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ABSTRACT

Measuring the relative apparent dielectric permittivity of the subsurface is an easy

and inexpensive way to indirectly obtain the volumetric water content. Many of the

instruments that measure the dielectric, specifically borehole ground penetrating radar, rely

on the travel time of an electromagnetic wave through a moist soil. Through inversion of

the travel time, the water content can be calculated provided the path over which the wave

travels is known exactly. In traditional interpretations of water content, the travel path of

the electromagnetic wave is assumed to be direct from the transmitting antenna to the

receiving antenna, irregardless of the propagation velocity structure. A new analysis is

presented for the interpretation of first arrival travel time measurements from borehole

ground penetrating radar during zero-offset profiling that considers critically refracted ray

paths. By considering critical refraction at interfaces between contrasting propagation

velocities, the travel path becomes dependent upon the velocity structure.

Several infiltration experiments were performed to test whether critical refraction

occurs in the subsurface. The infiltrating water will change the velocity structure of the

subsurface in a predictable manner The interpretations of travel time were then compared

to predictions made with an unsaturated flow model and supporting instrumentation. It

was found that when critical refraction was not considered, the volumetric water content

was underestimated by up to 30%. Correcting for critical refractions, therefore, becomes

an important step in properly characterizing the subsurface. The new analysis presented

herein may improve our ability to use direct measurements in water resource management

practices to assess water availability in semi arid regions.
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1. INTRODUCTION

The scarcity of water in the western United States has been a topic of concern for over

100 years. In 1902, the Bureau of Reclamation was created to help make use of the

available water resources for the growing western population. Today, this region

continues to grow and the demand for water is increasing from municipal, residential, and

industrial sources. In many areas, the surface water supplies have already been

appropriated, leaving groundwater as the only source for newly developed areas. In other

regions, such as in the desert of the southwestern United States, groundwater is the only

remaining supply and the sustainability of this region depends heavily on groundwater

replenishment.

The allocation of groundwater resources relies on the knowledge of availability and

consumption (Young and Bredehoeft, 1972). Both factors are important in creating a

water budget (Roy, 1990). A water budget is a formulation of mechanisms which

describe the mass balance between water entering and leaving and the storage changes

within the soil (Stephens, 1995). Of these terms, the amount of water leaving the aquifer

is often the most understood. Less is known about the amount of water that can be made

available for use. In general, water availability is made accessible through recharge and

groundwater inflow (Wilson and de Cook, 1968). Recharge is water that reaches the

regional water table from the surface. Groundwater inflow is water that flows from

adjacent aquifers from the natural gradient produced from water levels.
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Recharging the water table can be accomplished naturally or artificially (Wilson et al.

1980). For basin and range provinces, natural recharge occurs mainly from deep

percolation during ephemeral stream flow or along the base of a mountain front. In

Tucson, Arizona, important sources of natural recharge occur along the Santa Cruz and

Rillito Rivers, and along the mountain ranges of the Santa Catalina, Rincon, Santa Rita,

Tucson, and others. A water budget of the region (ADWR, 2003) showed that the

estimated amount of water recharged from stream flow was approximately 38,000 acre-

ft/yr and the estimated amount from mountain front recharge was approximately 39,000

acre-ft/yr. Both sources are important to the replenishment of the aquifer. Artificial

recharge in the Tucson area includes infiltration of water diverted from the Colorado

River. Recharge basins in Avra Valley, west of Tucson, allow water to percolate to the

water table. It is projected that by 2025, artificial recharge through these basins will

reach 178,000 ac-ft/yr. The water budget also included groundwater usage, which was

currently in excess of supply by 162,000 acre-ft/yr. Over appropriation of groundwater

resources such as this can cause loss of water supply and land subsidence (Stephens,

1995).

For recharged water to reach the water table, it must first flow through the vadose zone,

the region of soil that extends between the ground surface and the water table. The

location of the water table in semi-arid regions is usually very deep and the thickness of

the vadose zone can be great (Everett et al., 1984). Exceptions to thick vadose zones

typically occur directly under ephemeral streams, where groundwater mounding raises
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the elevation of the water table. The direction of water flow is primarily vertical in the

vadose zone due to gravity, but some horizontal flow also can occur due to sloping

topographic effects (McCord et al., 1991; Pan et al., 1997) or heterogeneity of the

subsurface (Stephens, 1995).

A large percentage of the water that enters the vadose zone is either evaporated to the

atmosphere, used by plants and subsequently transpired into the atmosphere, or stored

deeply within the vadose zone. Very little of the water will actually reach the water table,

and the amount can vary widely depending upon the soil type and heterogeneity,

vegetation type and density, and precipitation (Gee et al., 1994). Additionally, perched

layers of low permeability may inhibit vertical flow and transmit water laterally at

substantial rates (Wilson, 1971). Most often, the water budget does not consider such

mechanisms, and it is simply assumed that a small percentage of water moving beyond

the root zone is recharged to the regional aquifer. The percentage is generally determined

empirically (Roy, 1990). Additionally, the uncertainty of precipitation and

evapotranspiration can cause great uncertainty in recharge estimates in a water budget, as

shown by Gee and Hillel (1988). To help reduce uncertainty and give confidence in the

amount of water that can be made available for use, recharge and storage estimates using

direct monitoring methods should be coupled with a water budget.

Vadose zone monitoring of hydrologic variables, including fluid pressure and water

content, can be used to obtain information about fluid migration through the subsurface
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(Stephens, 1995). As infiltrating water from an ephemeral stream moves through the

vadose zone, factors such as the soil hydraulic properties, antecedent water content, and

available storage (Bouwer, 1978) will dictate the amount of recharge to the regional

aquifer. The change in water storage, for example, can be monitored through repeated

measurements of the water content (see Young et al., 1997). Because of the wide variety

of influences that water exerts on soil (Topp and Ferré, 2002), most monitoring methods

will make use of water content measurements.

Both direct and indirect methods can be used to measure the water content. Direct

measurements include the thermogravimetric method, whereby a soil sample is collected

and its mass of water determined after heating in an oven (Hillel, 1998). This method is

rather restrictive, since samples may be difficult to obtain repeatedly at great depths. It is

also destructive to the investigation site (Topp and Ferré 2002). Indirect measurements

can be obtained in-situ and are nondestructive. An indirect measurement is one that

measures a property of the soil that can be related to the water content, such as those

obtained from radioactive and electromagnetic measurements. However, these methods

often require that the measured property be calibrated to the soil water content because

other factors can affect the measurement. For example, the counting of back-scattered

thermalized neutrons is related to the hydrogen content of the soil/water matrix.

Although hydrogen is most readily associated with water, it can also be found in certain

soils.
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Electromagnetic (EM) techniques, including time domain reflectometry (Topp et al.,

1980) and ground penetrating radar (Davis and Annan, 1989) are well suited for water

content monitoring. Water exerts a dominant influence on the EM properties of the

subsurface (Topp and Ferré, 2002), such as the electrical conductivity and dielectric

permittivity. Both methods make use of a propagating EM wave. Measurements of

perturbations in the electric field are related to the EM properties through Maxwell's

equations. Finally, empirical formulae are used to relate the measured electromagnetic

properties to the volumetric water content.

Borehole ground penetrating radar (BGPR) offers many advantages for field-scale

monitoring of transient processes including the ability to measure rapidly, over relatively

large soil volumes, with high spatial and temporal resolution, and to great depths. The

principal components of BGPR are the transmitter and receiver. An EM wave propagates

between two antennae placed in separate access tubes. The propagating waves diverge

spherically and interact with the subsurface, where they are refracted or reflected at

boundaries according to Snell's law (Telford et al., 1990). The first arrival travel time of

the EM wave is recorded and knowledge of the path over which the wave traveled allows

the calculation of the propagation velocity. One infers, then, that the propagation

velocity is inversely related to the relative apparent dielectric permittivity of the medium.

The fastest mode of operation for BGPR is zero-offset profiling (ZOP), where the two

antennae are moved together and are located at a common depth during each
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measurement. Typically, the travel time of the first-arriving energy is measured. This

travel time is related to the dielectric permittivity, which is related to the volumetric

water content. Measurements at different depths can produce a one-dimensional profile

of the volumetric water content within the subsurface. The water content profile can be

measured to a 15-meter depth with a 0.25-meter vertical sampling interval in three

minutes in ZOP mode. As a result, ZOP BGPR is ideal for monitoring transient

processes such as the change in water content beneath an ephemeral stream during flow

or beneath a field receiving applied irrigation.

Although ZOP BGPR is used routinely in hydrologic investigations (Redman, et al.,

2000; Galagedera et al. 2002; Binley et al., 2001; 2002a; 2002b), little attention has been

paid to the correct interpretation of ZOP BGPR travel time profiles to construct water

content profiles. Commonly, it is assumed that EM waves travel directly from the

transmitter to the receiver during ZOP BGPR measurements. The horizontal travel path

length is known from the separation distance of the antennae, and the propagation

velocity is obtained through inversion of the travel time. However, it is proposed in this

thesis that, under certain conditions, the fastest travel path may be associated with a

nonhorizontal path to a boundary with a lower apparent dielectric permittivity. The wave

will then refract critically at the boundary, where it travels more quickly in the layer of

lower permittivity (a lower permittivity is associated with a lower volumetric water

content). Assuming that this faster, critically refracted wave followed the shorter, direct
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wave travel path results in overestimation of the velocity of propagation, leading to an

under estimation of the volumetric water content.

The goal of this research is to improve the use of ZOP BGPR for hydrologic

investigations. This is achieved through careful examination of the likely travel paths of

EM waves between vertical boreholes for a range of typical hydrologic conditions.

Based on hydrologic understanding, subsurface conditions that are likely to give rise to

first arriving critical refractions are identified. Then, graphical and numerical methods

are developed to identify and to correct errors associated with critical refraction. The

result is an improved analysis ZOP BGPR travel time profiles leading to more accurate

water content profiles. In addition, the improved analysis also allow for interpretation of

the uncertainty of water content measurements. Finally, the improved analysis is used to

develop a method to profile soil hydraulic properties using ZOP BGPR. This application

of ZOP BGPR can improve our ability to monitor transient water flow, measure changes

in water storage, and infer soil hydraulic properties. These enhanced abilities may

improve our ability to use direct measurements to assess water availability in semi arid

regions.

1.1 Research Hypothesis

The hypothesis of this dissertation is that the current method of interpretation of first

arrival travel time measurements by ZOP BGPR to infer water content profiles is flawed

because it does not account for the effects of critical refraction. Further, that these errors
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can have significant impacts on hydrologic interpretations based on these water content

profiles. Finally, that methods can be developed to account for critical refraction, thereby

correcting water content profiles inferred from ZOP BGPR measurements. Testing these

hypotheses requires the inclusion of hydrologic understanding in the analysis of the

application of geophysical methods to hydrologic monitoring. That is, the specific

objectives of this research are aimed at the improved implementation of

hydrogeophysical methods in hydrology rather than the improvement of geophysical

methods or the advancement of theoretical hydrology.

1.2 Research Method

The research hypotheses are tested by developing and adopting forward models of water

flow and EM wave propagation, described by ray tracing, to predict the responses of ZOP

BGPR under transient hydrologic conditions. These conditions were chosen specifically

to present significant challenges to the interpretation of ZOP BGPR using current

approaches. Comparison of ZOP BGPR responses with known hydrologic conditions

allowed for identification of errors in ZOP BGPR analyses. Methods were then

developed to address these errors with the improved analysis, as demonstrated on

synthetic scenarios. Finally, each improved analysis was applied to field-measured ZOP

BGPR first arrival travel time profiles or first arrival travel time breakthrough curves.
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1.3 Assumptions and Limitations of Electromagnetic Wave Modeling for Borehole
GPR

The work presented in this dissertation explicitly assumes plane wave propagation of a

scalar electromagnetic wave in lossless geologic media. The wave is reduced to a ray

representing the direction of travel through geologic layers. This assumption is valid

when the conduction currents in Maxwell's equations are zero. Maxwell's equations

describe the time-varying electromagnetic fields, which are stated as:

B—v x E = 	  (Ampere's Law) 	 (la)at

— ap —
V xl	 + J (Faraday's Law)	 (lb)at

v • B = 0	 (le)

V D = p	 (1d)

where E is the electric field intensity (Vim), H is the magnetic field intensity (Amps/m or

A/m), D is dielectric displacement (Culoumbs/m2 or C/m2), B is the magnetic induction

(Webers/m2), p is the charge density (charge/m2), and J is the current density

(charge/m2s). The fields are vector quantities. The constitutive relationships relating the

fields to the physical properties of the earth are:

D= EE
	

(2)

B = ,uH
	

(3)
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J = of	 (4)

where a is the electrical conductivity (Siemens/m or S/m), 1.t is the magnetic

permeability, and E is the dielectric permittivity. In general, the quantities £, ii, and G are

tensors and nonlinear, e.g. c=c(o),E), where co is angular frequency. However, for GPR,

we treat them as scalars. Additionally, £ and G are complex entities that are coupled:

(71

e = e'–ie"= s'–i(—
c o ,

a = a'–ia"= a'–icoe'

The substitution of Equations 2-4 into Equation 1 yields

(— a tiff) VxE= at

VxH= 	 +o-Eat

(5)

(6)

(7a)

(7b)

(7c)

(7d)

The Maxwell's equations describe the coupled set of electric and magnetic fields that

vary in time. Conceptually, the changing electric fields create electrical currents, which

in turn induce magnetic fields. The magnetic fields then induce another electric field.
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This continuing succession of one field inducing another causes the fields to move

through the medium. In an ideal dielectric (a material that is not conductive, i.e. the

losses or the imaginary portion of Equation 5 is zero and conductivity, a, is zero), the

fields propagate as waves. According to basic electromagnetic theory, Maxwell's

equations can be rewritten as

VxE= 	 (8a)at

E_ a
VxH= e	 (8b)	at

v. E = 0	 (8c)

V H = 0	 (8d)

These can be reduced further according to Rohan (1991) to

a2E 1 V (9)
at2 

=	 E

a2H
 = 	

1 2 -
(10)	   fie V H

To simplify the expression, it is assumed that a plane wave propagates in the x direction

(using rectangular coordinates). The vector wave equation is reduced to a scalar wave

equation. The assumption is valid when the separation of the antennae is large enough,



where a plane can approximate spherical divergence of the EM wave. Using the right-

hand rule, the electric field will be in the y direction and magnetic field will be in the z

direction:

a2Ey _ 1 32Ey

at2	 aX2

a2H1  a2 H =
at2 	aX2

where

1v = 	
1171,-6' Afil7

The substitution of Equation 13 into Equations 11 and 12 yields:

Az r
2	 1-'

	  v	 y 

at 2 	ax 2

a2H, 	2 a2H,

at2	 v ax2

A general solution to the electric field equation is:

30

(12)

(13)

(14)

(15)

E y = A sin[ 1. + vt)1+ B sin — vt)1 , (16a)  



or in the frequency domain:

2av—x
E = Ae 2 + Be '1

where X is the wavelength and A and B are real constants. Considering only the

27tcontribution of sin
[	

(x — vt)] , i.e. positive x direction, plotting the wave at different

times will show that a point on the wave will move according to the equation x-

vt=constant. Differentiating this with respect to time yields:

dx

dt
(17)

stating that measuring the time of propagation across a known distance will produce the

phase velocity.

In most work using ground penetrating radar, the plane wave assumption is used (see

Annan and Daniels, 1998). An examination of the literature reveals that the plane wave

assumption is valid in many field studies. Sato and Thierbach (1991) theoretically

modeled a dipole antenna by examination of the radiation pattern emitted by the

transmitter. They assumed a propagation phenomenon in a rock with an electrical

conductivity of zero. His results matched well with data obtained in rock salt. Chen et

31

(16b)
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al. (2002) used a plane wave model to image fracture characteristics in a oil reservoir.

Corbeanu et al. (2002) and Hammon et al. (2002) used this assumption for mapping fluid

permeability in sandstones. Tronicke et al. (2002) and Zhou (2001) have used the

assumption to invert travel time data from tomograms in braided stream deposits and

during saline injections in granite to accurately map the subsurface. Their analyses were

validated by mapping of lithofacies and fractures.

Specifically, for first arrival travel time analysis with borehole GPR, the plane wave

allows for the use of Equation 13 to estimate the apparent relative dielectric permittivity

provided the velocity can be calculated from the travel time inversion. In hydrologic

investigations, this is an important step because these studies are interested in the water

content (see Hubbard et al., 1997; Redman et al., 2000; Alumbaugh et al., 2002; Milky et

al., 2002a,b). Topp et al. (1980) and others have shown that the dielectric permittivity

can be related to water content through empirical calibrations on many types of soils.

When the conduction currents are not negligible, Equations 11 and 12 may be written as

a2E	 aE a 2 E„
(411)

at2 
+(crio 	 =

ax2
'at

a2H	 a2R-
(6,0

at2
z +(op)  at  =

ax2

(18)

(19)
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Equations 18 and 19 can also be represented in the frequency domain by assuming that

the electric and magnetic fields are harmonic fields that can be broken down into their

frequency domain representations (Annan and Daniels, 1998). Thus, the frequency

domain transformation of Equations 18 and 19 are

a 2 E
y (quo2

H

aX2

-	 +	 –	 = O,

where co is the angular frequency and egco2 — ificrco= k 2 is referred to as the propagation

constant or complex scalar wave number. The propagation constant can be generalized

by

k=a+0	 (22)

where a (phase constant) and p (attenuation constant) can be rewritten as

-1/2

(20)

(21)

= coittle2
(

1+ — +1
)2

(23)
COE
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-1/2
2

fi = toAiX (24)
2

1-F( 
a-

COE

The solution to Equation 20 is still a plane wave (Sander and Reed, 1978) with the

general form of the solution as:

E = Ae'
Y

(25)

where the term y = carpek + c r I icodu 2 accounts for the attenuation of the amplitude of

the electric field. The solution shows that for an electrically conductive earth, the

attenuation will be greater as the amplitude of the wave decreases exponentially. The

attenuation will limit the penetration of the wave and first break picking may be difficult

when the antennae separation is large.

