dielectric constant.
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GPR has been used in geophysical, hydrological and soil surveying for well over 40
years. Some of the earliest work in the hydrological applications of standard pulsed radar (not
GPR) was conducted by the U.S. Army Corps of Engineers for the Mobility Environmental
Research Study (MERS) (Davis, et al, 1966). Soil samples were prepared at varying soil
moisture contents. Standard pulsed radar signals of 297, 5870, and 9375 megacycles per second
(analogous to megahertz) were directed into the soil. Unlike future attempts (current GPR
antennas are placed directly on the soil) the radar antennae were set above the surface of the soil
at a height of approximately 15 feet above the sample, at varying angles incident to the surface of
a given soil sample. Despite this fact the authors reported a robust moisture value for a
homogeneous soil. It must be noted that the standard pulsed radar systems that were used in this
study were amplitude sensitive only. Signals were indicators of surface water and homogenous
soil moisture content due to the dielectric constants determined reflectance values. It was also
determined that the electrical properties of the soils were concomitant with soil moisture values.
It was surmised through analysis of the returns that longer radar waves (within 225-390 MHz)
could be used to determine some depth values including those of a given water table. It must be
kept in mind that throughout this study the radar signal was sent into the soil from above the soil
itself. Current GPR technologies apply the antenna and receiver directly onto the soil.
In a paper by Doolittle and Collins (1995) the authors presented an overview of use for
GPR in soil survey work. GPR is a powerful tool for delineating the often abrupt transitions from
one soil profile to another, something that may not be apparent from a surface examination. Soil
horizon interfaces often produce strong radar reflections. Listed are the many additional
pedological uses for GPR: depth to hardpans, dense till and permafrost; color inference; organic
carbon content; organic materials determination; depth to shallow water table in coarse textured
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soils; assessment of lamellae or cemented layers; evaluating layer or horizon thickness; and uses
in forestry applications. GPR is also a versatile and robust tool for use in the creation of soil
maps. In addition GPR provides a quick and efficient method of conducting soil surveys: both
cost effective and non-destructive. The author points out that this method is not perfect though
and soils of high conductance limit its use: it is not useful on certain kinds of soils. Use is
frequency dependent with higher frequencies (> 500 MHz) being better utilized for shallow field
work for higher resolution. In contrast lower frequencies, with longer wavelengths, provide good
support for deeper imaging albeit with a lower resolution. Soil factors affecting conductivity are:
porosity and water saturation (water being a good electrical conductor), salt content in solution
with a higher proportion of ions at exchange sites, clay content with 1:1 (kaolinitic) clays as
being more favorable, and scattering which is a function of soil texture.
A 2002 GPR investigation in sandy soil confirmed the use of GPR as a robust method for
determining soil-water and flowpaths (Gish, et al, 2002). In conjunction with soil-moisture data
the survey which took place in Beltsville, MD confirmed accurate identification of flowpaths.
Different layers of soil were identified as being either restrictive or conductive. Those layers of
conductivity were within the upper sandy soil layers for the most part. The authors summarized
that soil-moisture data with an adherent GPR survey had the following qualities: this type of
investigation could “be an effective tool for evaluating and monitoring sub-surface flow
processes”, “the spatial location of the soil moisture monitoring system is critical to monitoring
water movement”, and “real-time monitoring of water movement is critical if preferential flow
pathways are to be accurately monitored.” It must be kept in mind that the area covered for this
particular survey was 350 by 300 m. A survey on such as scale is generally not going to identify
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flowpaths on a very fine-scale. Specific zones of macropore activity were not resolved although
GIS data was used to indicate the possible location of flowpaths in plan view.
Gish and others recently proposed a method to identify sub-surface pathways utilizing
GPR, digital elevation models and soil-moisture data (Gish, et al, 2005). The study site covered
an area of 3.2 hectares (32,000 m2). Since utilizing GPR over such a large area is usually an
unrealistic proposition radar surveys were made only at discrete locations. The locations of
flowpaths were inferred through the use GPR as well as the other methods utilized. An elevation
map of an impervious clay sub-layer was produced using such a method (Figure 8). Flow
pathways were inferred using the various datasets but not specifically identified.

Figure 8. GPR-derived map of an impervious clay layer and inferred flow pathways
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CHAPTER 3
SITE DESCRIPTION
Overview
The area of investigation was on at the United States Department of Agriculture
Agricultural Research Station (USDA-ARS) J. Phil Campbell Senior Natural Resource
Conservation Center in Watkinsville, Georgia (N 33º54’, W 83º24’) in the Inner Piedmont
Physiographic Province of North Georgia. The site is within agricultural pasture, a footslope in
the East Unit of USDA-ARS property on Experimental Pasture 1E (Thomas, 2009).

Figure 9. The Northeast Georgia Inner Piedmont (McKinnon, 2006)
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The test site used for collecting data is in a topographic convergent hillslope zone (Figure
10). The topographic convergence creates a distinct trough shape in this part of the slope. The
soil in this area is of the Cecil series: an Ultisol. These soils feature a distinct Bt horizon.
The parallel zone to the right of the convergent zone, as one faces uphill, was not utilized
for this study; neither was the left side of the convergent zone. All of these zones were utilized in
previous studies (McKinnon, 2006; Thomas, 2009). Both the convergent zone and the parallel
zone were infrequently monitored from winter of 2008 through the spring of 2010. This was to
monitor for natural conditions as well as testing and maintaining the site. A large body of
continuous monitoring data was made available for this work from previous studies conducted in
the area by McKinnon and Thomas.