When the term —
a 

<<1 in Equations 23 and 24, then the attenuation of the electric field
COE

will be small. This is referred to as the low-loss criterion. For a 100 MHz source

frequency with a relative dielectric permittivity of 20, an electrical conductivity of less

than 10 mS/m will generally produce these conditions. However, page 77 shows

electrical conductivity data obtained from boreholes in the field site for this investigation

to range from approximately 10 to 40 mS/m.



Ward and Hohmann (1987) discussed the issue of Snell's Law and ray tracing in

electrically conductive media. Their work shows that the ratio of propagation constants

should be used for refracting and reflecting waves. Specifically, for a refracting wave,

the refracted angle that is transmitted through layer 2 (0) from a propagating wave

originating in layer 1 is:

k, sin 0, = k2 sin e, 	(26)

where ki is the propagation constant in the layer in which the source originates, k2 is the

propagation constant of the adjacent layer, and 0, is the angle of incidence (approach

angle) in layer 1. When the electrical conductivity is near zero, Equation 26 reduces to:

Isin°  = [
\

E 2 2	 = v I

sin 0,	 El ) V2

As an example consider a half space with the following electrical properties:

= 20
= 0.1 S/m

=1
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(27)

(28)

Additionally, air has the following electrical properties:



2	 2 tan(0,,
refr = — Z( = 24.53 ns (30)

V2 	VI COO,. )	 V2	 )
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E2 = 1

=0 S/m
	 (29)

= 1

An electromagnetic wave is propagated with borehole ground penetrating radar in the

earth at 0.5 m from the boundary. The antennae separation is 3 m and frequency is 100

MHz. Using Snell's law and ignoring the electrical conductivity (Equation 27), yields a

critically refracted (t„fr) and direct travel time (td) of:

where

ta =—
x 

= 44.721ns
	 (31)

v l

(32)

(33)

(34)

	1 = 	 = 0.067 m/ns
V El

	v 2 = 	 = 0.3 m/ns

( v
= sin -1 	=12.92 degrees.

v2

Af



where

V --1

The direct travel time can be recomputed with electrical conductivity by calculating the

velocity of the earth by:

td = —
x 

= 48.453 ns
	

(35)
V '
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- 	 - 1/2
= 0.062 m/ns	 (36)

1   

.\ 2
15

1+1 	'	 +1
0E1 /

This example shows that at high frequency, the computed travel time error is kept at a

minimum. Calculating the critically refracted travel time is much more difficult in a

conducting medium, because the complex angle that results from Snell's Law with the

complex propagation constant 'leads to a very different physical interpretation' (Stratton,

1941: pg 501). Continuing with the example from above, the propagation constants for

each layer is:



1/2       1/2
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+ 	
2         COE 1                             

k1 =ai +	 =10.148+3.89i

(37)
- 1/2

1+k2 =	 fie'

2
±i- coluE2

2

2

1+ 
0-2

Ûr2	

1

1/2

+1

k2 = a2 = 2.096

Stratton (1941) shows that the angle of refraction can be computed by:

sin Br = —L sin Of -=-
a

2 	(a —	 )sin 0, = (0.18 — 0.069i ) sin 0; 	(38)
k 1 	a; +

For the field experiments conducted at the West Campus Agricultural Center in Tucson,

AZ, the dielectric permittivity, electrical conductivity, and dominant frequency varied

throughout the profile. The following table (Table 1.1) demonstrates ray tracing forward

calculations using the method outlined by Ward and Hohmann (1987) for a variety of

earth materials and frequencies. The low error estimate represents a wet sand, the

medium error estimate represents a wet loamy sand, and the high error estimate

represents a wet loamy clay. Table 1.1 shows that the error of a direct travel time can be

quite large when the electrical conductivity of the earth is high and frequency is low.
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Table 1.1 Example calculations for ray tracing through an electrically conductive earth
Low error Mid error High Error

Eair 1 1 1

Eearth 10 15 20
Input Clair (1-11SiM) 0 0 0

Gearth (mS/m) 30 50 100
Frequency (MHz) 100 50 20
Vair (m/ns) 0.3 0.3 0.3
x (m) 3 3 3
&COE 0.539 1.198 4.494
With (w) /without wo w wo w wo w
(wo) o in ray
tracing cales

Output V „rth (m/ns) 0.095 0.092 0.077 0.068 0.067 0.040
td (ns) 31.6 32.7 38.7 43.8 44.7 74.9

Relative
Error in td 3.3% 11.7% 40.3%

In the hypothetical example of the loamy clay, the measured travel time in the conductive

earth using ZOP BGPR would be 74.9 ns. The inversion of the travel time for the phase

velocity of soil, assuming a direct arrival, is calculated by:

— 
x 

= 0.04 m/ns,V earth 

The conversion from phase velocity to relative dielectric permittivity using Equation 13

is 56.2 and is much higher than the known dielectric of 20. In this case, the estimated

water content would be greater than the actual water content when using the empirical

equations established for a low loss medium. Water content estimations in this research,

however, matched well with independent field observations and from mass balance
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calculations for the upper 6m of the site, indicating that losses may be relatively small.

For more accurate water content estimations, information regarding the frequency and

electrical conductivity should be included in the formulae. This issue should be

addressed in the future with much more rigorous mathematical development and field

experimentation.

1.4 Dissertation Structure

The dissertation is primarily comprised of 6 original research papers that have been

published, have been accepted for publication, or are currently in review. These papers

are Appendices A-F and are presented as published or submitted with differences in

stylistic presentation only. The title of the papers, along with the journal name and status

at the time of this printing are:

Appendix A: Rucker, D.F., Ferré, T.P.A., 2003. Near-surface water content

estimation with borehole ground penetrating radar using critically refracted

waves. Vadose Zone Journal 2 (2), p247-252. (Published)

Appendix B: Rucker, D.F., Ferré, T.P.A., 2003. Correcting water content

measurement errors associated with critically refracted first arrivals on zero offset

profiling borehole ground penetrating radar profiles. Vadose Zone Journal (In

Press).
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Appendix C: Rucker, D.F., Ferré, T.P.A., 2003. BGPR_Reconstruct: A MATLAB

ray-tracing program for nonlinear inversion of first arrival travel time data from

zero-offset borehole radar. Computers and Geosciences (In review).

Appendix D: Rucker, D.F. and T.P.A. Ferré, 2003. Automated water content

reconstruction of zero-offset borehole ground penetrating radar data using

simulated annealing. Journal of Hydrology (In review).

Appendix E: Rucker, D.F. and T.P.A. Ferré, 2003. Parameter estimation for soil

hydraulic properties using zero-offset borehole radar. Soil Science Society of

America Journal (In review).

Appendix F: Rucker, D.F., Ferré, T.P.A., 2003. The effect of a dipping layer on

the first arrival travel time from zero-offset and fixed-offset borehole radar.

Journal of Applied Geophysics (In Review).

A review of the papers and the author's contribution can be found in Chapter 2. Chapter

3 includes a complete list of references. The description of the infiltration experiments

conducted at the West Campus Agricultural Center in Tucson, Arizona is located in

Appendix G. Appendix H is a detailed description of the automated inversion procedure

used for the papers in Appendices C and D.
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1.5 Context of Research

The evaluation of the experimental ZOP BGPR travel time data was conducted in a

framework of hydrologic interpretation. Typically, a geophysical method is used to

understand the hydrology of a site. In the work presented herein, we challenged this

paradigm by introducing hydrology as a constraint on the geophysical inversion. During

infiltration for example, the only variable to change was the increase in saturation of the

subsurface. Thus, one would expect an increase in dielectric permittivity and a reduction

in the phase velocity of a propagating electromagnetic wave. The inversion of travel time

for water content depended on the understanding of these simple hydrologic processes.

This gives rise to the new field of hydrogeophysics, where information from the two

sciences of hydrology and geophysics are fused together for a better understanding of

transient earth systems.

Using traditional interpretations of the first arrival travel time data, where only one travel

path (the direct) is considered, the measured water content profiles from before to after

infiltration into an initially drained site seemed to contradict this hydrologic

understanding. Figure 4.7, for example, shows that the direct wave assumption can cause

water contents to be too low (or even negative), and that the mass of water in the

subsurface is significantly underestimated. Figure 7.2 also demonstrates that the direct

wave assumption cannot explain the linear increase in travel time measurements observed

during a time series of first arrival travel time measurements at a fixed depth. The
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correction for such phenomena required the understanding of different wave paths that

could be present during ZOP BGPR measurements.

In the context of current practice, Table 1.2 summarizes the contributions of each chapter

relative to techniques reviewed in the literature. The table demonstrates that each chapter

advances the understanding of ZOP BGPR for practical hydrological interpretation.

Table 1.2 Contributions relative to current nractice with ZOP BGPR
Research Paper Current Practice Contribution
Chapter 3: Near Surface
Refraction

Eliminate shallow
measurements

Estimate of near surface
(upper 1 m) water content

Chapter 4: Critical
Refraction below the
Subsurface

Assume direct travel path
only

Identify cases for critical
refraction, improve mass
balance, and limits of
resolution

Chapter 5: Automated
Inversion (Computer Paper)

N/A Share a practical tool for
automated inversion of
travel time

Chapter 6: Uncertainty
Analysis

Assume direct travel path
and constant uncertainty in
water content estimate

Estimate water content
uncertainty through model
sensitivity

Chapter 7: Parameter
Estimation

Inversion modeling based
on direct arrival and
moment analysis/
geostatistical relations

Use critical refraction as an
advantage to track wetting
front/ability to obtain
parameters at discrete
depths

Chapter 8: Dipping Layers 2D representation of
dielectric permittivity
usually conducted with
tomographic inversion

In dipping layered strata,
full MOG* is unnecessary.
Inversion for dip angle and
position can be through 2
SOG**

*MOG=Multi-offset Gather
**SOG—Single-offset Gather (including zero-offset or fixed-offset)
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1.6 Identification of Future Work

One of the major simplifying assumptions in the work of this dissertation is that the water

contents obtained from first arrival travel time data are averaged laterally between the

antennae. Only spatial variability along the length of the antennae is considered. It is

proposed that future work in the area of ZOP BGPR analysis include consideration of the

effects of lateral changes in dielectric permittivity between the antennae. This could be

accomplished, for example, by 2-dimensional aerial tomography (as opposed to profile

tomography) through travel time profile measurements between four or more access

tubes. As a results, a quasi 3-dimensional representation of water content in the

subsurface could be made. To this end, an infiltration experiment was conducted in the

Spring of 2003 where only half of the infiltration area was covered. Profiling occurred in

the wet region, dry region and across the wet/dry interface. To use tomography in this

example, the water content obtained from profiling the six borehole pairs could be used

in a least squares inversion to determine the water content in the four regions near each

borehole at each measurement depth. Each profile, however, must be corrected for

critical refraction using the procedures described in the papers presented above.

Further advances in the application of ZOP BGPR may require more complete numerical

analyses that make use of EM wave propagation models that do not assume that EM

energy propagation can be described using ray tracing. This will be particularly

important if small borehole separations are used. Additionally, all of the work presented

in this dissertation assumes a relationship between dielectric permittivity and volumetric



45

water content that has been developed for other dielectric methods, specifically time

domain reflectometry. Improved accuracy of water content profiling with ZOP BGPR

may be achieved through the development of method-specific calibration relationships.

Finally, the underlying hypothesis of this research is that there is a need for the inclusion

of hydrologic understanding in the optimal application of geophysical methods to

hydrology. Future advances in the use of ZOP BGPR will rely on the incorporation of

ZOP BGPR forward models in hydrologic models to identify the most effective use of

ZOP BGPR as an element of a hydrologic monitoring network.
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2. PRESENT STUDY

A detailed description of the specific methods, results, and conclusions of the research

carried out in support of this degree are presented in six original research papers, which

are attached as appendices A-F.

2.1 Statement of Candidate's Contribution to Papers

In all six papers, the candidate contributed approximately 90% to the research and writing

of the papers. The second author, T.P.A. Ferré, contributed in the form of guidance,

advice, and scientific editing of the papers.

2.2 Summary of Paper #1: Near-Surface Water Content Estimation with Borehole

Ground Penetrating Radar Using Critically Refracted Waves. Published in Vadose

Zone Journal.

Through consideration of wave propagation in the subsurface, two important travel paths

for the first arrival travel time measurements with ZOP BGPR were recognized in the

first paper: the direct travel path and the critically refracted travel path. Critical

refraction commonly occurs at the air-ground interfaced because the propagation velocity

in air is much greater than that in the underlying soil. Critical refraction can be identified

on a radargram as a region of linearly increasing first arrival travel time as the antennae

move downward away from a critically refracting boundary. Measurements made during

a controlled infiltration experiment show that the slope of the linear response region can

be used to infer the near-surface volumetric water content.
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2.3 Summary of Paper # 2: Correcting water content measurement errors

associated with critically refracted first arrivals on zero offset profiling borehole

ground penetrating radar profiles. Accepted for publication in Vadose Zone

Journal

The paper presented in Appendix B examined the possibility of critical refraction

occurring deeper in a soil profile. Contrasts of dielectric permittivity across layer

boundaries are not as great as the dielectric permittivity contrast at the ground surface.

However, measurements made during a controlled infiltration experiment showed that

correction for critically refracted first arriving waves led to an improved water mass

balance than interpretations that did not consider critical refraction. Furthermore, it was

shown that the location of the wetting front as a function of time was incorrect if critical

refraction was not considered.

2.4 Summary of Paper #3: BGPR_Reconstruct: A MATLAB® ray-tracing program

for nonlinear inversion of first arrival travel time data from zero-offset borehole

radar. Submitted to Computers and Geosciences

In the first two papers, the water content at a particular depth where critical refraction

was proposed to occur was obtained through a graphical solution. Lines were fit by hand

through first arrival travel times that increased or decreased linearly with depth. The

slopes of the lines were related to the water contents. If a large number of travel time

profiles need to be interpreted, then the process of hand fitting can be time consuming

Appendix C presents a numerical method of automated inversion of the travel time
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profile through a global optimization procedure called simulated annealing. The

objective of the optimization was to decrease the square of the difference between

modeled and measured travel times. Specifically, Appendix C discusses the MATLAB-

based code and algorithms used to model the first arriving travel times.

2.5. Summary of Paper 4: Automated Water Content Reconstruction of Zero-Offset

Borehole Ground Penetrating Radar Data Using Simulated Annealing. In

submission to Journal of Hydrology

Appendix D discusses the estimation of the best-fit water content profile and the

uncertainty of each water content measurement based on the error in the first arrival

travel time. The automated inversion method was demonstrated on field measurements

during infiltration. The results were compared to those of Appendix B, where inversion

was accomplished by a graphical method. The automated inversion produced a very

similar profile, with several advantages over the graphical method. First, the automated

inversion can be done more quickly for a large set of profiles. Second, the automated

inversion can incorporate measurement uncertainty through the quantification of

ensemble statistics from a large number of realizations, with each realization being

equally likely to fit the objective. The sensitivity of the water content model showed that

water content uncertainty can be greater in regions of critically refracted arrivals

compared to regions of direct arrivals. This is mainly due to the nonlinear dependence of

the path length on the water content.
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2.6. Summary of Paper #5: Parameter estimation for soil hydraulic properties using

zero-offset borehole radar. In submission to Soil Science Society of America

Journal

First arrival travel time profiles are used to describe the spatial variability of water

content in the subsurface. Repeated measurements through time can be used to describe

the temporal variability. Information regarding the change of water content over time can

then be used to estimate the hydraulic properties of the subsurface through inverse

parameter estimation. Hydraulic properties are used to describe the parametric functions

that relate the hydraulic conductivity and soil water potential to the water content. In

Chapter 7, a method is developed to obtain the van Genuchten (van Genuchten, 1980),

hydraulic parameters from ZOP BGPR measurements made during infiltration following

the method presented in Warrick (1993). As a feasibility study for the inversion

procedure, the hydraulic conductivity was determined directly from a time series of first

arrival travel times collected at a single depth. To estimate the van Genuchten "ce' and

"n" parameters, information regarding the soil water potential at an early time was

needed. The inversion procedure was found to be as accurate as and more robust than

inverse modeling of a pressure time series with the numerical flow code HYDRUS-1D

(Simunek et al., 1998). Although the method presented in the paper relied on travel time

measurements at a fixed-depth, repeated profiling during the course of an infiltration

experiment could be used to determine hydraulic parameters as a function of depth. This

gives BGPR an advantage over most other field-based parameter estimation techniques.
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2.7. Summary of Paper # 6: The effect of a dipping layer on the first arrival travel

time from zero-offset and fixed-offset borehole radar. Submitted to Journal of

Applied Geophysics

The previous five chapters only considered flat lying layers or homogeneous media. In

real geologic media, layers could be dipping. Travel time inversion across a dipping

layer was the topic of the paper presented as Chapter 8. When ZOP BGPR measurements

are made across a dipping layer, a third path for the first arrival travel time must be

considered. This path is a cross-dip refracted travel path that does not necessarily travel

along the boundary between two layers of contrasting dielectric permittivity. Whereas

critical refraction only occurs in a layer of low propagation velocity relative to an

adjacent high velocity layer, cross-dip refraction can occur in any velocity structure. A

new method of profiling is presented (fixed-offset profiling) whereby profiles are

conducted with one antenna lower than the other. Together with zero-offset profiling, the

dip angle and dip position can be obtained.