Figure 10. The convergent zone in Experimental Pasture 1E
The site utilized for the GPR experiment was on the right-side of the hillslope as one
looked uphill, a site referred to as the convergent zone. This plot sits atop a slope within the site
that is naturally shaped in such a manner that flow tends to converge with reference to the
relationship between the left and the right hand sides of the slope. The left side of the convergent
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zone was not utilized in this experiment other than for the obtainment of soil core samples for
use in a laboratory experiment. Directly above the gutter system on the right hand side of the
slope a 280 x 200 cm grid made of twine was assembled (Figure 11). Twine is a material that is
“invisible” to GPR. The space of each grid was 10 x 10 cm. This 56,000 cm2 area was where
artificial precipitation was induced for the artificial rainfall experiment.

Figure 11. Gridded plot for GPR survey
Climate
The climate at USDA-ARS is typical of this part of the Southeastern United States. The
air quality is normally quite humid and the mean annual rainfall is 125.2 cm (Endale, et al,
2002). Mean monthly rainfall is highest (11.5 to 14.0 cm) during the winter months, and least
(7.7 to 8.6 cm) in the fall. Average daily temperature ranges from 23.9˚ C to 26.7˚ C in June–
August (summer months) to 4.4˚ C to 7.2˚ C in December–February (winter months).
Soil

27
The soil at the experiment site was in the Cecil series, an Ultisol: clayey, kaolinitic,
thermic, Typic Kanhapudult. Soil genesis originated in the feldspathic biotite gneiss basement
with a minor component of granitic lithology. The soil is generally well-drained with moderate
permeability. It contains a high amount of kaolin clay. The clay content is highest in the Bthorizons. The Ap-horizon tends to be loamy with a high sand content (2007, Franklin, et al). A
textural analysis of the soil in this area resulted in a particle size distribution of: 70.3 % sand,
3.16 % clay and 26.54 % silt (sandy loam) (McKinnon, 2006). The soil horizon is of interest was
the Ap where the drip plates were installed at 10 cm (Figure 12).

Figure 12. The Ap horizon in the convergent zone
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CHAPTER 4
METHODS
Overview
There were two subsequent experiments conducted using the rainfall/sprinkler system in
conjunction with the gridded plot and a runoff gutter collection system. The first experiment is
the one discussed in this paper: the radar survey. Immediately after the GPR survey was
completed a conservative tracer experiment was conducted on the same grid by Beasley
(Beasley, 2011). Both the results from this paper and the research conducted by Beasley are
ultimately part of the same overall investigation of hillslope processes and groundwater delivery,
and can ultimately be seen as two parts of a complete picture regarding these processes.

Figure 13. Gutter collection setup
Gutter and data collection system
A gutter system had previously been installed on each hillslope. Both the parallel and the
convergent zones featured trenches dug perpendicular to the slope. The dimensions of these
trenches were 1.45 m lengthwise with a depth of about 0.1 m, on average (Figure 13). There
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were two such systems set-up, two gutters in the parallel zone and two in the convergent zone.
As previously mentioned only one gutter was utilized, the right-hand gutter in the convergent
zone. Within these trenches a metal gutter was in place that served to intercept subsurface runoff
that occurred at the upper boundary (Figure 14).

Figure 14. Gutter design (McKinnon, 2006)
A large wooden board as well as non-conductive clay was used to prevent any overland
flow from entering the system while precipitation occurred. In addition to this plastic tubing was
installed to siphon away water that tended to pond up on the steep and uneven slope of the field
plot. The only water that entered the gutter was water that flowed from the vertical cut face
directly over the gutter. Seepage plates were installed approximately 10 cm below the surface in
accordance with previous studies (McKinnon, 2006; Thomas, 2009). These were so placed as to
allow flow to concentrate at one end which is at a slightly lower elevation. The part of the gutter
that was at a lower elevation had an opening that was attached to a tube. The tube was buried
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under the soil, ending-up in a small collection pit that contained an ONSET 1 tipping bucket rain
gauge (Figure 15). The ONSET unit would release the water into another tube under the plastic
bucket that demarcated the pit. The tipping bucket held 0.254 cm of rain per tip before it released
it downward under the bucket, through the tube and downslope away from the site. Each “tip”
would count as one volume of water, which could be stored as information for later use.

Figure 15. ONSET tipping bucket in collection pit (Thomas, 2009)
The trench as aligned along a contour line, a line of equal elevation. The series of drip
plates aided in inducing flow. As response occurred water flowed over the drip plates into the
gutter. The gutter, angled slightly downslope towards the left was attached to a tube and this
water would flow into the ONSET tipping bucket downslope. The tipping bucket was installed in
a small pit downslope from the grid-plot. This water was recorded as tips that flowed in volumes
of 0.254 cm. Each tip registered as a count with a Campbell CR23X Micrologger that was
hardwired to the ONSET unit (Figure 17).
1

Onset Computer Corporation, MacArthur Blvd., Bourne, MA 02532

31
Originally the ONSET unit was set to record tipping data within its internal memory but
this feature malfunctioned and no tipping data was recorded before 6/9/2010. To correct this, the
Micrologger was programmed to record tipping data on 6/9. The Micrologger was hard-wired to
the ONSET tipping bucket to do this. The Micrologger was programmed to record continuous
temperature data from three thermistors as well as tipping bucket data. One thermistor was
placed vertically in the ground at the bottom of the grid (T1, which corresponded to the
southwestern portion of the grid), another was placed approximately 10 cm to the left of the
leftmost seepage plate (T2), and the third one was placed in the gutter itself near the exit spout
on the left (T3) (Figure 16).

Figure 16. Location of thermistors relative to the gutter
Once the small bucket tipped over it would deliver the “cast-off” to a tube under the
tipping bucket that lead to a containment vessel at the bottom of the slope which was periodically
emptied. The Micrologger would record the clicks as counts over the period of time that the
experiment took place in (Figure 17). Such systems are often used to accurately determine
precipitation of a period.
In addition to the runoff data from the tipping bucket rain gauge the Campbell unit was
used to record soil temperature changes throughout the experiment duration. Thermisters were
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installed into the hillslope at the gutter: one vertically in the soil above the gutter, one
horizontally into the soil to the left of the gutter, and one within the gutter itself. Differences
between the gutter water and the soil profile could be observed with these instruments. The
results were extracted from the Micrologger after the experiment (Figure 17).

Figure 17. Campbell CR23X Micrologger
A simple rain gauge was installed at the top edge of the grid in order to record hourly
rainfall volumes above-ground. This gauge was emptied periodically in order for the rainfall
levels to continue being assessed accurately. Final readings were averaged on an hourly basis.
Plot-scale ground-penetrating radar
The GPR runs were conducted over a 5.6 m2 area of the convergent zone directly above
and adjacent to the gutter. Artificial rainfall was applied to the soil for various periods of time,
usually two to three hours. The 280 x 200 cm2 area was subdivided into 10 x 10 cm squares for
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use in observing specific areas. This grid was constructed using twine, a “radar-opaque” material
that was attached to long nails outside of the area of GPR utilization. This enabled for the
operation of the GPR antennae in 10 cm increments. A test run was made with a 900 MHz GPR
antennae five days before the main experiment. Initially the intent was to use a 2600 MHz GPR
antenna but in testing the antenna it was revealed as incompatible with the SIR-2000 control unit.
Consequently a GSSI 1500 MHz antenna would be used for the experiment.
The GPR unit and antenna utilized for this experiment were somewhat typical for these
types of instruments. The control unit generates electromagnetic waves in the radar frequencies.
The antenna unit serves as both transmitter and receiver for these waves once they are reflected
back up to the surface (Figure 18). The antenna is towed over the ground surface at a steady rate
as the signal is sent down into the subsurface (Figure 20). Returns are reflected upwards due to
the differential properties of the subsurface materials, the differential dielectric constants of the
various materials. This particular antenna, as is the case with many such units, was shielded from
interference by objects external to area of interest.
When radar waves encounter a contrast in dielectric constants below the surface they are
reflected back to the surface due to the reflection coefficient of the dielectric values (Lunt, et al,
2005). This is the square root of each dielectric constant used in ratio: the ratio of the upper value
minus the lower value, above the upper value plus the lower value. Higher differential dielectric
contrasts generally produce greater amplitudes of return. When radar waves are transmitted there
are three components present: the above-ground airwave, the groundwave that is slightly below
the surface and the reflected wave making up most of the electromagnetic energy (Figure 18).
Before any survey is run the unit is put through a few tests to determine the location of the radius
of the reflected wave; this known as the Fresnel Zone. The GPR control unit, in this case the
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SIR-2000, is adjusted to record only the radar waves that are within the Fresnel Zone. The
above-surface airwave and the near surface groundwave, both sources of noise, are not regarded
in this respect.
When the unit was initially adjusted several gain points needed to be set. These are values
that allow the signal to stay within a range that would eliminate high gain distortion. For the
entire survey a range of five was used with five corresponding gains: 8, 18, 30, 34 and 34. The
position of the center frequency was set to 100 nanoseconds (ns) downward. The radar unit
emitted the antenna value as the center frequency, which was 1500 MHz.

Figure 18. Schematic of GPR antennae and various wave travel paths (Lunt, et al, 2005)
Ground-penetrating radar survey timeline
The GPR system utilized a SIR-2000 control system for radar monitoring and data
collection. An initial survey was conducted for calibration purposes on June 2 using a 900 MHz
antenna. An attempt was made to utilize a 2600 MHz antenna for the experiment but this was
abandoned due systems incompatibility. It was decided that a 1500 MHz antenna would be
utilized because that is suitable for the SIR-2000. That particular antenna would, in theory,
provide a greater resolution of the subsurface. The GPR survey for the experiment documented
here began on June 7, 2010 at 1338 EDT and concluded June 16 at 2146 EDT (Appendix A).
The various components of GPR used for this survey are as follows: the GSSI SIR-2000
control unit, shielded coaxial cables connecting the SIR-2000 control unit to the antenna, the
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1500 MHz shielded antenna unit and a 12-volt battery which ran the unit. The surveys were
conducted by hand as the antenna operator dragged the unit across the ground surface and the
control operator monitored the SIR-2000 control unit. The control operator would initialize
transmission and “call” to the antenna operator to begin steadily dragging the antenna over the
ground surface over the length of the survey. Once the end of the line (literally since twine was
used) was reached the antenna operator would call out to the control operator who would stop
transmission of the radar signal. Every survey was conducted in this manner.
A total of 15 surveys were conducted over this period of time. 14 of those surveys are
documented here. The last survey was somewhat incomplete as the entire 5.6 m2 was not utilized
for it; it has been omitted from the dataset. The first survey was taken over dry ground since the
prevailing weather conditions at the time were hot with temperatures averaging 29.5° C. Hot dry
days often give way to afternoon and evening thundershowers in the Northeast Georgia
Piedmont; during the experiment these conditions prevailed. At least twice during the afternoon
the survey had to be abandoned for the day due to thunderstorms. The GPR unit was not operated
during rainfalls: the control unit could have been damaged had water entered the chassis.
After the initial survey each GPR run was conducted after periods of wetting. A Tlaloc
3000 sprinkler system wet the soil surface with ~7.6 cm of rain per hour (Figure 19). Wetting
would take place for two to three hours initially but once a response occurred on June 11 at 1524
EDT the periods of wetting were conducted for only 30 minutes or so. This is because once the
system was “primed” it would respond to perturbations in pressure. Wind conditions were mostly
calm with tarps used when wind velocities increased.
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Figure 19. Tlaloc 3000 sprinkler system over gridded plot
Between periods of wetting the SIR-2000 unit was assembled from a stand-by position
and a GPR survey was conducted. This took anywhere from 15 to 25 minutes. Then, one
operator monitored the SIR-2000 control unit and the other operator dragged the attached radar
antenna along the ground (Figure 20). The operator behind the control unit would “call” when
the radar was activated and then the antenna operator would drag the antenna across the grid,
along the twine that demarcated the 10 cm x 10 cm “cells”.
Once that particular transect was completed the operators would complete that particular
survey. Although the antenna emits a signal the roughly spreads 120º outwards each transect is
considered to be a two dimensional “slice” into the ground, length-wise and depth-wise. Each
survey consisted of a “y-run” conducted upslope within the gridded area and an “x-run”
conducted perpendicular to the slope. Doing GPR surveys in such a manner assures complete
coverage as well as the elimination of outlying, anomalous data. This is the reason that the metal
drip plates along the bottom of the plot did not interfere with radar returns. An orthogonal (x,y)
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survey eliminates “side-swipe” which is where the second lobe of the radar signal picks-up
anomalous elements.
For each walk the antenna was dragged along the ground following lines spaced 10 cm
apart. The SIR-2000 unit saved the information from each run into its internal memory. This data
could later be extracted and saved onto a computer hard-drive.