2.8 Conclusions of Dissertation

The results presented in this dissertation indicate that consideration of critical refraction

in the interpretation of ZOP BGPR profiles may lead to significant improvements in the

application of this geophysical method to hydrology. Specifically, these considerations

may allow for: estimation of the near surface water content; more accurate determination

of the location of a sharp wetting front through time; more realistic interpretations of

layering, especially in thinly layered environments; identification of dipping layers; and
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improved estimation of the uncertainty in water content profiles inferred from travel time

profiles with known travel time measurement error characteristics. These improvements

would benefit hydrologists by producing better water mass balances during transient

flow, improved hydrogeologic characterization, and more realistic water content

estimates, with error estimates, for use in stochastic flow models. While these results are

promising, caution must be used in applying the approaches described in real soils. Of

particular concern are the potential impacts of conductivity effects on plane wave

refraction. These effects (described in Section 1.3) could be significant in extremely wet

or clayey soils. These concerns point to a critical area of research that must be completed

before ground penetrating radar can be applied quantitatively in hydrologic

investigations. While it is highly likely that critical refraction will have impacts on the

correct interpretation of ZOP BGPR profiles even when these considerations are

included, it is strongly recommended that these analyses be improved and updated as this

necessary research is completed.
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APPENDIX A: NEAR-SURFACE WATER CONTENT ESTIMATION WITH

BOREHOLE GROUND PENETRATING RADAR USING CRITICALLY

REFRACTED WAVES

Dale F. Rucker and Ty P.A. Ferré

Vadose Zone Journal, 2: 249-254 (2003)

Abstract

Zero-offset profiling (ZOP) with borehole ground penetrating radar (BGPR) is a

promising tool for profiling water contents in the subsurface to great depths with high

spatial and temporal resolution. The ZOP method relies on determining the velocity of

an electromagnetic (EM) wave that follows a direct path from the transmitter to the

receiver. However, near the ground surface, critically refracted energy that travels along

the ground surface at the velocity of an EM wave in air may arrive before direct waves

that travel through the subsurface. If the critically refracted waves are mistakenly

interpreted to be direct waves, the water content will be underestimated. As a result, the

water content near the ground surface cannot be determined using standard BGPR

analysis. We refer to the depth below which direct waves are the first to arrive as the

refraction termination depth. An alternative analysis is presented to determine the water

content above the refraction termination depth using the slope of the travel time versus

depth profile. Additionally, guidelines are presented to predict the refraction termination

depth for known near-surface water contents.
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Introduction

Cross-borehole ground penetrating radar (BGPR) is a high-frequency electromagnetic

(EM) method that can be used to profile the water content M the subsurface (Binley et al.

2001; Binley et al. 2002a; Binley et al. 2002b). In zero-offset profiling (ZOP) mode, a

transmitting antenna and a receiving antenna are lowered to the same depth within non-

metallic access tubes and an EM wave is propagated between them. Assuming that

losses are low enough to permit identification of transmitted energy, the travel time of the

first-arriving energy, on the order of a few tens of nanoseconds, is measured. The

velocity of the EM wave is calculated for a known antennae separation, assuming that the

wave traveled along a direct path from the transmitter to the receiver. The unitless

apparent relative dielectric permittivity, Ka, of the medium can be calculated directly

from the EM velocity assuming that the frequency-dependent dielectric loss is relatively

small (Davis and Annan, 1989):

112	 c
= —

a 	v
(1)

where c is the speed of light in free space (0.3 mills), which is assumed to be equal to the

velocity in air, and v (m/ns) is the velocity of propagation of the EM wave through the

medium. The volumetric water content, 0 (cm3 cm-3), can be determined from the

apparent dielectric permittivity using the linearized form of the empirical relationship

presented by Topp et al. (1980) as given by Ferré et al. (1996):
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0= 0.1181( —0.1848. 	(2)
v

The preceding analysis can be used to determine the water content at any depth if the

direct wave is associated with the first energy to arrive at the receiver at that depth.

However, the direct route does not always have the shortest travel time. Rather, under

some conditions, a critically refracted wave may arrive before the direct arrival (Figure

1). Critical refraction occurs at any interface across which the velocity increases (Sheriff

and Geldart 1995). The contrast between the EM wave velocity in air (va ,r=0.3 m/ns) and

in soil (0.1 7>v50 >0.05 m/ns) gives rise to critical refraction (Bohidar and Hermance

2002) when the antennae are located below the ground surface. Critically

J......secondary waves

	Interface
v,„

j,urFacc-rx

\NA

/

ttx-surfaue/ 
/
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Figure 1. Pathways of direct and critically refracted waves from a transmitting BGPR
antenna to a receiving BGPR antennae located a distance, z, below the ground
surface and separated by a distance, x. The travel time of the refracted wave is ta_

surface ± tair tsuiface-rx- The travel time of the direct wave is t-direct- The critically
refracted wave approaches the interface at the critical angle from the normal to
the interface, ic
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refracted energy arrives at the receiver through secondary waves generated at the surface

(Parkin et al. 2000), where a head wave is created. The receiver can intersect the head

wave at any depth.

In picking the first arrival, it is not possible to distinguish a critically refracted arrival

from a direct arrival from initial inspection. This complicates the analysis of water

content near the ground surface. If the travel time of a first-arriving critically refracted

wave is assumed to correspond to a direct wave, the water content at the measurement

depth will be underestimated. For example, near surface travel times, such as those

shown by Kurota et al. (2002) can suggest low water contents in the shallow subsurface,

even under ponded constant infiltration conditions. As a result, the water content profile

can only be determined quantitatively below the depth at which direct waves arrive

before critically refracted waves. We refer to this depth as the refraction termination

depth, zrtd.

In this study, equations are derived to relate the refraction termination depth to the

velocity of EM energy through the near surface soil and to the antennae separation. This

is similar to the development presented by Hammon et al. (2002). The analysis is

extended here to determine the near surface water content and to develop guidelines to

predict the refraction termination depth.
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It is important to note that these developments explicitly assume that the dielectric

permittivity of the medium is both homogeneous and isotropic in the shallow subsurface.

Using existing equipment to collect ZOP data, it is not possible to determine dielectric

anisotropy. Similarly, ZOP measurements cannot be used to determine horizontal

variations in dielectric permittivity between BGPR antennae. The precision with which

vertical heterogeneity due to soil layering or water content distributions can be

determined is a function of the sample depth interval. Presumably, there is some

minimum thickness that can be resolved given the nature of signals generated by dipole

antennae.

Theoretical Development

If an EM wave reaches a boundary between two media with different dielectric

permittivities, a portion of the arriving energy will reflect from the boundary at the angle

of incidence with respect to a line that is perpendicular to the interface, j 1 . The remaining

energy will be transmitted across the boundary at a different angle, i2. The angle i , is

referred to as the angle of incidence and the angle, i2 , is referred to as the angle of

refraction. The relationship between these angles is described by Snell's law:

sin i,	 sin i2

	(3)
1	 v2
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For the case of BGPR operated just below the ground surface, I, / and v2 are the velocities

in the soil immediately below the ground surface and in the air, respectively, and the

normal is a line that is perpendicular to the ground surface. For a given velocity

contrast, only one incident angle will give rise to a wave that has an angle of refraction of

90° from the normal and travels along the ground surface at the velocity of air. This

angle of incidence is referred to as the critical angle, i , and the refracted wave is known

as the critical refraction. The critical angle can be defined from Equation 3 as:

ic = sin -1 —v1[ V
2

	 (4)

Considering BGPR antennae located close to the ground surface (Figure 1), the travel

time of the critically refracted wave (t„fr) is equal to the sum of the travel times of the

propagating EM wave from the transmitter to the air-soil interface a 1 along the, tx_suvace,5

surface (tair), and down from the interface to the receiving antennae (t,-surface-rx):

tref,- = t rx—swface t air ± t surface—rx •
	

(5 )

From Huygen's principle, the angle of refraction from the interface to the receiving

antennae is also equal to the critical angle. As a result, the distance that the wave travels

to or from the ground surface is:
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X tx—surAce = X surface—rx =ZICOSic ,
	 (6)

where z is the depth of the antennae below the air-soil interface.

The travel time over this distance is:

t tx—suditce = t surliwe—rx =

z / cos i„
(7)

Vsoil

where 1,1 has been replaced by vsoir.

The distance that the wave travels in the air above the ground surface is:

x,, = x — 2z tan i„

where x is the antenna separation.

The travel time along the ground surface is:

x — 2z tan i„
ta, = 	

Vair

(8)

(9)



where v2 has been replaced by v.,

Substituting Equations 7 and 9 into Equation 5 yields:

2z	 x —2z tan i c
tref, =

The direct travel time between the antennae at the same depth is:

t direct =
V soil

Note that while ., direct is independent of z, trefr increases linearly with z. This linear

increase in t„fr with z is a useful characteristic for identifying critical refractions in ZOP

profiles.

Critically refracted waves can arrive before direct waves when the antennae are near the

ground surface (Figure 2). However, below the refraction termination depth, zra, the

travel time of the direct wave is shorter than that of the critically refracted wave. The

refraction termination depth can be determined by equating the travel times of the

critically refracted and direct waves (Equations 10 and 11) and solving for zra:

70

(10)
vaaii cos ic 	vair
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Z rtd =
x cos ic 	vair

(12)
2	 vair + vso„

Equation 12 can be used directly to estimate z,-td if v„d is known. For the example

homogeneous half-space considered in constructing Figure 2, x is 3 m, v 0 il is 0.1 m ns -1 ,

vd,, is 0.3 m ns -I , and the critical angle is 19.5°. For these conditions, the direct wave
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Figure 2. Travel times as a function of antennae depth for direct and critically refracted
waves for the case of a soil with a velocity of v„d = 0.1 m/ns and an antennae
separation of 3 m. The thin lines show the travel times of the direct and critically
refracted waves. The first-arriving energy is highlighted as a thick line.
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arrives before waves that are critically refracted at the ground surface for measurement

depths below 1.061 m. By rearranging Equation 2, the EM wave velocity in a soil with a

known volumetric water content is:

0.1181v,,.
vsoil 	•

O +.1841
(13)

Alternatively, if the travel time profile resembles that shown in Figure 2, then zrtd can be

obtained directly from the profile. Then vsoir can be found by rearranging Equation 12 to:

x cos ic

V soil = Vair2 	z rtd 	•

From the definition of sin i, the value of cos ic can be expressed as:

Al V a2 ir V s2oil 
COSic

Vair

Substituting Equation 15 into Equation 14 and solving for vsoil gives:

.X 2 — 4Z 2rtd 
V soil = Vair

 X
2 

+ 4z 2
rtd

(14)

(15)

(16)
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It should be noted that Equation 16 requires a precise measure of zrtd. In practice, the

sampling depth interval (depth that the antennae are lowered between readings) is

commonly 0.25 m or more. The actual zrtd for the example system is 1.061 m. Typical

measurement resolution gives rise to uncertainty as great as one half the sampling depth

interval: 1.061±0.125. Water content estimates, considering these uncertainties, range

from 0.08 to 0.33 cm3 cm-3 with the correct water content being 0.17 cm3 cm-3 .

Moreover, if the shallow subsurface is layered, or water content varies with depth, the

calculated zrtd may be deeper than the base of the near-surface layer. In this case, the

inferred water content only applies above a depth associated with an abrupt change in

measured velocity.

Alternatively, the slope of the travel time profile near the ground surface, d, can be used

to estimate vsou by taking the derivative of Equation 10 with respect to depth:

A = dtrefr =	 2	 2 tan ic

dz	 y soil cos i 	Vair

(17)

where tan ic is:

tan i5 = 	vsou 	(18)
2	 2

V air — V01



Substituting Equations 15 and 18 into Equation 17 and solving for v„ii gives:
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Vsoil = 
2vair 

(19)   
V ,62 •va2, +4 

From Figure 2, the slope of the travel time profile near the ground surface is 18.9 ns m4

(20 ns / 1.061 m), equating to a soil velocity of 0.10 m ns4 . Using Equation 2, gives a

water content of 0.17 cm3 cm-3 . Actual measurements will give rise to some uncertainty

of the slope. Choosing an arbitrary 5% underestimation (A = 18) or overestimation (A =

19.8), the calculated water contents range from 0.16 and 0.19, respectively. It is

suggested that linear regression techniques be used to properly assess the slope error to

give some measure of the accuracy of shallow water content measurements. Because zrtd

may not be evident on a travel time profile plot, especially if the water content varies

with depth in the shallow subsurface, we recommend using the slope analysis, which

relies only on measurements made near the ground surface.

Because first-arriving critically refracted waves can complicate BGPR profiling

applications, it is reasonable to ask whether a separation distance can be chosen that

eliminates critically refracted waves as first arrivals. Equation 12 shows that zra

increases with increasing antennae separation distance, x. Therefore, reducing the

antennae separation will minimize the depth over which critically refracted waves arrive
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before direct waves. However, to allow for simple ray path analysis of travel times, the

antennae separation distance must be greater than one half of the wavelength of the center

frequency in air. For example, a 100 MHz EM wave has a wavelength of 3 m in air. So,

the antennae separation distance when using 100 MHz antennae should be at least 1.5 m.

Theoretically, a 900 MHz antennae has a minimum antennae separation of 0.18 m.

However, this small separation is not practical for most field applications, given typical

borehole annuli are on the order of lOs of cm and vertical borehole deviations could be

significant. The minimum zra is associated with a low water content, high velocity

condition. Considering a medium with a volumetric water content of 0.05 cm3 cm-3 , the

minimum separation allowable for 100 MHz antennae results in a zrid of 0.43 m. This

result suggests that it is not possible to eliminate completely first-arriving critical

refractions for measurements made very near the ground surface.

The preceding analysis only considered critical refraction at the air-soil interface.

However, critical refraction can occur whenever EM waves traveling through a low

velocity medium contact a boundary with a higher velocity medium. There are many

examples of this below the ground surface. For example, the antennae may be located

within a high water content fine-textured layer that is in contact with a lower water

content coarse-textured layer. Or, the antennae may be located below the water table and

the transmitted energy may refract critically at a boundary within unsaturated regions

above the capillary fringe. Conclusions that are identical to those made for the impacts of

refractions at the ground surface can be drawn regarding critical refractions at depth.



76

That is, each layer will have a refraction termination depth below (or above) the layer

boundary. Furthermore, if the critical refractions can be identified on the travel time

profile, the slope of the travel time profile can be used to determine the water content in

the high water content layers. However, given that the refraction termination depth

increases with the contrast in velocities between adjacent layers, it is likely that the

critical refractions will primarily affect measurements within layers that contrast sharply

with adjacent layers.

Field Experiment

A field experiment was conducted to test the use of the slope of the travel time profile for

determining near surface water content. ZOP BGPR travel time measurements were

made as a wetting front moved downward through a soil profile during a constant

infiltration experiment. ZOP BGPR measurements were collected to 15m depth with a

sampling interval of 0.25m. The separation distance between the transmitting and

receiving antennae was 3.1m.

The infiltration experiment was conducted at the Western Campus Agricultural Center,

an experimental farm along the bank of the Santa Cruz River in Tucson, Arizona. During

the experiment, water was applied to the ground surface at a constant rate of 0.0136 m/hr

for 66 hours (Rucker and Ferré 2002). For this study, BGPR measurements were made

using two access tubes located within the infiltration gallery (Figure 3). A Sensors and

Software PulseEkko100 system with 100 MHz antennae (Sensors and Software,
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Mississauga, ON) was used for all BGPR measurements. Post-processing of first-arrival

picking was accomplished through an automated picking software, 'Picker', provided by

Sensors and Software.

The top six inches of soil at the experimental site consisted of dry, unconsolidated loose

sand and silt. The surface material is underlain by a thick (-3.3 m) sandy layer with

interspersed lenses of organic material and clay. A black, peat-like organic layer is

located approximately one meter below surface. The material between 3.3 and 6.5 meters

below ground is a gravely sand, which turns to cobbles, gravel, and sand to 8.5 meters.

05m
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Figure 3. Schematic diagram of field site used for infiltration experiment showing the
locations of BGPR access tubes (circles), buried TDR probes (stars), and
multilevel TDR probe (square) within the infiltration gallery (solid line).
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From 8.5 to 13 meters the medium varies from a 1.5 meter-thick clay lens to a rich clayey

sand. The remainder of the profile to 15 meters is comprised of fine sand with small

amounts of clay.

In addition to measurements with BGPR, two buried time domain reflectometry (TDR)

probes were located within the infiltration gallery, one TDR probe was located outside of

the gallery, and one multilevel TDR sensor was located within the gallery (Figure 3).

The buried TDR probes were placed perpendicular with the ground surface within hand-

augered holes that were 10 cm in diameter and backfilled with native material. The

multilevel TDR (Environmental Sensors Incorporated, Victoria, BC, Canada) was

installed at the surface and extended to 1.2m below ground surface. The multilevel TDR

is discretized into 5 segments, with the segments having lengths of 0.15, 0.15, 0.3, 0.3,

and 0.3m from top to bottom. Before infiltration began, the TDR-measured volumetric

water contents over these depth intervals were 0.163, 0.123, 0.125, 0.13, and 0.17 cm3

cm-3 . These values give a length-weighted water content of 0.145 cm3 cm-3 . Once

infiltration began, the multilevel TDR malfunctioned, so measurements with this

instrument were not available for comparison with later travel time profiles.

Figure 4 shows three profiles collected before, immediately after, and one week after the

infiltration experiment. At 0 m depth, the travel time is equal to the calculated travel time

in air, 10.33 ns. As the antennae were lowered across the ground surface, the travel time

slowly increased from that in air to a value representative of the velocities in the shallow
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subsurface. Figure 4 also includes an expanded view of the travel times from 0 to 2.75m

depth. Straight lines are fitted to the shallowest sections of each depth versus travel time

profile. The slope of the regression line fitted to the pre-infiltration profile has a value of

A1=19.10 ±0.09 ns m -1 , where the uncertainty represents one standard deviation above

and below the mean. This yields a mean velocity of 0.0989 m/ns, with velocities ranging

from 0.0985 m/ns to 0.0993 m/ns over one standard deviation of the value of di. The

mean volumetric water content determined from Equation 2 using this slope was 0.170

cm3 cm-3 , which is in good agreement with that measured using the multilevel TDR. The

50

Travel Time (ns)

0	 10	 20	 30	 40
Travel Time (ns)

0	 10	 20	 30	 40 50

Figure 4. Three BGPR travel time profiles taken before infiltration, immediately after
infiltration, and one week after infiltration. The calculated refraction termination
depth is shown with a horizontal arrow for each time. The antennae separation
was 3.1m and the vertical sampling interval was 0.25m.
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range of water contents based on the range of slopes measured was 0.173 to 0.176 cm3

cm 3. Similarly high resolution was found for other measurements based on the

uncertainty of the fitted slope. The velocity measured just before infiltration ceased

(`After Infiltration', Figure 4) was 0.056 m ns -1 , which equates to a volumetric water

content of 0.44 cm3 cm-3. The profile measured 1 week after infiltration ceased yielded a

volumetric water content of 0.25 cm3 cm-3 . The value of Zrtd calculated using Equation 12

is reported in Table 1 for each travel time profile.

Only the early time profile has a predicted zr,d that corresponds with an observed change

in the slope of the travel time profile in Figure 4. At a depth of 1 to 1.25 m below ground

surface, the slope decreases to a negative value, indicating that the water content is

decreasing. Above lm, the slope is increasing and the zrid suggests that the slope

increases to a depth of 1.05m. The predicted water content from the slope analysis is

valid from the surface to lm. The 'After Infiltration' shows a slightly deeper refraction

termination depth, and is much deeper than the depth at which a change in slope occurs.

Table 1. Parameters obtained from the BGPR travel time profiles.
Parameter Before

Infiltration
After
Infiltration

1 week After
Infiltration

A (ns/m) 19.10±0.09 34.98±0.04 23.89±0.11
vsoil (m/ns) 0.098 0.056 0.081
zi-td (m) 1.05 1.22 1.14
0 (cm3/cm3) 0.17 0.44 0.25
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Figure 5. Volumetric water content measured using buried TDR probes (lines), using
direct BGPR waves at 1.5 m depth (circles), and using the slope of the BGPR
travel time profile at the ground surface (squares). TDR4 is located outside of the
infiltration gallery at a depth of 1.2 m. TDR2 and TDR3 are located within the
gallery at depths of 1.62 and 1.67 m, respectively.

The calculated zra is 1.22m, whereas the change in slope occurs at 0.75m. In this case,

the heterogeneity in water content precludes the use of the slope method below 0.75m,

and it can be shown that the measured travel times at this depth and below are from direct

arrivals.

During the infiltration experiment, the volumetric water content was also measured using

three buried TDR probes (Figure 5). The measurement depths were 1.2 m, 1.6m, and

1.67m below ground surface. All of the TDR time series showed similar response as the

wetting front moved through the soil profile. At early time, the water content is constant
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with time at each depth, although it differs among probes. The wetting front reaches all

of the TDR probes at approximately the same time. After this time, the water content

increases to a maximum value and remains constant until infiltration ceases. Throughout

the remaining measurement time, the water content decreases with time to a constant

value. The two TDR probes located within the infiltration gallery, at depths of 1.6m and

greater, show lower maximum water contents (0.28 cm3cm-3) than the TDR probe buried

just outside of the gallery at 1.2 m depth (0.37 cm3cm-3).

The water contents determined using BGPR direct arrivals at 1.5 m depth (black circles)

and those determined from the slope of the travel time profile near the surface (gray

boxes) are included on Figure 5. The BGPR-determined water contents show good

agreement with the TDR water content time series, with both methods showing an

increase in water content due to infiltration followed by a decrease after infiltration

ceased. Specifically, the BGPR-measured water contents at 1.5m depth are lower than

those measured with BGPR in the upper lm. The difference between the BGPR-

measured water contents at 1.5 m depth and the TDR-measured water contents measured

at 1.6 m depth at the same time is no greater than the difference among the TDR

measurements. The BGPR measurements in the upper meter show similar agreement

with the shallow TDR measurements. The good agreement at both depths is surprisingly

good considering the differences in the locations of measurement and the different

sample volumes of the two methods.
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Conclusions

Zero-offset profiling borehole ground penetrating radar shows promise as a method for

water content profiling throughout the vadose zone. However, the effects of first-arriving

critically refracted waves must be considered when interpreting travel time profiles.

Measurements made near the ground surface will be affected by first-arriving critically

refracted waves (Hammon et al. 2002) . The depth below which fi rst arrivals can be

associated with direct waves, referred to here as the refraction termination depth, depends

upon the volumetric water content of the shallow subsurface and the antennae separation.

However, even under ideal conditions (very dry soil), this depth will be approximately

0.5 m for 100 MHz antennae. Given that critical refractions at the ground surface cannot

be eliminated, we present a method whereby an estimate of the shallow water content can

be obtained from the travel time profile. This method showed good agreement with

independent measurements of water content collected near the ground surface during a

controlled infiltration experiment. Critical refractions are not limited to the ground

surface; they can occur whenever an EM wave contacts a boundary with a higher velocity

medium (Bohidar and Hermance 2002). Therefore, the conclusions presented regarding

the influence of first-arriving critical refractions from the ground surface may also have

implications for measuring the water content across layer boundaries within the vadose

zone or across the water table.
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APPENDIX B. CORRECTING WATER CONTENT MEASUREMENT ERRORS

ASSOCIATED WITH CRITICALLY REFRACTED FIRST ARRIVALS ON ZERO

OFFSET PROFILING BOREHOLE GROUND PENETRATING RADAR PROFILES

Dale F. Rucker and Ty P.A. Ferré

Vadose Zone Journal, (in press)

Abstract

Borehole ground penetrating radar (BGPR) operated in zero offset profiling (ZOP) mode

has promise for monitoring rapidly changing water contents within the subsurface.

However, the coexistence of multiple travel paths through the subsurface can give rise to

measurement errors. Specifically, in layered systems with sharp changes in water content

with depth, critically refracted waves may arrive before direct waves at some depths.

Velocity profiles are determined based on analyses of the travel time of the first arriving

energy at each depth. Therefore, correct velocity analysis requires that these travel times

be classified according to the path followed by the first arriving energy. We establish

criteria that can be used to identify first arriving critically refracted waves from travel

time profiles. Through hypothetical examples and a field experiment, we demonstrate

that these criteria allow for more accurate determination of the water content profile.

However, these corrections are limited if thin, high water content layers are present in the

subsurface.
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Introduction

Within the past ten years, near surface geophysical exploration has become invaluable to

hydrologists as an inexpensive and rapid means of intermediate-scale subsurface

monitoring, with support scales ranging from 0.5 to 30 m3 (van Overmeeren et al., 1997;

Weiler et al., 1998; Huisman et al., 2001). Hydrologic site characterization with

traditional tools, such as pumping/injection tests, are expensive and time consuming.

Additionally, these tools typically offer low spatial resolution. Other traditional

hydrologic methods, such as coring, allow very high spatial resolution with very small

sample volumes (several cubic centimeters). However, many cores are needed to

characterize a site and upscaling of small-scale measurements can be problematic (Wen

and Gomez-Hernandez, 1996; Sanchez-Vila et al., 1996). Borehole ground penetrating

radar (BGPR), an electromagnetic geophysical instrument, has become popular among

hydrologists due to its ease of use and simple interpretation. Recent documented uses of

BGPR in hydrology include water content profiling (Binley et al. 2001; Alumbaugh et al.,

2002), fracture delineation (Tsofiias et al. 2001; Sato and Takeshita, 2000), water table

monitoring, facies delineation (Turner et al., 2000; Wanstedt et al., 2000; Bellefleur et al.,

2001) and determination of hydraulic conductivity (Hubbard et al., 2001; Binley et al.

2002).

BGPR can be used in many modes, such as multi-offset gathering (MOG), and zero-

offset profiling (ZOP). MUG offers multidimensional imaging through high-resolution

tomography, but is relatively slow due to the large number of measurements composing a
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survey. For example, Alumbaugh et al. (2002) reported a six-hour acquisition time for

four profiles to 7 m with a 0.25 m vertical sampling interval. Hydrologic processes that

are at steady state or very slow may be characterized with MOG. In contrast, the water

content profile can be measured to 15 m depth with a 0.25 m vertical sampling interval in

three minutes in ZOP mode (Rucker and Ferré, 2002). As a result, ZOP is ideal for

monitoring transient processes such as the change in water content beneath an ephemeral

stream during flow or beneath a field receiving applied irrigation. When using BGPR in

ZOP depth profiling mode, two antennae are lowered through parallel vertical access

tubes of known separation. The centers of the antennae are located at a common depth

for each measurement. An electromagnetic (EM) wave is then propagated from the

transmitting antenna and measured with the receiving antenna. The procedure is repeated

at a series of depths to produce a velocity profile of the subsurface. The velocity is

related to the apparent dielectric permittivity of the medium between the access tubes.

The velocity is then related to the volumetric water content using a standard calibration

(Topp et al., 1980) or a medium specific calibration (e.g. Masbruch and Ferré, 2003).

Generally, the EM wave velocity is determined with the explicit assumption that the first-

arriving energy travels along a direct path from the transmitter to the receiver. Several

investigators have pointed out that if refracted waves are first to arrive, this assumption

can give rise to erroneous velocity measurements (Wang and McMechan, 2002; Hammon

et al. 2002; Rucker and Ferré, 2003). For example, Rucker and Ferré (2003)

demonstrated that critical refraction at the air-ground interface can result in an
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underestimation of the water content of the shallow subsurface. Critical refraction at the

air-soil interface is a specific example of a more general case. Critical refraction of EM

waves always occurs when an EM wave crosses a boundary from a low velocity layer

into a higher velocity layer (at any angle other than normal to the boundary). For

example, soil profiles commonly have high water content layers adjacent to low water

content layers. As BGPR antennae are lowered within the high water content layer

towards the lower water content layer, critically refracted energy begins to arrive before

energy traveling directly through the high water content layer (Figure 1). Similarly, if the

antennae are lowered from a low water content layer into a high water content layer,

critically refracted waves will continue to arrive before direct waves until the antennae

are some distance below the layer boundary. The vertical distance from the boundary

within which critically refracted arrivals are first to arrive has been referred to as the

refraction termination depth, zro (Rucker and Ferré, 2003).

In this investigation, we extend the work of Rucker and Ferré (2003), who identified the

potential for BGPR water content measurement errors near the ground surface due to

critical refraction. Specifically, we examine the effects of critical refraction throughout a

discretely layered system. The effects of first arriving critical refractions are quantified

by comparing the total length of water in the soil profile, determined assuming that all

travel paths are direct, with the known length of water in the profile. In this paper, we

define the total length of water (1,0 as the integrated volumetric water content over the

entire length of the profile, i. e.



L„ = fOdz
0

where ZL is the total length of the profile. We then show how critical refractions can be

identified and accounted for under some conditions. The specific objectives of this

investigation are:

1) To develop criteria to distinguish direct arrivals from critically refracted

arrivals on a BGPR travel time profile;

2) To demonstrate how to analyze BGPR travel time profiles to account for

critically refracted arrivals;

3) To identify those conditions that are not amenable to this correction; and

4) To show, theoretically and experimentally, the consequences of not

considering critically refracted arrivals when analyzing BGPR travel time

profiles.

Background

The travel paths of acoustic and electromagnetic energy in a layered earth structure can

be described by assuming that the wave travels in a straight line through a medium and

then reflects or refracts at boundaries according to Snell's Law (Telford et al., 1990).

Examples of reflected and refracted arrivals on radargrams can be seen in Young and Sun

88
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(1999) and Fisher et al. (1997). Because ZOP BGPR analysis generally makes use of

only the first arriving energy, correct velocity analysis requires knowledge of the travel

path of the first arriving energy. It is impossible to distinguish these events immediately

from direct observation of a recorded trace. It is only through the simultaneous analysis

of measurements made at various offset distances or depths that different travel paths can

be identified. For example, reflected and diffracted arrivals show distinct hyperbolic

patterns with depth on a radargram. The travel time of a critically refracted wave

increases linearly with depth.

Ray tracing analyses (Cai and McMechan, 1999) show that reflected arrivals will always

arrive later than a critically refracted or direct arrival when conducting measurements

with BGPR in ZOP mode (Ellefsen, 1999). Therefore, reflected paths can be ignored.

The travel time of critically refracted waves can be shorter than that of a direct wave if

the measurement is made close to the boundary between two layers of contrasting

dielectric permittivity. The refraction termination depth, zrid, defines the distance from

the boundary within which the critically refracted wave arrives before the direct wave

(Rucker and Ferré, 2003). The value of zrtd depends on the velocity contrast between the

layers and the antennae separation distance.

Although it is generally less accurate than determining subsurface velocities through

numerical modeling of the wave equation (Ellefsen, 1999; Hollinger and Bergman, 2002)

or wavefield extrapolations (Cai et al., 1996), ray tracing analysis is commonly applied to
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ZOP BGPR because it is much simpler and less computationally demanding. One major

simplifying assumption in conducting a ray-trace analysis of ZOP BGPR profiles is that

there are no lateral changes in dielectric permittivity between the boreholes. This is

appropriate if the changes in water content are larger than one-quarter wavelength of the

propagating EM wave (Chan and Knight, 1999, 2001; Schaap et al., 2003). (The

wavelength of a 100 MHz signal in the air is approximately 3 m, decreasing to as little as

0.3 m in wet soil.) The following analysis assumes that there are no lateral changes in

water content; the analysis only considers vertical changes in water content across

distinct boundaries. ZOP first arrival travel time profiles do not contain enough

information to identify lateral changes in water content. If strong lateral changes are

expected, then MOG measurements should be performed.

Conditions Giving Rise to First Arriving Direct Waves

The travel time of a direct wave through a high water content (low velocity) layer is:

t direct 

= X	
(2)

low

where vio,, is the velocity of propagation through a low velocity layer and x is the

antennae separation distance. The travel time of a critically refracted wave is:
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refi. = 	
V low COS i c

+ 	
= 	

+ Z 	
x — 2z tan

V high	 V high

	

V10,, COS i c	 Vhigh

2 tan ic2z	 2
(3)

where Vhigh (Figure 1) is the velocity of propagation through an immediately adjacent

higher velocity layer, z is the vertical distance from the antennae measurement depth to

the interface between the two layers, and ic is the critical angle. Critically refracted

energy arrives at the receiver through secondary waves generated at the boundary

between the layers (Parkin et al., 2000), where a head wave is created. The critical angle

depends entirely upon the velocities of the layers:

ic = sin -1
V low l .

Vhigh

(4)

The critically refracted energy will always be the first arriving energy if z is small. That

is, as z approaches zero, trefr approaches x/vhigh, which is smaller than . direct . As Z

increases, trefr increases linearly. The refraction termination depth is defined such that,

for z greater than Z,-td, in a simple homogeneous half-space, direct waves will arrive before

critically refracted waves:

2

V high

vhigh +V ior

V high — V low

•

V high + V low

x cos ic

Z rid =	
2

(5)
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Figure 1. A) Raypaths of EM waves below the ground surface. Critically refracted
raypaths are identified within the high water content layers. A direct raypath is
identified within the low water content layer. B) ZOP BGPR travel times for a
continuous measurement (thin line) and discrete measurement (black circle), dz is
the vertical sampling interval and znd is the refraction termination depth.

Rucker and Ferré (2003) applied the concept of a refraction termination depth to the

determination of near surface water contents. However, Equation 5 shows that any two

adjacent layers with differing velocities will give rise to a znd. In fact, a subsurface layer

that is surrounded by higher velocity layers will have two ztrd values, associated with the
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boundaries above and below the layer. For example, consider a clay layer surrounded by

sand layers. BGPR measurements conducted within the clay will refract critically along

the upper and lower boundaries, giving rise to two refraction termination depths.

Similarly, during the advance of a wetting front with no surface ponding, measurements

made in the wetted region may refract at the ground surface or at the wetting front. In

either case, if the thickness of the low velocity layer is larger than the sum of the two zra

values, then a direct arrival will occur within the low velocity layer. If, on the other

hand, the low velocity layer is thinner than this sum, then the direct arrival will never be

the first to arrive and first arriving critical refraction along the upper boundary will give

way immediately to first arriving critical refraction along the lower boundary. Therefore,

the minimum thickness of a low velocity layer that will give rise to direct arrivals,

is:

(6a)hm.n >	 3-2 X
'rid	 Z tic/ 2

V 1 — V2

V I ± V ? \

V 3 — V2

V 3 +V 2

where vi and 1)3 are the velocities of the overlying and underlying layers, and v2 is the

velocity of the low velocity layer. Equation 6a can also be expressed in terms of water

content:

h inin ^ ;[,\ 
02 — 0,

02 +01 + 0.368 ±

02 — 03
(6b) 

02 + 03 +0.368     



where the velocities of Equation 6a were replaced by water contents derived from a

linearized form of the Topp (1980) Equation (Rucker and Ferré, 2003):

0.1181v
vs 	 ' .

° 0 +.1841
(7)

Consider two three-layer examples (Figure 2). The thickness of the middle layer is 2.5m

for Case A and 1.75m for Case B. The top layer in both cases represents an extremely

dry layer with 0/=0.05 cm3 cm-3 . The middle soil layer has a volumetric water content,

02, of 0.52 cm3 cm-3 . The lowest layer is a semi-infinite half-space with a 03of 0.17 cm3

CM
-3
. The travel times of both critically refracted and direct waves are shown to the right

in Figure 2. The thick black line represents the first arriving energy on a radargram with

a vertical sampling interval, dz, of 0.25m. The thin dashed green lines, marked with trefrl

and trefr25 are the critically refracted travel times from above and below the high water

content layer, respectively. The thin blue line represents the direct arrival time for the

high water content layer. For Case A, the zrid distances from above and below the layer

do not overlap within the low velocity layer. As a result, direct arrivals appear first for

some section of the travel time profile within the high water content layer. However, for

Case B direct arrivals within the high water content layer are never first arriving. This is

consistent with Equation 6, which predicts that the minimum thickness of a low

94
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Figure 2. Two three-layered geometries demonstrating the travel times of the first
arriving energy in the subsurface. A) Thick middle layer, in which h,„,, is less
than the layer thickness. B) Relatively thin middle layer that appears hidden, i.e.,
the layer thickness is less than h,n,„. The direct and refracted travel times are
identified by solid blue lines and dashed green lines, respectively.
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velocity layer that would have first arriving direct arrival is 1.927m. For Case B the low

velocity layer is hidden and its water content will be underestimated.