Figure 20. Antenna operation for GPR survey
These radar returns were created from files saved in the SIR-2000 control unit in the
field. The files were saved within the control unit then converted into .dzt format files for
transfer into a computer. Then these files were converted to .dat files which were used to
generate .jpg files. The results were the images used in analysis. The .dat files contained
frequency and intensity of return information as well as the Cartesian coordinates of these
values. These files are extremely useful in numerically analyzing the radar returns.
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Tempe cell experiment
Soil for the Tempe cell experiment was taken from the unused left gutter in the
convergent zone approximately one meter to the left of the right-hand gutter used in the
experiment. This was done on June 29, eight days before the artificial rainfall experiment. To
obtain a sample for use in the Tempe cell array 3.5 in (8.89 cm) diameter brass cylinders 2.36 in
(6 cm) deep are carefully hammered into the soil using a rubber mallet. The core is then
extracted from the soil face. The intact soil core is wrapped in cheesecloth and transported to the
laboratory. Five cores were taken from ARS for analysis in the laboratory with Tempe cells.

Figure 21. Typical Tempe cell array (University of Georgia Soil Physics Laboratory)
The Tempe cell experiment took place from June 24 to July 7, 2010 in the Forest Soils
Laboratory at The Warnell School of Forest Resources on the University of Georgia campus. A
Soilmoisture Products 1400 Tempe cell array was used to obtain data for a retentivity curve
(volumetric moisture (θm) content versus matric potential (Ψ)). The Tempe cell experiment
consisted of a series of small pressure chambers housing the soil samples (Figure 21). The basic
assembly is made up of of a cylinder containing the soil core placed atop a porous ceramic plate.
This is clamped together tightly using a housing assembly with several rubber rings between the
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brass cylinders and the plates. This is to keep the unit sealed airtight. The cylinders are then
placed within a manifold. Fed into each assembly is a tube that originates from a pressure gauge.
This pressure gauge is connected to a hose that constantly supplies air. Each stage of the Tempe
cell experiment is fed air at discrete pressure intervals. As the air pressure is incrementally
increased water is forced out the chamber through the ceramic plate. For this experiment the
pressure was initially set at 0.2 bars (20,000 Pascals) with increments of 0.2 bar adjustments
made throughout the experiment. The maximum pressure set was one bar after which the
experiment was terminated. Throughout the experiment the massed of the core samples were
measured in order to assess the volume of water that had been drained out of the soil samples.
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CHAPTER 5
DATA AND RESULTS
Ground-penetrating radar returns
Changes in soil-moisture content were made visible through radar returns. These were
“snap-shots” of moisture content sometime after the sprinkler was shut-off. Actual water
movement was not visualized since it took several minutes to assemble the GPR survey after
each period of wetting. By the time the survey began the water had drained out of the soil. Thus
the returns present images of residual moisture.
The radar returns indicate changes in the soil moisture content due, in turn, to changes in
dielectric values. Some zones in the soil are seen to have higher dielectric values, moisture
increases, while others have been “emptied-out” showing low values. These values are strongly
constrained by water or moisture-content: the dielectric constant of water is ~81 for free-standing
freshwater.
A series of 930 individual radar surveys along transect took place throughout the GPR
field experiment. These surveys were conducted over the 10 x 10 cm transect grids. The last
survey which comprised 38 different returns was incomplete and is not used in this study. The
892 surveys utilized here record returns at discrete depths noted on the return images. The
surveys, conducted along intersecting perpendicular transects, are interpolated into plan-view
images utilizing GPR-Slice v.7.0 software 2 . A total of 48 different discrete plan-view images
were generated for 48 different depths. There were 14 total utilized surveys conducted in the
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Dean Goodman, Geophysicist PhD, Geophysical Archaeometry Laboratory, 5023 North Parkway
Calabasas, Calabasas, California 91302
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field and of these there were 672 plan view images generated. Each of the 14 surveys generated
48 plan views for 48 different depth images.
A depth for Survey L, first gutter-response, was generated using one of the features in
GPR-Slice v.7.0. Since each survey was conducted in an identical manner these depths
correspond for all surveys. The lowest depth of survey was 28 cm. Dividing 28 by the number of
intervals, 48, yields a depth of ~0.58 cm per interval. The radar returns show shifting areas of
differing dielectric values in each layer. Each return was consistently color-coded with “warmer”
color values such as red indicating higher intensities of return due to dielectric values. Figure 14
shows higher dielectric values towards the bottom of the grid at depths of ~10-28 cm. As
moisture is moved through the soil profile moisture levels fluctuate as indicated in Figures 22a22c. These images represent concurrent depths. Figure 22c features survey L which was taken
immediately after the first, and largest, gutter response.