Resolving Velocities of Thin Layers

Alluvial or lucastrine deposits commonly exhibit a layered structure, whereby high

velocity coarse-grained material contains lenses or continuous layers of finer grained

material. The fme-grained layers can have a thickness on the order of a few centimeters

to a meter or more (Boggs, 1995, Zheng and Gorelick, 2003). A repeating, alternating

layered model (ALM) of high-low-high velocity can be used to approximate this type of

layered structure for ZOP BGPR analysis. The first high velocity layer for the ALM is

air, with a known velocity of 0.3 (m ns-1). The middle, low velocity layer represents the

uppermost sediments near the ground surface and may contain several distinct layers of

low velocity material. These low velocity sediments can be grouped into a single low

velocity layer for this analysis. At some depth below the low-velocity layer, a high-

velocity layer will be intersected by the BGPR. The high-velocity layer is easily

identified by its lower travel time compared to the travel times of the layer above

(Figures 1 and 2). The ALM will begin again at the second high-velocity layer, and can

repeat throughout the profile by considering the lowest layer as the uppermost layer of

the next high-low-high ALM. Once the pattern of layering is established, the travel time

profile can be used to find areas where critical refraction is occurring.
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Rucker and Ferré (2003) identified two methods to obtain the near-surface velocity of

propagation. The more robust method relied on the slope of the travel time profile:

Vsoil 
2va, 

(8)   
VA2 • v 

n 5

au' -T

where vsair (in ns4 ) is the EM velocity in soil, Val,- (m ns4 ) is the EM velocity in air, and A

(ns m4) is the inverse slope of the travel time versus depth profile, dt/dz. Equation 8 can

be used to calculate the soil velocity of deeper sediments, where vair is replaced by vhigh

(vi or v3 in Figure 2). Equation 8 can also be applied to the slopes approaching either the

upper or lower boundary. Note that although the slope approaching the lower boundary

is negative, Equation 8 depends on the square of the slope, so the sign of the slope is

irrelevant.

The first step in resolving the soil velocity in areas of critical refraction using the slope

analysis is to identify those travel times that could be from a direct arrival (Figure 3a -

Step 2). The inversion of the direct arrival travel time, with a known antennae separation,

is used as vhigh in Equation 8. Two criteria for identifying direct arrivals are: travel times

that are lower than the travel time above and below the measurement point, or equal

travel times for two or more adjacent measurements. The first criterion positively

identifies a direct arrival because critically refracted waves can only originate from

within a low velocity layer that is adjacent to a high velocity layer. The second criterion
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may incorrectly identify a direct arrival. For example, the two largest travel times shown

in Case B of Figure 2 appear to be equal (within the accuracy of travel time

measurements) and therefore could be from a direct arrival. However, both of these first

arrivals are from critically refracted first arrivals. Other adjacent first arrival travel times

that are equal within this figure are direct arrivals.

The slope equation (Equation 8, Figure 3a — Step 3) is applied to the remaining travel

times, which may be associated with critical refractions. The inversion of the travel time

produces a first-guess reconstructed velocity profile (Step 4). Then, at each depth, the

inferred velocity, assuming that the wave followed a critically refracted path, is compared

to the velocity assuming that the first arrival is direct (Step 5). The slower of these

velocities is the correct velocity (Step 6). That is, if the inferred critically refracted

velocity is higher than the direct velocity, then the measurement is a direct arrival. If it

were not, then the velocity required to give rise to a critically refracted first arrival in the

measured time would give rise to an even faster direct arrival. In this manner, some

measurements will be reclassified as direct arrivals. Finally, some of the arrivals

classified as critically refracted first arrivals will be reclassified as direct if they are

farther than zna from the nearest boundary based on the inferred velocity profile. Once

the measurements have been classified as direct or critically refracted, the water content

profile can be determined using Equation 7 (Step 7). Figure 3b shows how a spreadsheet

may be used to help in the reconstruction of the velocity profile. Note that



2

7

Step Flow Diagram

1

2

Obtain first
travel time

break pick
profile

Identify possible
direct arrivals

Use slope equation on
3 suspected critically

refracted (CR) travel times

4 Invert travel time (a
slope) to obtain velocity

at each
+ measurement

Compare inverted velocity
5 with CR to direct-only

velocity
is CR velocity

Yes

! 	lower?

no
V

6 Use CR velocity Use direct velocity

7 Convert velocity
to water content

Schematic (with Step Number)
t (ns)

1

= Fitted Slope

• = Possible Direct
Arrival

v (ns) 

v (ns) 

[6

— = CR Velocity
= Direct-only Velocity

(ns)

Measurement 9, located at 2m bgs was originally classified as a critically refracted

arrival. However, after comparison with the direct arrival, it was reclassified.

A: Flow Diagram

Figure 3. A) Flow diagram showing the steps involved to invert first arrival travel time
profile to water content profile considering critical refraction.

99



100

B: S readsheet
Management Position (m) travel time (as) Direct (I=yes) slope (its m ) Velocity w/ CRI m ns ') Direct-only Velocity(m as ') m in (Velocity),

I 0 10.0 I 0.094 0.30. 0.094 0.187"

2 0.25 14.71 o 20.03 0.094 0.203 0.094 0.187"

3 0.5 19.72 0 20.03 0.094 0.152 0.094 0.187"

4 0.75 25.02 0 20.03 0.094 0.119 0.094 0.187°°

5 I 27.99 0 -15.911 0.096 0.107 0.096 0.181"

6 1.25 21.86 0 -15.98 0.096 0.137 0.096 0.1 87.•

7 1.5 20 1 0.15 0.15. 0.15 0.05

S 1.75 20 1 0.15 0.15. 0.15 0.05

9 2 20.71 0 2.8 0.147 0.t44 0.144 0.06

10 2.25 20 1 0.15 0.15 0.15 0.05

2.25 20 111 0.15 0.15 0.15 0.05

Equations:
	

Notes:
Velocity w/CR - use Equation 8

	
* Direct-only velocity used as high velocity layer in Equation g

Direct-only Velocity - use Equation 2
	

Color-coded cells show where critical refraction is occurring

Water Content (3)- use Equation 7
	

** The top 2 layers are most likely one lithologic feature - avemge 0 used

Figure 3 B) A spreadsheet designed to implement the process of inverting first arrival
travel time to water content with critical refraction.

To demonstrate the reconstruction of a velocity profile using this approach, consider two

soil profiles, a coarse profile in which all layers have dimensions that are greater than 2dz

(Figure 4) and a fine profile that contains a few layers with dimensions that are smaller

than 2dz (Figure 5). Five soil types are distributed throughout the profile. The van

Genuchten water retention functions (van Genuchten, 1980) for these soils were defined

based on the database of Carsel and Parrish (1988). The two profiles are similar, except

for the section from 2.85 m to 5.4 m depth. In the coarse profile, this middle section

contains three soil layers, whereas the fine soil profile contains seven layers. The profile

is taken to be under hydrostatic conditions, above the water table. The direct wave

velocity profiles were defined based on the water content profiles using Equation 7, and

the first arriving velocity profile was determined using raypath analysis. To simulate a
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typical ZOP BGPR survey, the first arriving travel time profile was sampled with a dz of

0.25 m.

The direct arrival at the soil surface can be identified easily because it has a velocity

equal to 0.3 m ns -I . Other possible direct arrivals, based on the two criteria listed above

are marked on the travel time profiles with filled yellow squares. Slopes were fitted

through linearly increasing (or decreasing) sections of the travel time profile to calculate

vswi (or	 to produce the first-guess velocity profile. Some examples of slope values

obtained by fitting are given on the travel time profiles. The direct-only velocity profile

and first-guess velocity profile were compared and the lowest velocity was taken at each

depth. The water content profile was calculated based on this final velocity profile using

Equation 7.

The calculated water content profiles for the coarse and fine layered profiles are plotted

on Figure 6. The thin solid blue line shows the actual water content profile. The dashed

green line shows the water content profile assuming all first arrivals are direct. The

heavy red line is the estimated water content profile based on the final velocity profile

that considers critically refracted first arrivals. The actual total length of water (Lw) in the

profile was 1.11 m for the coarse profile and 0.86 m for the fme profile. Assuming all

first arrivals are direct, the inferred Lw values were 0.78 m and 0.51 m, giving relative

percent errors of Lm, of 29.5% and 41%. The root mean square error (RMSE) in water

content is 0.079 and 0.10 cm3 cm-3 for the coarse and fine profiles, respectively. The
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•
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Actual

— Assuming Refracted Anivals
(new method). error= 15%

Assuming All Direct Arrivals
tradit ional I. error= 41%
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— Assuming Refracted Artivals
new method). error = 4:

• • • • Assuming All Direct Affivals
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A) Coarse Soil Profile	 B) Fine Soil Profile

Figure 6. A comparison showing the inversion of first arriving travel time calculations to
obtain water content for both A) coarsely-layered and B) finely-layered soil
profiles. The thin blue lines represent the actual water contents; dashed green
lines are the water contents obtained assuming all first-arriving travel times are
direct; thick red lines are the water contents after considering critical refraction.
The error in Ln, is reported.

relative percent errors reduced significantly to 5.4% and 15% after accounting for critical

refractions, with RMSE values reducing to 0.016 and 0.059 cm 3 cm-3 . The larger errors

seen for the fine profile are due to the relatively large ratio of sampling discretization to

the average layer thickness. One layer in particular, a clay loam located at 3.75 m depth

with a thickness less than the vertical sampling interval, was not sampled. A clay loam

layer located at 2.85 m depth was sampled, but its water content was grossly

underestimated.
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Infiltration Experiment

BGPR travel time measurements were collected during a field-scale infiltration

experiment (Rucker and Ferré, 2003). The infiltration experiment ran for 66 hours with a

total length of water of 0.898 m applied over an area of 25 m2. A pulseEkko1000

(Sensors and Software) BGPR system with 100 MHz antennae was used to conduct the

measurements in two boreholes spaced 3.1 m apart. The depth of the profile was 15 m

and the vertical sampling interval was 0.25 m. The travel time profiles measured before

and after infiltration (Figure 7) show the effects of added water. The travel time

increased significantly in the top 5 m. The bottom scale of Figure 7 shows the calculated

water content using a linearized form of the Topp Equation (Ferré et al., 1996) assuming

that all first arrivals are direct. Note that the unreasonably low water contents near the

ground surface are indicative of critically refracted first arrivals (Rucker and Ferré,

2003).

Assuming that all arrivals are direct, the calculated values of L„ before and after

infiltration measurements were 0.59 m and 1.17 m, respectively. The difference suggests

that 0.58 m of water was applied at the surface, which is an underestimation of 35%

compared with the known length of applied water. The underestimated 1,,, is in

reasonable agreement with the 38% underestimation of L„ reported by Rucker and Ferré

(2002) based on a comparison of BGPR with the known amount of applied water and

with measurements made with time domain reflectometry and with a neutron probe is a

similar infiltration experiment. The profile collected before infiltration has two regions
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Figure 7. ZOP BGPR travel time data obtained before and after infiltration. The water
content axis on the bottom assumes that all first arrivals are direct. The gay area
shows increase in travel time (water content) due to the addition of water.

that can be positively identified as having critically refracted first arrivals. These regions

are associated with the ground surface (0 to 1.75 m) and with a clay rich layer at depth (8

to 9.5 m). After infiltration, critically refracted first arrivals are also seen at the wetting

front (5 to 5.75 m depth). After correcting for the effects of critical refraction, the water

content profiles in the shallowest 6 m, both before and after infiltration (Figure 8), differ
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from those determined assuming that all first arrivals are direct (Figure 7). These

differences are confined to the regions near the ground surface and near the wetting front

(shown with gray shading on Figure 8). The change in L. calculated from the corrected

profiles is 0.81 m, which is in good agreement with the applied Lm, of 0.898 m. The

Water Content (cm 3 cm-3 )

0	 0.1	 0.2	 0.3	 0.4	 0.5
0

3

6

9

15

Figure 8. Inversion of travel time data from infiltration experiment corrected for critical
refraction. The two gray areas represent the change in inferred water content due
to the consideration of critical refraction, The total correction for both areas is
L=-0.38 m. After correction, the total change in L ), was 0.81 m compared to an
applied length of water of 0.898 m. Black dots on the water content profiles
represent depths for the velocity calculations.
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correction for critical refraction reduced the measurement error from 35% to 9.8%. This

9.8% difference between calculated change in L,„ and known applied length could be due

to either radial flow outside of the infiltration gallery, thin high water content layers that

could not be properly assessed, or both. Rucker and Ferré (2003) has shown that a TDR

located 0.5m from the north boundary of the infiltration gallery experienced an increase

in water content.

In addition to the underestimation of the length of applied water, unidentified critically

refracted first arrivals can have other hydrologic implications. For example, the velocity

of the wetting front is underestimated because measurements made with the antennae

within a distance of zrta above the wetting front will have critically refracted first arrivals.

As a result, the wetting front appears to be shallower than it actually is at any given time

(Figure 8). For this example, the velocity of the wetting front was calculated based on

the rate of movement of the position of a reference water content (Warrick, 2003) of 0.18

cm3 
CM

-3
. These positions are shown on Figure 8 as black circles. Without considering

critical refraction, the position of the wetting front is 5.17 m. After correction for critical

refraction, the wetting front position is 5.63 m. The velocities of the wetting front before

and after correction are 2.35x10-5 m s 	2.56x10 -5 m s -1 , respectively. Similarly, a

sharp wetting front may appear more smoothed due to the effects of critical refraction.

This could give rise to overestimation of the effects of capillarity at the wetting front.
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Discussion and Conclusions

Electromagnetic waves travel along several paths through a layered subsurface. Correct

interpretation of the velocity of propagation requires that the path of the first arriving

energy be identified. In this investigation, we consider the effects of first arriving

critically refracted waves on the interpretation of the water content profile from BGPR

measurements made in ZOP mode.

Critically refracted first arrivals may occur whenever BGPR antennae are lowered

through a high water content layer that is adjacent to a lower water content layer.

Although critical refractions cannot be distinguished from direct arrivals on a single

BGPR trace, they exhibit identifiable behavior on a travel time profile. Specifically, the

travel time of first arriving critical refractions will decrease linearly as the antennae

approach the boundary with the lower water content region. We describe a method

whereby first arrivals can be classified as arising from either direct or critically refracted

waves. Once classified, the appropriate relationship can be used to determine the

velocity, and therefore the water content, from the travel time at each depth. This

correction can greatly improve the accuracy of water content profiles in layered systems.

However, errors persist if high water content layers are thin compared with the sampling

depth interval.
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APPENDIX C: BGPR RECONSTRUCT: A MATLAB® RAY-TRACING PROGRAM

FOR NONLINEAR INVERSION OF FIRST ARRIVAL TRAVEL TIME DATA FROM

ZERO-OFFSET BOREHOLE RADAR

Dale F. Rucker and Ty P.A. Ferré

Computers and Geosciences, (in review)

Abstract

A MATLAB program was developed to invert first arrival travel time picks from zero

offset profiling borehole ground penetrating radar traces to obtain the electromagnetic

wave propagation velocities in soil. Zero-offset profiling refers to a mode of operation

wherein the centers of the bistatic antennae being lowered to the same depth below

ground for each measurement. The inversion uses a simulated annealing optimization

routine, whereby the model attempts to reduce the root mean square error between the

measured and modeled travel time by perturbing the velocity in a ray tracing routine.

Measurement uncertainty is incorporated through the presentation of the ensemble mean

and standard deviation from the results of a Monte Carlo simulation. The program

features a pre-processor to modify or delete travel time information from the profile

before inversion and post-processing through presentation of the ensemble statistics of

the water contents inferred from the velocity profile. The program includes a novel

application of a graphical user interface to animate the velocity fitting routine.
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Introduction

Borehole ground penetrating radar (BGPR) is a high frequency geophysical method used

to profile the water content in the shallow subsurface. The instrumentation consists of a

transmitting antenna and a receiving antenna placed in parallel boreholes. An

electromagnetic (EM) wave is propagated between the antennae. A signal arriving as a

function of time at a single depth is known as a radar trace. A stacked series of radar

traces recorded at different depths form a radargram. Typically, it is assumed that all

waves are direct (travel along a straight line from the transmitter to the receiver). With

this assumption, the first arrival travel time at each depth can be divided by the borehole

separation to determine the direct wave travel time, which is then used to infer the

relative apparent dielectric permittivity of the medium between the boreholes. The

dielectric permittivity is then related to the water content through empirical relations (e.g.

Topp et al., 1980), semi-empirical relations such as geometric models (Feng and Sen,

1985; Friedman, 1998), statistical models (Friedman, 1997), or theoretical models

(Tabbagh et al., 2000).

Zero-offset profiling (ZOP) with BGPR involves lowering the antennae simultaneously

such that their centers are at the same depth for each measurement. In the multi-offset

gather (MOG) approach, the antennae centers are located at different depths, leading to a

larger number of measurements to final a two-dimensional transillumination of the

subsurface. The number of measurements in a MOG makes the method impractical for

monitoring highly transient events. Additionally, interpretation of the MOG requires full
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tomographic inversion. ZOP BGPR is much faster and interpretation of the measured

travel times is much simpler.

Despite the advantages of ZOP BGPR for monitoring rapid events, (Rucker and Ferré,

2003c;Rucker and Ferré, 2003b) have shown that correct interpretation can be difficult

under some conditions. Specifically, if the antennae are located in a soil that has a

relatively low EM propagation velocity and near a soil that has a higher velocity, then a

critically refracted wave may arrive before a direct wave. When refraction occurs the

travel path cannot be known without knowledge of both propagation velocities.

Therefore, it is difficult to determine the EM propagation velocity associated with the

first arriving travel times on the radargram. Critical refraction is particularly important

near the ground surface, where the propagation velocity through air (vak= 0.3 m/ns) is

much higher than that through soil (v 0d=0.03 to 0.17 m/ns). However, the effects of

refraction are also seen at the boundaries between soil layers and at wetting fronts

(Rucker and Ferré. 2003b).

If refraction occurs, correct interpretation of the water content profile requires that: 1)

direct arrivals be identified on the radargram; and 2) more complete analysis be applied

to determine the propagation velocity associated with critically refracted fi rst arrivals.

Direct wave first arrivals can be interpreted using the standard approach described above.

However, the inversion of propagation velocity from first arrival travel times is nonlinear

and ill posed for a critically refracted wave (Rucker and Ferré, 2003a). Unfortunately, it
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is impossible to distinguish direct and critically refracted first arrivals from direct

examination of a single radar trace. Rather, the entire radargram must be examined to

identify direct and critically refracted waves. Critically refracted waves can be identified

on a radargram because they exhibit linearly increasing or decreasing travel times with

depth. A graphical approach can be used to identify regions with first arriving critical

refractions and to determine the propagation velocity from the slope of the linearly

changing travel times with depth (Rucker and Ferré, 2003c.). All other travel time

values, not exhibiting a linear change with depth, can be considered direct arrivals.

The graphical approach to interpreting the water content profile is time consuming,

especially for large data sets. Moreover, the slope obtained from the graphical solution is

based on at least three consecutive measurements. As a result, depth resolution is

reduced in regions of critical refraction.

We have developed an automated routine for inversion of ZOP BGPR first arrival travel

times. Rather than identifying direct and critically refracted arrivals directly, an

optimization algorithm finds the propagation velocity profile that results in the minimum

error between the measured first arrival travel time profile and that determined through

forward modeling of EM propagation velocity based on ray tracing. Development of the

routine is described in three stages. First, we develop MATLAB ray tracing routines for

predicting the first arrival travel time of EM waves including considerations of critical

refraction. Second, we develop an optimization algorithm that identifies the propagation
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velocity profile that results in the minimum error between the measured and modeled

measured first arrival travel time profiles. Third, we incorporate stochastic parameter

estimation through Monte Carlo analysis to quantify the effects of uncertainties inherent

in ZOP BGPR travel time measurements on the accuracy of inferred water content

profiles (Rucker and Ferré, 2003a). The routine includes a MATLAB graphical user

interface for ease of use.

Theory

Forward Modeling of the First Arrival Time Profile through Ray Tracing

The propagation of electromagnetic waves through low loss media is described by

Maxwell's equations. Because these equations can be difficult to solve, both analytically

and numerically, simple approximations are made to simulate waves as rays. Ray paths

describe the directional path of a wave through a medium. Rays travel along straight

lines through a medium with a constant dielectric permittivity and they reflect or refract

at boundaries between media with different dielectric permittivities. It can be shown that

reflected waves are never first arriving on a radar trace. Therefore, we only consider

direct and refracted waves.

The travel time of a direct wave (.,tdirect) is:

X

t direct =
v

(1)

where x is the antennae separation and y is the propagation velocity.
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The refracted path of a ray at a boundary is described by Snell's Law (Telford et al.,

1991):

sin i,	 sin i2

y 2

where i/ is the angle of approach from the normal to a boundary in layer 1 (Fig. 1A), i2 is

the angle of refraction from the normal into layer 2, and I,/ and y2 are the propagation

velocities in layers 1 and 2.

A critical refraction is defined as having a refracted angle (is) of 90°. A critically

refracted wave travels from the transmitter through the lower velocity soil to the

boundary between the layers of contrasting permittivity at the velocity of the low velocity

medium, ykw. The wave then travels along the boundary at the velocity of the higher

velocity medium, vhigh,. Finally, the wave leaves the boundary at the critical angle and

travels to the receiver at yi„,, (Fig. 1B). A critically refracted wave has a travel time

(t„fract) of:

	2z 	 x — 2z tan ic
t refract = 	

where z is the vertical distance of the measurement from the boundary between the

layers.

The routine MULTI REFRACT was developed to automatically compute the first arrival

travel time through an arbitrarily layered soil profile. The spatial structure of ZOP data

collection requires that the algorithm assumes that the subsurface is horizontally layered

(2)

yk),„ cos ic
(3)
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Figure 1. A) Ray paths showing direct waves and reflections and refractions at a
boundary. B) First arrival travel times measured with borehole ground
penetrating radar in zero-offset profiling mode.

and that each layer is homogeneous and isotropic. For a given propagation velocity

profile, the algorithm computes the direct travel time and all possible critically refracted

travel times through all of the layers above and below the measurement location. A

travel time matrix stores the first arrival travel time data, whereby the direct travel time of

layer i is located at (i,i) and the refracted travel time through j layers above and below



118

layer i is located in columns (i,i±j). Impossible arrangements of critically refracted travel

times, such as the critical refraction from a high velocity layer into a low velocity layer,

are given arbitrarily large values (e.g., 99999). The first arrival travel time profile is

defined from this matrix as the minimum travel time of each row.

Optimization

Inversion of the velocity profile is ill posed and nonlinear because the travel path of the

first arriving wave depends upon the velocity profile. To overcome this difficulty, a

global optimization routine (simulated annealing) was utilized. Simulated annealing is a

global search method that searches the parameter space in a controlled random fashion

(van Laarhoven, 1988). Similar to physical annealing, where a solid's crystalline

structure is controlled by slow cooling in a bath, the energy state of the optimization

routine, i.e. its fitness to the measured travel time data, is controlled by decreasing a

synthetic temperature through a cooling schedule (Otten and van Ginneken, 1989). A

global optimization approach was chosen over a local optimization routine because local

methods are known to get trapped in local minima for nonlinear geophysical problems

(Boschetti et al., 1996).

The initial velocity profile is calculated assuming that all first arrival times are direct

arrivals. This velocity profile is fed to the MULTI REFRACT algorithm and a ray

tracing algorithm is used to model the first arrival travel time profile. If the modeled

travel time at a depth is within a travel time misfit allowance t(	 f,allow, 0- the measured
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value, then the arrival is identified as a direct arrival and the velocity is retained.

Otherwise, the velocity is assumed to be associated with a critical refraction and the

search for the proper velocity profile begins.

The simulated annealing algorithm explores the parameter space through a random walk

perturbation of the velocity profile. Specifically, velocity values at depths where the

modeled first arrival differs from the measured first arrival by more than t 17ch.ow are placed

on the stack for perturbation. It is standard practice to measure the travel time above the

ground when conducting a survey to calibrate the BGPR response to the known

propagation velocity in air. We make use of this known velocity and calculate the

velocity profile stepwise from the ground surface downward. A generated random

number within a user-defmed range is added to the first velocity on the stack. Then the

forward model is rerun and the fitness of the solution is re-evaluated. A velocity that

lowers the root mean square (RMS) error between the measured and modeled travel time

profiles is accepted. A velocity that increases the RMS error is accepted according to a

probability distribution dictated by the Metropolis algorithm (Salamon et al., 2002):

{

	

1	 if E(i +1) � E(i)

	

Prfaccept i + 11= (	
)	 if E(i +1) > E(i)

(4)

where i is the current iteration, LIE is the difference between the new RMS error and the

current RMS error, c is the control parameter, and e C ) is the Metropolis criterion. The
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control parameter is reduced during the course of the simulation following a cooling

schedule. A simple cooling schedule is an exponential reduction in the control parameter

by:

c i = a' • c,	 (5)

where ausually ranges between 0.9 and 0.99 (van Laarhoven, 1988) and co is the initial

value of the control parameter. The result of the optimization if the identification of the

velocity profile that gives the minimum difference between measured and modeled travel

time profiles.

At the beginning of a simulated annealing optimization, the method is similar to the blind

random search (Often and van Ginneken, 1989), where almost every proposed velocity

change is accepted. Towards the end of the optimization, the probability of acceptance

declines and the method approaches the iterative improvement algorithm (Often  and van

Ginneken, 1989). The primary difference is that the iterative improvement algorithm

does not accept worse fits to the measured travel time. The value of the control

parameter, c, and the change in RMS error between iterations, dE, determines which

method the simulated annealing algorithm resembles more closely. For example, a high

c, and low LIE will cause the Metropolis criterion to be very low. The selection of the

newly proposed velocity will occur with high probability, equivalent to the blind random

search.
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Regularization

Regularization aims to stabilize the solution of an ill-conditioned problem. Ill-

conditioning results from the model parameters (velocity) being highly sensitive to the

data measurements (travel time). In this application, we use model smoothing to help

stabilize the solution. Smoothing is incorporated by minimizing the first and second

derivative of the velocity with depth. The minimization of the first derivative aims to

reduce the absolute difference between adjacent velocity values. The criterion for

applying smoothing is:

k+1 - Vk-1	 derivi,	 (6)

where vk_i and vk+i are the velocities of the layers above and below the depth that is

undergoing perturbation and deny is the smoothing factor. If Eq. 6 is exceeded, then the

velocity with the largest value is reduced iteratively by 0.01 m/ns for a maximum of 10

iterations. During this iteration procedure, Eq. 6 is checked and iterations stopped if Eq.

6 is met. Similarly, minimization of the second derivative controls the curvature of the

profile. Smoothing is applied if:

Vk-Fl - 2vk + Vk-II> deriv 2
	

(7)

where deriv2 is the controlling parameter for minimization and the absolute value controls

positive or negative curvature. The maximum value of deriv2 is 2v„,,x-2v„, i, (v„,„, and vrnin
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are user defined constraints for velocity fitting), which prevents any smoothing The

minimum value of deriv2 is zero, and forces the three velocities to lie on a straight line.

Controlling the values of derivi and deriv2 are accomplished through the movement of a

single slider bar. The slider bar's value ranges from 0 to slide., where slide.=(vm„,

v„,in). Clicking the mouse cursor within the slider bar moves the bar by 10% for each

click and clicking on the arrow moves the bar by 1%. To obtain the specific values of

deriv I and deriv2 the following equations are used:

= slide.. • E percent 1100
	

(8a)

deriv2 = 2* slidemax • E percent 1100
	

(8b)

where Epercent represents the total percentage change in the slider bar's position dictated

by the number and type of clicks performed. Moderate smoothing would be deriv 1=0.033

m/ns and deriv2=0.066 m/ns.

We found, through repeated testing, that regularization was necessary to dampen

oscillations in the optimized velocity profile. Specifically, without smoothing the fitted

velocity profile alternates between extremely high and extremely low velocity values in

adjacent layers. Rucker and Ferré (2003b) have shown that such a model could not be

observed with ZOP BGPR, because critical refractions in a profile cause the method to

act as a low-pass spatial filter. The oscillations occur in the solution when the first
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velocity on the stack is fit to a value that represents the low end of the uncertainty range

in travel time (high velocity). The starting model for the velocity is the direct velocity,

which is always higher than any critically refracted velocity. A slow marching away

from the direct velocity will always fit toward the higher end. The next velocity to be

perturbed, which is most likely an adjacent layer, will have to compensate for the

previous layer's fit by fitting towards the opposite end of the travel time misfit. This

overcompensation continues down the stack and can be minimized by choosing a smaller

tallow, increase smoothing, or increasing the velocity perturbation value (Rucker and Ferré,

2003a).

Stochastic Parameter Estimation

Unlike the direct application of the graphical method, the global optimization approach

includes stochastic parameter estimation. That is, the velocity profile is determined

repeatedly within the tolerance defined by the time misfit to form a series of Monte Carlo

realizations of the water content profile. Inherent errors in travel time measurements

prohibit the modeled profile from exactly fitting the measured profile. Therefore, the

optimized velocity profile is not unique; many different profiles will fit within the error

criterion. Using the principle of ergodicity, it is assumed that each realization has an

equal likelihood of being correct. The ensemble statistics of the Monte Carlo simulation

are used to characterize the final velocity profile. The mean velocity at each depth is

reported as the velocity. Other ensemble statistics of the inferred velocities , including

the standard deviation or minimum and maximum fitted velocity within a layer, describe
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the uncertainty of the velocity.

Program Structure

BGPR_Reconstruct combines the simulated annealing optimization algorithm with the

forward ray tracing model to reconstruct a velocity profile that best fits the measured

ZOP BGPR first arrival travel time profile. The program was written within MATLAB

version 6 R12, which provides portability among the different computing platforms as

well as accessibility for many practitioners. A graphical user interface (GUI) was used to

combine the features of the optimization in a convenient framework.

BGPR_Reconstruct includes a main processor, a pre-processor, and a post-processor.

When calling the program, the first screen the user will see is the main processor (Fig. 2).

The main processor is divided into control and display section. The control section

allows the user to read in the file containing the travel time data, control the parameters

needed for running the optimization routine, and access the pre- and post-processors.

The display section plots the travel time and velocity profiles during the iterative global

optimization. During each iteration, the plots are updated such that the user can watch

the optimization as it approaches a final velocity profile. By watching the optimization

progress, the user can gain insight into possible problem areas that would prevent a

successful simulation. For example, the travel time misfit allowance may be too

restrictive in some layers. This is usually the case when the tallow is less than the degree

of error in the first arrival travel time measurements (Rucker and Ferré, 2003a). Real
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time visualization allows a user to catch this and other problems before a large number of

realizations are completed. The display section also presents a plot of the RMS error

between the modeled and measured travel time profiles as a function of iterations

completed.

Main Processor

To begin the inversion, the travel time data are read into the program under the File-Open

menu. The travel time data can be in two formats, containing two or three columns The

first column must contain the depths of the measurements, with the first measurement

occurring at or above the ground surface. Units for the program are meters for length and

nanoseconds for time. For a two-column file, the second column contains the first arrival

travel time obtained at each depth from the radargram. For a three-column data file, the

second column is the minimum travel time and the third column is the maximum travel

time at each depth. This allows a user to define bounding travel times that define the first

arriving travel times with a 95% confidence interval. Once opened, the travel time data

are plotted.

Default parameter values accompany the BGPR_Reconstruct program. Parameter values

that can be changed are presented in white boxes. All of the other boxes are used to show

information only. A slider bar above the velocity profile controls the level of smoothing.

The Help menu describes all of the parameters used. After entering the antennae

separation, the velocity profile calculated with the assumption that all first arrivals are
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direct will appear. The Run button starts the optimization algorithm

The center blue line on the travel time profile plot represents the measured travel time

that the algorithm is trying to fit. The green lines that straddle the blue line represent the

travel time misfit allowance or uncertainty range. The blue and green lines stay fixed

during simulation. The red line is the modeled travel time. Each layer is perturbed and

tested until the red line lies between the green lines at that depth. Once a velocity is

accepted, the algorithm moves to the next layer on the stack for perturbation. Because

the velocities within every layer can affect the travel path of the first arriving waves in

other layers, a layer that has been previously accepted can re-enter the stack when the

velocity in another layer is changed. The simulation continues until all velocity values

are removed from the stack or when the user-defined maximum number of iterations

allowed is exceeded. If the maximum iterations are reached without finding an

acceptable velocity profile, the optimization is classified as failed. As the optimization

progresses, BGPR Reconstruct displays the RMS error between the modeled and

measured travel time profiles. The current and accepted errors are displayed in boxes

beside the misfit plot.

After the optimization has finished, a log file is placed within the directory. This file lists

the accepted RMS error for each iteration of every Monte Carlo realization. The user can

also save the velocity of each layer for every realization that was successfully completed

to a file.
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Pre-Processor

The pre-processor (Fig. 3) allows the user to change, delete, or add measured first arrival

travel time data to the profile. The user can access the pre-processor through Edit-Edit

TT File. This function allows users to remove suspect data or to examine the impact of

downsampling their data on the inferred velocity profile. In addition, the user can ensure

that the first measurement has a velocity that is equal to the velocity of propagation of an

EM wave in air by entering the antennae separation and hitting the Adjust button. A

plot of travel time shows the original and proposed changed profile. To keep the

changes, the OK button is pressed and the user is taken back to the main processor with

the adjusted travel time profile.

Post-Processor

After completing a Monte Carlo simulation, the velocity data can be converted to water

content by choosing the Post Process-Water Content menu selection. A dialog will be

presented (Fig. 4) that plots the ensemble mean of each layer's water content. A user can

choose to calculate the water content using the empirical functions of Ferré et al. (1996),

Topp et al. (1980), Ledieu et al. (1986), or a user-defined third order polynomial. The

user can also choose the level of uncertainty in water content about the mean to be

displayed. The uncertainty is generated from ensemble statistics from the set of Monte

Carlo realizations and include the one standard deviation (68% uncertainty), 95%

uncertainty, minimum and maximum water content, and others.
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Example

The following simple example demonstrates the process of inverting a first arrival travel

time profile to obtain a water content profile. A more complete discussion of the

application of this optimization routine to hydrologic investigations is presented in

(Rucker and Ferré, 2003a). Consider a homogeneous half-space. Measurements are

made every 0.25 m, starting at 0 m and extending to 2.25 m below ground surface. The

subsurface has a constant propagation velocity of 0.1 m/ns, which is characteristic of a

mineral soil with a volumetric water content of 0.17 cm3 cm-3 . Above the ground surface,

EM waves propagate at the velocity of light in air, 0.3 m/ns. Above the refraction

termination depth of approximately lm, critically refracted waves are first to arrive at the

receiver (Rucker and Ferré, 2003c). Below this depth, direct waves are first arriving.

Forward modeled first arriving travel times are plotted with depth on Fig. 2. We assume

a travel time measurement uncertainty (travel time misfit allowance) of 0.5 ns to

represent both instrument and operator error (Rucker and Ferré, 2003a).