Figure 22a. Radar return examples from GPR survey A, 6/7/2010, 1338 EDT
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Figure 22b. Radar return examples from GPR survey I, 6/10/2010, 1409 EDT

Figure 22c. Radar return examples from GPR survey L, 6/13/2010, 1557 EDT
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Because the rainfall simulator had to be shut-down before each GPR run significant soil
moisture changes may have occurred prior to the survey. This is supported by the observation
that runoff ceased before the GPR could be deployed. It took approximately 10-30 minutes to
deploy each GPR survey, mostly due to the necessity of carrying the scaffolding up and down the
hill. Gutter-flow using artificial rainfall normally stops about eight minutes after the sprinkler is
shut-down. Thus the resulting image is one of residual soil moisture content.
At 1500 MHz median wet clay will resolve only about 5.5 cm. This constraint on the
resolution of soil-moisture results in broad patterns of soil moisture made visible. Any flowpaths
or structures smaller than about 5.5 cm are “bundled together”. Implied resolution can be derived
using the formula for spatial resolution as an inverse of the median radar signal frequency times
the square root of the dielectric constant.
Micrologger data
In Figure 23, the corresponding thermistor data reads a as follows: T1 was placed
vertically in the soil about 5 cm above left side of the gutter, T2 was set about 10 cm below the
soil surface horizontally placed in the soil about 5 cm to the left of the gutter, and T3 was placed
in the gutter itself on the left-hand side just before the downspout attached to the tubing (see also
Figure 16). The flow data is labeled “Q” in the key to the right of the chart and represents tips in
the rain gauge at a volume 0.254 cm per tip.
Also all of the flow data before 6/10/2010 will not be discussed due to overland flow
originating from a breach in the cover system. This was corrected on that day by realigning the
cover board and applying an impermeable clay seal to the board/soil interface. All of the
Micrologger data after 6/13/2010 corresponds to the chemical tracer experiment, not the GPR
survey. Two tipping events (flow data) are covered in this study: 6/11/2010 at 1524 EDT, and

44
6/12/2010 at 1243 EDT. A tipping event occurred on 6/13/2010 overnight and was not associated
with a GPR survey. This event did not occur during the artificial rainfall experiment and will not
be considered here.
One can observe the regular diurnal temperature variation that occurred over the time
period in the Micrologger data (Figure 23). This corresponds well with the marked increases in
afternoon temperatures during the summer months for this region. Thermistor T3 shows the
greatest variation in temperature change. The range for T3 covers ~11º C compared to the ~9º C
for T1 and the ~7º C for T2. A slight drop in T3 occurred during the two tipping events on 6/11
and 6/12.
The initial flow event (Q) which took place before 6/10 was due to overland flow that
leaked through the surface sealing system. This error was corrected shortly afterward. The first
gutter-flow that is considered for this study occurred on 6/11 and recorded about 1000 tips which
was the greatest amount of flow measured during the experiment. Each tip measured 0.254 cm of
rainfall depth. Since the initial gutter-flow was 35 minutes long and produced 1000 tips this is
254 cm of gutter-flow in 35 minutes or 7.257 cm/min. Figure 23 shows the thermistor, gutterflow
(discharge), and rain (artificial precipitation) information as downloaded from the Micrologger
(Figure 23). Included is sprinkler activation (“Sprinkler On”) and run information (designated by
letters at the top of the graph) for correlation. Figure 23 can be correlated with the information in
Appendix A.
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Figure 23. Thermistor, discharge, rain, sprinkler activation and run information
Soil-moisture retentivity curve
Two retentivity curves, also known as the soil moisture curves were generated based on
the Tempe Cell experiment. A computer program, RETENTIVITY 3 , was utilized to create these
graphs. Each retentivity curve corresponds to a specific depth modeled for analysis. Figure 24a is
a retentivity curve corresponding to a depth of 0-6 cm and figure 24b is a retentivity curve for 511 cm. This corresponds well with the depth of interest for soil-moisture which is the top 10 cm
or so of soil: an Ap horizon.
The retentivity curve is useful in analyzing a ability to retain moisture: volumetric soilmoisture content is a function of the soil tension, also known as matric potential. This is roughly
analogous to “negative tension”. This value is a measure of a soils capillarity which is the
measure of soil-water available for uptake by plant roots. As volumetric moisture content
3
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decreases the amount of matric potential increases. This matric potential is a function of the
tension of the water residing within the void space between grains of soil.
Figures 24a and 24b both exhibit a similar characteristic soil-retention “s-shaped curve”.
As one proceeds down the soil column compaction becomes greater as does the clay content.
Thus water is increasingly retained at greater depths. The Ap horizon at ARS is characteristically
well-drained; both figures exhibit this quality. Each curve models a considerable release of water
from an air-intake pressure of 0.2 cm of water to 0.8 cm. The points marked on the curve
represent the actual data from the Tempe Cell experiment. The green line in each curve is the
soil-moisture retention model based on Brooks and Corey and the red line is the Van Genuchten
model (Brooks and Corey, 1964; Van Genuchten, 1980). These are two of the most common
models used to determine soil-water retention. Each determination represents the effective
saturation of a soil as a function of certain pressure changes within the soil.
The Brooks and Corey function was determined based on experimental values; the Van
Genuchten function was empirically derived. As the moisture content of a soil decreases the soil
tension, or matric potential, tends to increase. Each curve was generated using RETENTIVITY
and then adjusted via several parameters to a best fit for the data points.
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Figure 24a. Soil-moisture retentivity curve, 0-6 cm dept

Figure 24b. Soil-moisture retentivity curve, 5-11 cm depth
Miscellaneous data
The rain gauge was placed in the soil just above the gridded plot. The gauge was set
within the sprinkler systems range of coverage. The rain gauge recorded, on average 7.6 cm of
precipitation per hour at a uniform sprinkler setting of 7.5 pounds per square inch (psi) which is
equivalent to 51,710.68 pascals.
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Several times during gutter-flow the cover board was lifted up off of the top of the gutter
in order to view the flow out of the 10 cm deep seepage face. It was observed that the water
came forth in pulses rather than as steady outflow. These pulses erupted from discrete zones on
the soil face, not over the entire length. The steadiest and strongest pulses observed occurred on
the left side of the soil face. After the sprinkler was shut-off flow continued for about eight
minutes.
A tracer experiment was conducted from 6/14/2010 to 6/16/2010 directly after the GPR
experiment on the same grid (Beasley, 2011). In this study, areas used for tracer application were
in part determined from the radar returns discussed here.
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CHAPTER 6
DISCUSSION OF RESULTS
Overview
It has been determined from previous study at the site that runoff from storm
events consists of a great amount of pre-event water (McKinnon, 2006; Thomas, 2009). These
investigations had determined that an aforementioned kinematic pressure wave is one of the
primary means of soil-water movement (Rasmussen, et al, 2000; Williams, et al, 2002; Torres,
2002). This water, rapidly mobilized due to translatory flow, mostly consists of antecedent soilmoisture. The motion of precipitation striking the soil surface is the initial physical activity that
drives the water through rapid delivery pathways in the soil. As moisture levels in the soil
approach saturation during precipitation a threshold condition for water delivery is reached
within the system. Also when water ponded at the surface the system would shut-off and flow
would cease. The direct action of raindrops on the surface was required for flow to initiate. A
steady “pulse” was observed at discrete zones in the soil face once activation had occurred,
mainly near the left side of the gutter. The impulse of the kinematic pressure wave causes
antecedent moisture to be driven out of pores within the soil profile.
When macropores are present interflow occurs: a lateral process (Nieber and Sidle, 2010).
The mechanism of flow with study was the kinematic process driving old water or antecedent
moisture through macropores into ephemeral channels. The direct resolution of these
macropores, often microscopic in scale, cannot be resolved (Beven and Germann, 1982;
Luxmoore, et al, 1990). As with much of the literature, mainly moisture content remains
detectable by GPR yet the moisture conditions of the soil can also be analyzed using the soil
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moisture curve which is characteristic of the types of soils found in the research area. This is a
common problem in this field.
The threshold condition for translatory flow occupies a margin between periods of initial
wetting when the soil is “primed” towards near saturated conditions. Once rainfall was shut off
and restarted perturbations occurred within the soil that initiated gutter response. With volumes
connected, possibly via macropores, flow was initiated. Furthermore the flow due to
kinematically-driven subsurface preferential flow behaves like overland runoff with regards to
both high speed and the delivery of large volumes. Artificial rainfall measured ~0.13 cm/min;
runoff response yielded ~7 cm/min. This is ~50 times the amount of runoff to rainfall. This
equates to artificial rainfall of 7.6 cm/hr versus a gutterflow of 435 cm/hr. This far exceeds the
rainfall and indicates a contributing area much larger than the 280 x 200 cm plot.
Resolution of radar signal
Soil moisture as a function of the dielectric constant was analyzed using the following
chart (Figure 25). As can be seen the frequency of 1500 MHz allows for a general resolution of
approximately a wavelength of 5 cm. There is a range to be considered though so this is merely
the median return since 1500 MHz is the center frequency with a range from ~150 to 3000 MHz.
The resolution of radar wavelength is inversely related to the frequency of the antenna with the
center frequency given precedence. Figure 25 is a graph of the functional relation between
resolution and frequency. Since c and ω are both known quantities and assumed to be fixed, the
variables are λ and εr. The resolution (λ) and the dielectric constant (εr) are inversely related,
non-linear functions of each other. That being told there are actually two considerations to be
made when considering “resolution”.
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Resolution of the radar signal is dependent on the number of datapoints in the area over
which one averages the count value, as opposed to wavelength resolution. As observed in the
output .dat files (which contained the radar return information) the value was one datapoint per
10 cm2. This is much larger than any given macropore or other flowpath structure; in fact
flowpaths are orders of magnitude smaller than the radar returns resolution capabilities. Thus,
while patterns of soil moisture and hydrological responses may infer the activation of flowpaths,
it can be safely assumed that GPR can never resolve individual flowpaths. This is not a
premature assumption. Within the auspices of this research as well as within the literature
hydrological flowpaths continue to be a case for inference. Current technologies and techniques
are incapable of resolving such minute structures so the notion can be dismissed at this point.
Maximum depth of penetration is often somewhat variable using GPR due to varying
dielectric constants and soil heterogeneity. The deepest layer imaged by the GPR-unit is
indicated by the GPR-Slice to be a one nanosecond (ns) interval. This was determined using a tab
in GPR-Slices “Options” menu. The speed of light is 29,979,245,800 cm/s; one ns equal to 10-9 s
which yields approximately 30 cm. As a dielectric constant of 81 is reached the resolution
(wavelength) will asymptotically approach zero (Figure 25).
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GPR resolution vs. dielectric constant during wetting: 1500 MHz antenna, avg. clay soil
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Figure 25. Modeled radar resolution as a function of dielectric constant during wetting
Images from radar returns
Through the sequence of GPR returns the priming of the soil can be seen as an increase in
the dielectric values of the soil with brighter, bolder colors used to represent higher values. Soil
moisture is a linear function of the dielectric constant so the wetting of the soil is directly
observed using GPR. Once gutter flow is initiated in profile L the “emptying-out” of volumes
within zones of soil moisture occurs (Figure 26). The replacement moisture values from survey L
to M are zones of high moisture content that replaced zones of low moisture.
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Figure 26. Returns before (K), immediately after (L) and hours after first response (M)
Throughout the first 11 GPR surveys (A through K) no water was seen flowing out of the
gutter soil face. For each of these GPR runs the sprinkler system was run almost continuously
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give or take a few breaks for gutter maintenance. For the 12th survey (L) the sprinkler system
was purposefully shut-off for about 20 minutes beforehand. It was in this 12th survey interval that
gutter flow was initiated. Once flow was initiated the pathways became active and gutter flow
began. This was an overall increase in soil moisture content.
Constraints on depth of penetration due to radar signal dispersion can be seen in figures
27a and 27b (Figures 27a and 27b). The vertical profile of radar return on the left was taken near
the top; the one on the right near the bottom. The bottom profile is indicative of high clay content
which causes signal dispersion. What occurs with microwave dispersion is similar to the
groundwater advection/dispersion equation.