The smoothing criteria of deriv1=0.033 m/ns and deriv2=0.067 m/ns were chosen to

minimize the travel time oscillations. Other parameters include a velocity perturbation

value of 0.04 mins, maximum number of iterations of 100, starting temperature of 1 and

cooling rate of 0.95, and 100 Monte Carlo realizations to be performed. The model of

Ferré et al. (1996) was used to infer water contents from propagation velocities. All of

the 100 realizations were completed successfully. The average number of iterations

needed to complete each realization was 22.9. The average final RMS error between the
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measured and modeled travel time profiles was 0.07 ns. The results of the inferred water

content profile are presented in Fig. 4. The ensemble mean water content was

approximately 0.17 cm3 cm-3 and one standard deviation in water content is displayed

beside the mean in Fig. 4., demonstrating that the optimization routine was capable of

reproducing the known water content.

As a second example, consider a hypothetical infiltration experiment into the uniform

water content profile described above. The water is infiltrated from the surface for 7

hours. The top boundary condition is a saturated water content of 660.45 during the

course of the experiment. The analytical solution to a 1-D vertical infiltration with

gravity was presented in Warrick et al. (1985). Assuming a silt loam soil with van

Genuchten soil hydraulic properties (van Genuchten, 1980) of a0.01 (cm-1), Ksat=0.006

(cm s-1), and n=2 (dimensionless), the water content profile at 7 hours is shown in Fig

5A. The profile shows a constant water content of 0.45 in the upper 0.6 m, and a gradual

decrease to the background water content between 0.6 and 1 m.

The water content profile was converted to a velocity profile using the Ferré model. The

ZOP BGPR travel time profile was then constructed with the MULTI_REFRACT

algorithm (Fig. 5B). Initially, the water content profile and travel time profile was

discretized by 0.05 m. The travel time profile of Fig. 5B was down sampled to 0.25m to

simulate typical field measurements of ZOP BGPR. The main feature of Fig. 5B is the

linear increase in travel time down to 0.75 m, then a linear decrease from 0.75 to 1 m.
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This is caused by critical refraction with the ground surface in the upper part of the

profile giving way immediately to critical refraction at the wetting front. If the higher

water content region had been thicker, then a direct arrival would have been seen in the

profile with a travel time of 53.6 ns. Because no direct arrival was seen in this high water

content region, it is considered a thin layer (Rucker and Ferré, 2003b). Lastly, noise from

a uniform distribution was added to the travel time to simulate human error and machine

bias in the first break picking of the travel time data (Rucker and Ferré 2003a).

The inversion of the infiltrated water content profile with added noise can be seen in Fig.

5C. The ensemble mean from 100 realizations is plotted as a solid line and error bars

represent the ensemble standard deviation. The BGPR Reconstruct parameters for

inversion were the same as listed above. Overlain on Fig. 5C is the analytical solution to

water infiltrating from the surface. The mean water content profile matches the forward

model quite well. However, there seems to be a large uncertainty about the water content

at 0.75 m. This type of uncertainty could be reduced if greater confidence is placed in the

first break pick. Lastly, the water content assuming that the travel path of each

measurement was from a direct arrival is shown in Fig. 5C. Even with the large

uncertainty at 0.75 m, the automated inversion is a better predictor of the water content

than with the purely direct arrival assumption.
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Conclusions

A simulated annealing optimization routine was developed to invert the first arrival travel

time profile measured with zero offset profiling borehole ground penetrating radar. The

optimization used a forward ray tracing algorithm and random walk perturbation of the

velocity profile to find a velocity profile that minimizes the root mean square error

between the modeled and measured travel time profiles. This is an improvement over

standard analyses, which do not consider the effects of critical refraction on ZOP BGPR

travel time profiles. The routine also presents an improvement over graphical methods in

that it can achieve higher vertical resolution of the water content profile while reducing

the time and effort required for analysis. In addition, a Monte Carlo simulator is included

that allows for the uncertainty in travel time measurements to be incorporated in the

inversion, resulting in a measure of the confidence of water content values at each depth

in the profile. An example application is shown demonstrating that the routine is capable

of inferring the water content profile even at early time during the advance of a wetting

front.

The program was developed within the MATLAB environment using a graphical user

interface to allow the user to control the optimization parameters needed for successful

simulation. The travel time, velocity, and error plots are updated during each iteration,

making the solution appear to animate towards the optimal velocity profile. Further

background regarding this approach to travel time inversion is provided in (Rucker and

Ferré, 2003a).
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APPENDIX D: AUTOMATED WATER CONTENT RECONSTRUCTION OF ZERO-

OFFSET BOREHOLE GROUND PENETRATING RADAR DATA USING

SIMULATED ANNEALING

Dale F. Rucker and Ty P.A. Ferré
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Abstract

The automated inversion of water content profiles from first arrival travel time data

collected with zero-offset borehole ground penetrating radar is discussed. The inversion

algorithm sets out to find the water content profile that minimizes a least-squares

objective function representing the difference between the modeled and measured first

arrival travel time. Ray-tracing analysis is used to determine the travel time for direct

and critically refracted paths to identify the first arrival travel time. This automated

method offers improvement over a previously presented graphical solution that considers

both direct and critical refractions. Specifically, this approach can identify thinner layers

and allow for the incorporation of uncertainty in the travel time measurements to

determine the depth-specific uncertainty of the inferred water content profile through

multiple simulations using a stochastic approach.

Introduction

Measuring the relative apparent dielectric permittivity of moist soil is an attractive and
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cost efficient method to indirectly acquire the volumetric water content. Two

geophysical tools are commonly used to obtain the permittivity: time domain

reflectometry (TDR) and ground penetrating radar (GPR). Both tools measure the travel

time of a propagating electromagnetic (EM) wave, which can be related directly to the

volumetric water content (Topp et aL, 1980). TDR uses parallel wave guides to direct the

waves through the soil under investigation. Reflections of the EM wave occur at

boundaries of contrasting permittivity and at the end of the wave guides. The two-way

travel time of the guided wave is then obtained with an oscilloscope. GPR emits a pulse

from a transmitting antenna, which undergoes spherical spreading through the subsurface

(Davis and Annan, 1989). A receiving antenna records the pulses that travel through

direct and indirect routes between the antennae. The electromagnetic energy is recorded

as a radargram (Cai and McMechan, 1995), which is similar to a seismogram recording

of acoustic energy. In cross borehole GPR applications, the travel time at each

measurement depth is evaluated from the first arriving energy on the radargram.

The relative apparent dielectric permittivity (Ka) is the square of the ratio of the EM

velocity in air (0.3 m ns -1 ) to that in a soil (Topp et al., 1980). Ka" can be related to

volumetric water content through empirical relations (Topp et al., (1980); Ferré et al.,

(1996)), semi-empirical relations such as geometric models (Feng and Sen, (1985);

Friedman, (1998)), statistical models (Friedman, 1997), and theoretical models (Tabbagh

et al., 2000). For TDR, the propagating EM wave travels directly along the axis of the

wave guides over a known path. Therefore, the EM velocity is simply the two-way path
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length divided by the two-way travel time. The inversion of GPR travel time, however, is

ill-posed and nonlinear because the travel path is not well defmed. An unguided EM

wave will interact with the subsurface in several ways simultaneously. Changes in

dielectric permittivity throughout the subsurface can cause reflected, refracted, and

diffracted waves. These waves arrive at the receiving antenna at times that depend on the

path length and velocity distributions traversed.

The solution of nonlinear inverse problems can be obtained by solving the forward model

over a range of unknown parameter values until an objective function is minimized The

parameter space is searched until an optimal set of parameters is found. The success of

local search methods, such as maximum likelihood (Carrera and Neuman, 1986), relies

on a good initial estimate (Boschetti et al., 1996). Global search methods, such as

genetic algorithms or simulated annealing are better suited to solve many geophysical

problems because they do not rely on gradients of the solution space and their success

does not depend on the starting model. However, global search methods are often

computationally more expensive (Mosegaard and Vestergaard, 1991) than local search

methods.

Many inverse problems are both ill-posed and ill-conditioned. Ill-conditioning arises

because the estimated parameters are overly sensitive to the uncertainty in the measured

data. A small error in data may cause the solution to vary over a wide range. The

success of inversion, therefore, depends greatly on the accurate measurement of the data.
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Most geophysical methods have inherent measurement uncertainties. For GPR,

uncertainty can exist in the measured arrival travel time from random instrumentation and

human error.

Rucker and Ferré, (2003a; 2003b) have investigated the effects of critically refracted

arrivals during the inversion of the first arrival time of EM waves using zero-offset

profiling (ZOP) with cross-borehole GPR (BGPR). Traditionally, BGPR travel time

inversion assumed that all waves travel directly from the transmitter to the receiver (see

Davis and Annan (2002), esp. Fig. 3.1.3.5-15). Since the separation distance of the

antennae is known, the velocity is obtained by dividing this distance by the travel time of

the first arriving energy on the radargram. The assumption of a directly traveling wave is

valid when sharp boundaries of dielectric permittivity do not exist. Where they do exist,

such as at the ground surface, near the water table, or at a wetting front, critically

refracted waves may be the first to arrive. Under these conditions, accurate inversion of

the water content profile requires the simultaneous interpretation of many measurements

made at various vertical distances from the boundary.

Rucker and Ferré (2003b) inverted travel time profiles by fitting slopes using least-

squares regression to regions of linearly increasing or decreasing travel time. Although

this method was shown to be effective for determining the water content in regions

affected by critical refraction, the task of hand-fitting the slopes is time consuming

especially if large data sets have been collected. In this study, we develop an automated
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method of reconstructing the velocity profile through the global search optimization

technique of simulated annealing. To quantify water content uncertainty due to travel

time measurement errors we use stochastic parameter estimation using the Monte Carlo

method (e.g. Feyen et al., (2001); Vassolo et al., (1998)). To overcome the ill-posedness

of the inverse problem, we use regularization through a smoothing constraint that

minimizes the first or second derivative of the water content profile (e.g. Tikhonov and

Arsenin, 1977). Successful automated inversion is achieved by meeting four objectives:

1) formulate the inverse problem of ZOP BGPR for water content profiling; 2)

demonstrate a method by which a simulated annealing algorithm can be used to solve the

ZOP BGPR inverse problem; 3) determine the effects of measurement error on the

uncertainty of the estimated parameters; and 4) demonstrate how the simulated annealing

algorithm can be used to quantify the uncertainty of experimental data.

Theory

Raypaths

Direct and critically refracted travel paths are important for the interpretation of ZOP

BGPR travel times (Rucker and Ferré, 2003b). The travel time of a direct wave is:

X
t direct =. —

V
(1)

where y is the velocity of propagation and x is the antennae separation distance (Figure

1). The travel time of a critically refracted wave is:
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2	 2 tan 0,

V low cos 19,	 V high

where vio ,„ is a low velocity layer adjacent to a relatively high velocity layer, Vhigh. The

angle of critical refraction, a, is:

19, = sin' V low 
	

(3)
V high

Typically, ZOP velocity calculations are based on the measured travel time of the first

arriving energy. If the antennae are placed within a low velocity layer near a boundary

with a higher low velocity layer, the critically refracted wave may arrive first.

Specifically, if the distance from the boundary, z, is equal to the refraction termination

depth (Rucker and Ferré, 2003b), zra, the direct travel time will equal the critically

refracted travel time. If z is less than zrtd, the critically refracted wave will be the first to

arrive.

When interpreting a radar velocity profile, both the locations of boundaries and the layer

velocities are unknown. As a result, unique inversion of Equation 2 to determine vi„,, is

impossible. To overcome this ill-posedness for their graphical inverse solution, Rucker

and Ferré (2003a; 2003b) assumed that any boundaries were located at measurement

X
t refr	

Vhigh

(2)
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Figure 1. Ray tracing of the direct and the critically refracted waves near a
boundary between two velocity layers, where vi>v2.

locations. For thick low velocity layers, usually greater than 1 m, this assumption will

not cause large errors in the graphical solution. However, for thin low velocity layers,

especially when the thickness approaches twice the sampling resolution (a.k.a. the

Nyquist frequency), the errors in interpreted water content can become quite large

(Rucker and Ferré, 2003b).

Forward Model

Consider a simple half-space with a boundary at the earth's surface and a soil with an EM

velocity of 122. Two first arrival travel time measurements are made: one above ground

(in air) and the other below ground. The velocity in air is larger than the velocity in soil,

so no critical refraction will occur when a signal is transmitted in air. When a

measurement is made beneath the ground surface, two travel paths are possible: direct

and critically refracted (Figure 1). The two travel time measurements can be described in

terms of a general model:
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Gm=d,	 (4)

where the matrix G is the data kernel, the vector m contains the model parameters, and

the vector d contains the data parameters. G represents the constant coefficients that

transform model space to data space and is analogous to the Green's function (Menke,

1989). For this example, the model parameters represent the slowness (inverse velocity)

of each layer and data parameters represent the first arrival travel times. If both

measurements of travel time are a result of direct arrivals, then the forward model of

travel time is:

X 0- * { I

0 X	 S 2

where s / and s2 are the slowness values and tdi and td2 are direct travel times through air

and soil, respectively. The matrix G is filled along the rows with the antennae separation,

such that the first row is multiplied by the slowness values to yield the direct travel time.

The second possibility is a direct first arrival in air and critically refracted first arrival

below ground. Rewriting Equation 2 in terms of slowness yields:

t refr = xs + 2za 1-2 5

	 (6)

{ tdi

!'
d2 

(5) 



*{ s

a 1-2

where

a1-2 = Vs 2 
— s 2 2	 1 '

The second possible forward model may be written as:
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(7)

x 0

x 2z
(8)

where t-refi-1-2 is the travel time of the critical refraction at the ground surface. Combining

the travel time measurements into a time matrix, T, where each column represents a

possible travel time profile gives:

	T = tdl	 tdl

	t d2	 t re fi-1-2 •
(9)

The minimum travel time of each row represents the first arrival travel time at that depth.

Collecting these travel times as a vector, t, defines the first arrival travel profile. This

corresponds with the travel time profile that would be measured from a radargram. As an

example, consider a soil with a velocity of 0.1 m ns -1 , antennae separation of 3 m, and

two ZOP BGPR measurements: one in air and one at a depth of 0.5 m below the ground

surface. T would be populated as follows:
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T= [10	 10

30 19.428

The first arrival travel time profile would be t = {10 19.428 }
T. That is, a direct arrival is

first to arrive above ground and a critically refracted wave arrives first below ground.

For a three layered geometry with the top layer being air and v3<v2, five possible

outcomes would exist and T would be a (3x5) matrix. Absent from the time matrix are

reflections, because it can be shown by geometrical considerations that they will never be

first arriving for ZOP BGPR.

Model Sensitivity

The water content profile is determined from a series of first arriving travel times at

different depths. To demonstrate the errors that can arise during travel time picking, two

radar traces are shown (Figure 2). There is no accepted correct method to determine the

absolute first arrival from a GPR trace. One commonly used method, which is commonly

used in automated picking software (e.g. PICKER by Sensors and Software, Mississauga,

Canada) identifies the time at which the amplitude exceeds 5% of the amplitude at the

first peak. A second method, is based on identifying the time at which the trace deviates

from a constant amplitude; this describes most manual picking methods. The early

picking time is more representative of a manual first-break pick. Figure s 2A and 2B

include gay boxes that cover the range of travel times spanning from the earlier time

picks that are representative of manual picks and the later times

(10)
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2. A) Recorded noisy trace of a radar pulse at the West Campus Agricultural
Center, in Tucson, AZ. Identified on the trace are the first arrival
possibilities spanning those found by manual and automated methods.
B) Example of a trace with a low noise including the time pick range.

associated with automated picks. As expected, the range of picks is larger for traces

containing more high frequency noise (Figure 2A). However, even noise free traces

(Figure 2B) give rise to uncertain travel time picks.
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To demonstrate how travel time measurements are related to difference in interpreted

water contents, we use the empirical model of Ferré et al., (1996) to convert EM velocity

in soil to water content, 0:

= 0.1181 v mr — 0.1841 .
vsoll

From Equation 1, assuming a direct arrival and antennae separation of 3.25m, the first-

break pick range in Figure 2A (29.2 ns to 33.8 ns) gives rise to volumetric water content

estimates ranging from 0.133 to 0.184 cm3 cm-3. If, however, the first arrival is

associated with a critical refraction at the ground surface, the soil velocity is defmed

based on Equation 19 from (Rucker and Ferré, 2003a):    

(12)      
2(cLt\

1) 2 , + 4      

where dt/dz is the slope of the travel time profile (18.33 and 22.98 ns ml for the latest

and earliest pick times, respectively). Based on this relationship, the same range of first

arrival times seen on Figure 2A gives rise to volumetric water content estimates ranging

from 0.161 to 0.239 cm3 cm-3 .

The preceding demonstrates that the water content uncertainty depends on the travel path

of the first arriving energy. In general, the sensitivity of the inferred water content to a
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change in the travel time for a direct wave calculation can be obtained by substituting

Equation 1, with v=v„ii, into Equation 11 then taking the derivative with respect to travel

time:

ao
= 0.1181 *  air .

at direct	 X
(13)

Note that Equation 13 is a constant regardless of the depth of measurement. For a

separation of 3 m, the change in water content due to a 1 ns change in travel time is 0.011

CM
3 

CM
-3
. The sensitivity of the inferred water content to the measured travel time for a

critically refracted wave can be obtained similarly by substituting Equations 2 and 3 into

Equation 11, then taking the derivative with respect to travel time:

ao 	-,161 2 + 0.36820+ 0.0199 0.1181v air

atref,	 0+0.1841	 2z

The sensitivity of the water content for a critically refracted wave relies on both the

position of the antennae relative to the boundary and the water content of the medium.