Figure 27a. Dispersion of signal due to depth: Run A (left near top; right near bottom)
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Figure 27b. Dispersion of signal due to depth: Run L (left near top; right near bottom)
Through personal observation it was seen that the water seeping out of the gutter face
came forth in discrete continuous pulses. This observation coupled with the implications of soilmoisture translation from the radar returns agrees well with the observed kinematic response.
Nevertheless direct observation is not enough to quantify radar return implied moisture
conditions and flowpaths. Analysis using numerical values taken directly from radar returns is
what is required for more rigorous analysis.
Data analysis from radar returns
The .dat files compiled from the SIR-2000’s .dzt files were processed using a program
called GPRars3. Thousands of files were assembled in order to compile the results from runs A-N
and the 48 depth profiles. Subsequently thousands of lines of data were generated within the .dat
files. The following graphs were generated using digital data within the .dat files that relayed
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frequency of return (analogous to count per unit area, not radar frequency) and the log-intensity
of radar return signal (Figures 28a-28d).
Figures 28a-28d shows radar return data from runs in which gutter response did not occur
(A-D) as well as runs in which response took place (J-M). Layers 9 and 19 correspond to 5-6 cm
and 11-12 cm depth respectively. Each series of runs corresponds to one sequence of wetting: AD took place over two days and J-M took place in one day of wetting. The data in Figures 28a28d is a depth distribution for the entire 280 by 200 cm plot for the corresponding return depths.
As can be seen in Figure 28a, the runs over layer 9 (5-6 cm) varied quite a bit in
frequency and intensity. Run A is of the most interest in this case. Figure 28a and Figure 28c
show run A as having returned a signal of broad intensity, at a lower frequency than those in
Figures 28b and 28c. Run A was the first radar survey, taken when the soil was very dry,
probably approaching field capacity. This pre-wetting condition yielded radar returns that
encountered very little in the way of moisture or connected pathways. The image of Run A in
Figure 28d for Layer 19, 11-12 cm, shows a shift in over peak intensity with a slight increase in
depth. This may be due to higher dielectric values as clay content increases with depth.
Figures 28d and 28d represent radar runs J-M. Both runs L and M are post-response.
Intensity has increased by at least 100 for most values during these later days of the six-day
experiment. Examination of Run K is the key here since that survey took place a few hours
before response; this is the image of pre-response. In the upper right-hand graph the intensity
distribution for Run K is broadened. Post-response Run L shows an increased peak frequency of
return a narrowed upper limit of intensity.
The graphs of Layer 19 (11-12 cm) show decreased frequencies yet more narrow ranges
of intensity. The peak intensity shifts one order of magnitude from Run K to Run L. The
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narrowing of intensity distribution may indicate an increase in connectivity as the entire profile
wets-up with later runs. The shift downwards in peak intensity and frequency from K to L may
indicate an “emptying-out” of water-logged pores. Layer 19 at a depth of 11-12 cm was the
lower limit of the soil face at the very bottom of the wetting profile of interest which was around
10-12 cm. The Run L curve is of significance because this is the GPR-survey that occurred about
10 minutes after response (Figure 28b). Heightened peak intensities as well as a peak frequency
higher than any other curve both coincides with prior response: this is correlation.

Figure 28a. Intensity and frequency by layer, Layer 9, Runs A-D (5-6 cm)
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Figure 28b. Intensity and frequency by layer, Layer 9, Runs J-M (5-6
cm)

Figure 28c. Intensity and frequency by layer, Layer 19, Runs A-D (11-12 cm)
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Figure 28d. Intensity and frequency by layer, Layer 19, Runs J-M (11-12 cm)
Another means to analyze this numerical radar return data using GPRars is through an
intensity distribution using selected radar runs with various curves representing depths within
those runs within a fixed coordinate system (Figures 29a-29b). These three-dimensional plots
show continuous distributions of moisture from the ground surface to the lower horizons
(approximately 28 cm below the surface). The intensity distribution of Run A shows a profile
that is dry at pre-wetting conditions (Figure 29a). Clear shifts upwards in peak intensity of
return and frequency occur in the dry profile. Rather than a great amount of soil moisture this
may be more indicative of increased clay content. The lower layers at about 0 to 11 cm (Layer
11) shifts in peak intensity from Runs A through K. By Run K the entire soil profile was kept to
near saturation with breaks only occurring after nightfall. That being said these breaks may have
significantly evaporated much of the moisture from the soil.
The distribution by depth for Run A illustrates textures within the soil not moisture
content shifts (Figure 29a). Since this run GPR survey was taken before wetting the soil is
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extremely dry towards the top of the profile with higher frequencies and peak log intensities
occurring in the lower layers at the Bt horizon. Wet soil is shifted in dielectric constant towards
higher values. The higher returns in Figure 29a towards the bottom of the profile indicate
increased clay content which is exactly what happens in a Bt horizon. For this dry soil run the
textural changes down the profile are constrained by both the dielectric of soil particles which is
~20 and the increasing clay content towards the bottom of the profile. These radar returns from
data indicate a smooth transition from the A to the B soil horizons due to textural properties. The
dielectric is thus a proxy for soil horizon gradation. For that matter, once a radar signal reaches
layers with significant amounts of clay signals for details become overwhelmed by returns due to
the clay content.

Figure 29a. Intensity and frequency by depth, Run A
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Figure 29b. Intensity and frequency by depth, Run K

Figure 29c. Intensity and frequency by depth, Run L
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Figure 29d. Intensity and frequency by depth, Run M
From Runs K through M certain layers indicate an increase in connectivity. The most
marked increase is in Layer 11 which was 6-7 cm in depth. Its highest frequency of return shows
a distribution of about 650 in the graph of Run L. Run L was a survey conducted immediately
after first response. The shifting values from K to L may again indicate increasing connectivity in
Run K and a “relaxation” period post-response during Run L. just prior to Run L it is assumed
that drainage has occurred and the image is that of residual soil moisture. Run K indicates a prethreshold condition of soil moisture as intensity of return seems to indicate a broad-based wetting
profile. Curiously its overall distribution resembles that of the pre-wetting run: a smooth curve
with few discontinuities. The difference is in the upper layers where higher values in both
frequency and intensity are visible. This may be the clearest indication of pathway connectivity
within the system.
In post-response L connectivity is indicated through the narrow peak intensity values but
broad-based intensity signal is lost as it is assumed the pores have mostly emptied out. By Run
M, which took place before a much smaller gutter response than previously, values throughout
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the profile are increasing again. With increased time for experimentation perhaps a continuous
relationship between return and flow could have been gleaned from the data. Ultimately a
continuous time-dependent analysis may be the key to observing the kinematic threshold within
GPR returns.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK
The ability to analyze soil moisture utilizing GPR has been proven time and again.
Determining pathways within soil during runoff has proven to be more difficult. The numerical
GPR data in this study gave strong indication of certain conditions inherent before and
immediately after the threshold for kinematic response was reached. Nevertheless the data and
conclusions we presented were those of inference and correlation, not causality. The structure and
mechanisms behind flow pathways (macropores, etc.) has yet to be adequately resolved because
causality is determinant of discrete and concise analytical relationships. Furthermore unsaturated
flow through shallow hydrological systems needs to be directly observed. Correlation has been
achieved through the use of numerical GPR return data to graph intensity and frequency of return.
This is a measure of success although more work is needed in this field to be able to achieve a
clearer understanding of effective relationships.
Future work could involve the use of radar during the entirety of wetting periods to obtain a
clear, time-sequenced picture of hillslope processes. A series of radar image visible as “motion
pictures” coupled with a continuous data stream would be of great significance. This could be
correlated with the monitoring of constant volumetric flow data. Perhaps a radar unit that has builtin waterproof features could be engineered for operation in real-time. Adaptations from
instruments used in marine or lacustrine environments may be of use in this regard. Since the radar
survey for this study required time to assemble after wetting images are those of residual moisture
patterns. While these patterns are good indicators of flow within the system when coupled with
other forms of analysis they do not produce signals of flow in real-time. Thus another
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engineering solution could be the development of a compact system that requires little to no
assembly. Better yet a constant monitoring system could be employed. Technical solutions for the
instrumentation used in GPR groundwater analysis are of paramount importance if truly timedependent data is to be obtained. Continuous monitoring would allow for the precise moment of
response to be recorded with utmost accuracy.
A possibility for analysis may be implicit in the visual geometry of the return patterns.
Since kinematic pressure initiates a wave perhaps the moisture content with an area results in a
“waveform” pattern. Perturbations in this geometry may occur due to small heterogeneities in
soil texture as affected by the downward pressure. Perhaps there is a functional relationship
between these geometries and the radar return signals. Zones of high dielectric values appear to
shift with some regularity within both the visual patterns and numerical analyses of the GPR
signals. This appears to mimic a waveform in width, breadth and depth.
Continuous records of radar images, radar data and volumetric return data seems to be the
means in obtaining a robust series of said data. Numerical information of such volume and
precision could therefore lead to more rigorous analysis for causal relationships within the system
as observed through GPR return. The causal relationships between flow patterns and GPR could be
determined. The mathematical analysis of these determinants could therefore result in the
derivation of analytical solutions that show clear relationships between radar signal and the
activation of flow pathways. Once the precise moment of kinematic flow initiation is directly
correlated to a true set of radar signals within a carefully mapped volume the method of
formulation for an analytical solution may be at-hand. Furthermore the formulae or set of equations
thus derived may lead to the further understanding of other, related systems.
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The accurate visualization of subsurface runoff in the field can greatly aid further research
in all fields of soils and hydrology. In using a wealth of available data for assessment purposes a
series of solutions can be derived that lead to a more complete understanding of preferential flow.
This understanding coupled with the implicit, knowledgeable use of GPR could enable agricultural
interests to safely and efficiently utilize resources in the field. Instrumentation may also be
developed that aids in continuous monitoring of flow pathways. These and other methods might
help to spatially and temporally determine the fate of runoff-driven pesticides, aqueous-phase
chemical constituents or biological agents. Knowledge of the mechanisms behind near-surface
flowpaths and the ability to visualize related processes in real-time may be of great benefit to
industries and realms of academic thought that depend on unsaturated flow processes.
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APPENDIX B: RADAR RETURNS
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APPENDIX C: TEMPE CELL DATA
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APPENDIX D: GPR RESOLUTION VS. DIELECTRIC CONSTANT DURING WETTING:
1500 MHz ANTENNA, AVG. CLAY SOIL
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