The sensitivity to errors in the refracted travel time rises steeply as the antennae are

placed more closely to the boundary. The sensitivity decreases continuously to a value

similar to that associated with direct arrivals at the refraction termination depth. For

example, values of z of 0.25 and 0.5 m and an actual water content of 0.3 cm3 cm-3 , the

(14)
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sensitivities of the inferred water contents to a 1 ns change in travel time are 0.07 and

0.035 cm 3 cm-3 , respectively. When z is equal to zra (1.169m), the sensitivity of the

water content to the refracted travel time is 0.015 cm3 cm -3 .

Inverse Model

Inversion of the data kernel matrices of Equations 5 and 8 to solve for the model

parameters is straightforward, provided that the first arrival travel time path is known

with certainty or that T is known. Field measurements with BGPR provide only the

travel time profile, t, which represents one entry per row of the travel time matrix.

Inversion of Equation 2 with t = d is ill-posed because G is not known with certainty. To

overcome this difficulty, a series of forward models can be run with different velocity (or

slowness) values to determine their first arrival travel time profiles. The modeled travel

time profile can be compared to the measured travel time profile to identify the velocity

profile that reduces the sum of the squares of the differences between the travel times at

all depths. The inverse problem can be solved iteratively provided that a method is

devised to iteratively change the velocity profile for each iteration in a manner that

reduces the travel time misfit. For our problem, we chose the direct velocity as the

starting model, since many measured ZOP BGPR travel times are typically associated

with direct waves. For the optimization, we chose simulated annealing, which randomly

perturbs the velocity and accepts, with a probability of 1, a more fit solution and accepts

with a probability less than 1 a less fit solution. Many possible optimization approaches

could have been applied to this inverse problem. We chose simulated annealing despite



that fact that it is slow to reach an optimal solution. However, since it is a stable

optimization method, it is well suited to the analysis of BGPR travel time profiles.

The objective of the optimization was to minimize the energy, E(v), where:
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E(v) = —
1

(15)

and y represents an EM velocity trial vector to model the first arrival travel time, tf is the

measured first arrival travel time in each layer i , If is the numerically modeled first

arrival travel time given the trial vector y, and N is the total number of layers

(measurements).

Global Optimization with Simulated Annealing

Simulated annealing is a global optimization method that mimics the behavior of a slow

cooling solid in a heated bath (see van Laarhoven, (1988); Often and van Ginneken,

(1989); Aarts and Korst, (1989)). In physical annealing, the solid is placed in a bath that

is heated sufficiently to create a random structure in the particles in the liquid phase. The

bath is cooled slowly to allow the particles to arrive at a low energy ground state. If

cooled slowly enough, the ground state will be an ordered crystalline structure that will

give the solid added strength. The opposite of annealing is quenching, whereby the solid

is cooled very quickly in a cold liquid bath.
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To simulate the annealing process for our optimization problem, a random-walk model

was devised that perturbs the velocities in a random direction by a random amount. A

velocity model that improves the fit (decreases the objective function defined in Equation

15) from iteration i to iteration i+1 is accepted. A velocity model that worsens the fit is

accepted according to the Metropolis algorithm (Salamon et al., 2002):

1	 if E(i +1) E(i)
Pr{accept +1}={(1

E(/ +1) > E(i)
(16)

where .(JE is the difference between the new energy state and the current energy state, c is

	( 	
	the control parameter, and e	 is the Metropolis criterion. The control parameter plays

the role of the temperature and is reduced during the course of the simulation following a

cooling schedule (Often and van Ginneken, 1989).

The advantage of simulated annealing is the ability to hill-climb along the error surface,

which allows the possibility to escape from local minima (Often and van Girmeken,

1989). The acceptance of a worse fit depends on the generation of a random number and

the separation of the newly proposed energy state to the current energy state. If accepted,

the new energy state becomes the current energy state and the process is repeated until a

predetermined number of iterations have been completed or until the energy has reached

a user-defmed minimum value that is not necessarily zero.
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Travel Time Inversion

Two examples are presented to demonstrate the procedure by which simulated annealing

is used to find the water content profile. The first example inverts the first arrival travel

time data obtained from a forward model of a simple half space with a known soil

velocity of 0.1 m/ns. This example shows the outcomes of inversion with and without

error in the first-break pick. The travel time uncertainty is presented through the use of a

travel time misfit allowance when fitting the modeled travel time to the measured travel

time. The misfit allowance is the absolute maximum travel time within each layer by

which the model is allowed to differ from the measured travel time. The second example

inverts first arrival travel time data collected before and after an infiltration experiment at

the Western Campus Agricultural Center (WCAC) in Tucson, AZ. The before- and after-

infiltration travel time measurements will have incorporated the first-break pick errors by

individually picking the upper and lower bounds of the likely first arrival travel time for

each trace. The midpoint of this range will be used as the measure of fitness to compare

with the modeled travel time and the endpoints will defme the travel time uncertainty.

Half-space model

The conceptual model for the half-space example is presented in Figure 3A. The datum

is located at the ground surface, and the z-axis extends positive downwards. The forward

model of the first arrival travel time assumes that ZOP BGPR data are collected every

0.25 m, starting at 0 m and extending to 2.25 m bgs. The antennae separation is 3 m. As
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discussed in Rucker and Ferré, (2003b), the refraction termination depth for the two

velocities used in this model is 1.06 m. Therefore, the first four travel time

measurements made beneath the ground surface are derived from critically refracted first

arrivals, while the first measurement (in air) and the last five measurements are from

direct first arrivals. The first arrival travel time profile is shown in Figure 3B. For the

inversion algorithm, each measurement is assumed to be made from within a discrete

layer, separate from the adjacent layers. The boundaries between the layers are located

midway between the travel time measurements, giving the travel time profile of Figure

3B a discontinuous appearance.

The inversion results for the error-free half-space can be seen in Figure 4. A travel time

misfit allowance was set to 0.4 ns, and smoothing was implemented by minimizing both

the first and second derivative (Rucker and Ferré, 2003c). A total of 97 Monte Carlo

realizations were successfully completed within 100 iterations. Figure 4A shows
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3. A) Conceptual model of a half-space. B) Calculated travel time profile for the half-
space.

the value of the objective function during one of the realizations. The average number of

iterations needed to complete the simulation was 34. Figure 4A shows two regions

(iterations #2 and #29) where a higher energy value was accepted. Figure 4B shows the

resultant velocity model for the inversion. The solid line represents the ensemble mean

from the successfully completed realizations. The error bars represent one standard

deviation of the ensemble. The model matched the actual velocity profile quite well.

The difference between the mean velocity profile and the actual profile differed by no
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Figure 4 A) Value of the objective function during simulated annealing optimization. B)
Ensemble statistics from 97 Monte Carlo realizations from simulated annealing
optimization. The uncertainty is represented by one standard deviation. The known
velocity and velocity computed assuming direct-only arrivals are shown for reference.

more than one standard deviation. As a comparison, the profile assuming that all arrivals

are direct arrivals is shown to differ greatly from the actual velocity profile.

When making a first-break pick, both human and instrument error are combined to form

the total picking error. The uncertainty range in first-break picking is an example of

human error, where judgment is used to locate the first arrival travel time. The absolute

difference between the midpoints of the time range to the real travel time can be

categorized as instrument error, representing statistically random error of the time-zero

pick. To examine the natures of these errors, 80 traces measured in air were selected
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from approximately 1.5 years of data collection at WCAC, in Tucson, AZ. A Sensors

and Software (Mississauga, Canada) GPR system with 100 MHz borehole antennae was

used for all measurements. The ranges for all 80 picks are shown in Figure 5A. The

known travel time in air (x/vair) is also plotted. Early and late time picks for each trace

were obtained using the manual and automatic methods described above. The machine

error can be defined as the difference between the midpoint of the range and the correct

time. The machine error was normally distributed (Figure 5B) with a mean error (bias) of

0.451 ns.

The average range in the first-break picks was 1.4 ns (Figure 5C), representing the fu-st-

break pick uncertainty. This range, however, only represents the traces in air at the

WCAC. As seen in Figures 2A and 2B, different circumstances can produce a different

set of ranges, depending on the level of noise present, the amount of attenuation, and the

sampling resolution. In general, it is not suggested that a standard range in the first-break

pick be used to obtain the level of confidence of calculated water content. Ideally, the

range should be evaluated individually for each trace. In situations where travel time

profiles contain a single, best-guess first-break pick for each measurement, a constant

travel time uncertainty may be necessary. However, the uncertainty should be large

enough to capture the relevant noise that may be present in the original data.

To test the effects of picking error on the uncertainty of the interpreted water content

profile, random noise was added to the first-break picks for the half-space model. The
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error was derived from a normal distribution with a mean of 0 ns. Figure 6 shows the

resultant water content profile after modeling with the simulated annealing algorithm.

The travel time profile of Figure 6A was generated by adding a normal error with

standard deviation of 0.5 ns. No smoothing was applied to the data in Figure 6A. The

results show that there is a strong oscillation in water content in regions of critical

refraction. However, the small uncertainty in the final set of completed realizations

shows that the algorithm converged to the same final model in almost every run. The

first arrival travel time for the first measurement (at 0.25 m bgs) increased from 14.7 ns

for the error-free to 15.3 ns with error. The travel time increase forced the solution to fit

a smaller velocity, thus increasing the water content. Each subsequent velocity had to

compensate for the first velocity creating the observed oscillations. For comparison, the

water content of an assumed direct velocity model is also plotted in Figure 6. The

simulated annealing solution shows that the measurement made 0.5 m bgs with a

measured travel time just 0.1 ns less than the error-free values was forced to be a direct

travel time from overcompensation from the first fitted velocity.
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The degree of oscillations was dampened in Figure 6B, where moderate smoothing was

used in the solution and a travel time misfit allowance of 0.4 ns was applied. However,

the solution in Figure 6B still shows a deviation from the true water content and the range

of uncertainty of a few layers do not overlap the region of the true water content. This is

probably due to the restrictive use of a maximum travel time misfit allowance that is

smaller than the degree of the travel time error. Figure 6C shows that when the

maximum travel time misfit allowance is less restrictive, i.e. larger than the added first-

break picking error, the true water content is within the uncertainty of the model. Lastly,

Figure 6D, computed from a travel time profile containing a picking error with a standard

deviation of 1 ns, shows that as the error in first break picks increases, the final water

content can deviate drastically from the actual solution. However, the solution is still

improved over the solution assuming that all first arrivals are direct.

Field Measurements

An infiltration experiment was conducted at a field site located at the WCAC. ZOP

BGPR travel time measurements were taken before infiltration began and after

infiltration ceased. The infiltration occurred within a bermed infiltration gallery of 5m

per side. Water was applied at the surface through a manifold that distributed the water

evenly over the area at a constant rate of 9.44x10 m3 s 	66 hours. This infiltration
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Figure 6. Water content models of half space from noisy travel time data. A) Noise
from a normal distribution with a mean of 0 ns and standard deviation of 0.5
ns. The inversion included no smoothing. B) Same as A), but with smoothing
through minimization of the first and second derivative. The travel time misfit
allowance is smaller than the degree of noise. C) Same as B), but with larger
misfit allowance, which increases the water content uncertainty. D) Noise
from a normal distribution with a mean of 0 ns and standard deviation of 1 ns,
smoothing, and misfit allowance larger than the degree of noise.
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rate was chosen to minimize ponding at the surface. Two-inch, PVC-cased boreholes

were completed to 15m within the gallery. The borehole separation was 3.25m.

A soil profile was characterized by inspection of continuous cores obtained during

drilling of the boreholes. The top six inches of soil consists of dry, unconsolidated loose

sand and silt. A thick (-3.3 m) sandy layer with interspersed lenses of organic material

and clay underlies the surface material. A black, peat-like organic layer is located

approximately one meter below surface. The material between 3.3 and 5 meters depth is

a gravely sand, which turns to cobbles, gravel, and sand to 8.5 meters. From 8.5 to 13

meters the medium varies from a 1.5 meter-thick clay lens to a rich clayey sand. The

remainder of the profile to 15 meters is comprised of fine sand with small amounts of

clay.

The sampling discretization interval for the ZOP BGPR was 0.25 m. Figures 7A and 7B

show the travel time profiles before and after infiltration. The profiles were generated

using the upper and lower limit of the first arrival travel time for each trace based on the

manual and automatic methods described above. The symbols demarcate the mean travel

time at each depth. The mean travel time pick was shifted to the right by approximately

0.45 ns and the first measurement was set to the travel time of an EM wave in air. The

shift was determined by subtracting the known travel time in air from the first-break pick

in air. These shifts accommodate the bias in the author's first break picking compared to

the automated picker for finding time-zero and random machine error.
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Parts of the profile show greater confidence (smaller range) in the first break pick than

others. These first break picks are in regions where clay content is at a minimum. The

clay, which has a high electrical conductivity, attenuates the pulse, adding uncertainty to

the first break picking. Increased water contents following infiltration also leads to

higher electrical conductivity, which causes the picking errors to increase slightly after

infiltration. This is particularly true at the edge of the wetting front, located from about

5.25 to 5.5 m bgs. The uncertainty in first-break picks increases from 0.42 ns above the

wetting front to 1.98 ns at the wetting front.

The WCAC travel time profiles were analyzed using the simulated annealing algorithm

with the same parameters used in the base case of the half-space model, including

moderate smoothing The maximum travel time misfit allowance was evaluated

separately for each trace based on the first break picking uncertainty. The simulations

were run with 20 Monte Carlo realizations to obtain an ensemble mean and range in

velocity and water content uncertainty. Figures 7C and 7D show the interpreted water

content from the fitted velocity model using Equation 11. Note that areas of high water

content also have larger uncertainties. This is due mainly to the higher likelihood that

critical refractions will be first arriving in these regions. Conversely, areas within the

profile that contain direct first arrivals have small uncertainties.
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Figure 7. Travel time measurements A) before and B) after a field infiltration
experiment. Calculated water content after simulated annealing algorithm
from C) before and D) after infiltration. Hand-fitted slopes from (Rucker and
Ferré, 2003a) are included for comparison.
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Figure 7C and 7D include a water content profile derived from hand fitting slopes to the

linearly increasing/decreasing portions of the travel time profile, as presented in Rucker

and Ferré, (2003a; 2003b). The two methods for determining water content show slight

disagreement, especially in regions of critical refraction. Within the top two meters near

the ground surface, for example, the hand-fitted slope method produces a constant water

content of approximately 0.17 cm3 cm-3 . The slope method relies on all measurements in

regions of increasing travel time and cannot distinguish between individual travel time

measurements within the region experiencing critical refraction. Deviations in travel

time along the linear slope are considered to contribute to a single error during the

regression analysis. Additionally, the location of the layer boundaries caused some

differences in the two methods. The boundary was presumed to be located at the

measurement location for the slope method, whereas for the automated fitting with

simulated annealing, the boundary was located between measurements. The latter forced

some regions to be interpreted to have critically refracted first arrivals in the simulated

annealing profile and direct arrivals in the slope method (e.g. 11.5 m and 13 m bgs). To

help locate boundaries with greater precision, a higher sampling rate is needed. A higher

rate reduces the effects of spatial aliasing, which occurs because the measurement

interval is too large compared to the stratigaphic layer thickness.

Following the approach of Rucker and Ferré (2003b), comparison of the measured total

length of water added to the upper 6 m (AL) during infiltration with the known amount

of water added at the surface was used as a performance measure of the simulated
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annealing analysis. The length of water (Lw) was calculated by numerically integrating

the water content over the top 6 m, assuming that the water content is constant within

each layer. The 6 m cut-off was considered to be the maximum extent to which water

infiltrated during the 66-hour experiment. (Rucker and Ferré, 2003a) reported the slope

method having a computed z1Lw of 0.81m, compared to the applied amount of 0.898 m.

The after infiltration Lw was computed to be 1.49 m, and the before infiltration L,„ was

computed to be 0.71 m for the automated fitting model with simulated annealing. This

results in a value of AL,„, of 0.78 m, which is comparable to the applied water, with a 12%

difference. The uncertainty range in water content of each layer allowed the computation

of the uncertainty in L. The maximum ALw was computed by taking the difference

between the upper end of the water content for the after-infiltration profile and the lower

end of the before infiltration profile. The converse was applied for the minimum ALw .

The minimum and maximum change in total water length were 0.65 m and 0.91 m.

Although the LILm, from the graphical solution was closer to the length of water applied at

the surface than the mean solution from the automated inversion, no level of confidence

can be computed for the graphical solution.

Discussion and Conclusion

To overcome the difficulty of direct inversion for velocity (and eventually water content),

a global optimization routine was developed, whereby a starting velocity model was

perturbed randomly and a forward model was solved to determine the first arrival travel

time profile. The objective was to minimize the difference between the modeled and
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measured travel time profiles. The routine incorporated simulated annealing, which uses

various aspects of random-walk iterative improvement and blind random search (Otten

and van Ginneken, 1989) to help find the global minimum of the error surface (the

ground energy state). By using the Metropolis criterion to accept with non-zero

probability worse fits to the velocity model, local minima are avoided.

The correct maximum travel time misfit allowance and the inclusion of smoothing

constraints were important in properly assessing the water content profile. The maximum

travel time misfit allowance provides some margin of error during the fitting of a

randomly derived velocity model. A maximum travel time misfit allowance that is too

small may affect the solution in terms of 1) longer run time and 2) overconstraining the

solution, i.e., fitting too tightly to measurements that could be prone to error. In the latter

case, the remaining velocity values will have to compensate for a fitted velocity that may

be incorrect, and the simulation could fail to meet its objective. In some instances, a

large maximum travel time misfit allowance may be warranted from the resolution of the

trace within the radargram, i.e., first-break picks may be difficult to locate with precision.

Conceptually, the maximum travel time misfit allowance controls how large the global

minimum target will be, with a large maximum travel time misfit allowance flattening the

bottom of the error surface.

Regularization through smoothing the velocity model was found to be necessary in the

example cases tested. Because the starting model assumes direct arrivals and a critically
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refracted velocity is always lower than the direct, the model tended towards slowly

reducing the velocity until the travel time misfit allowance was met. The fitted velocity

had a propensity to remain high for the first layer. The adjacent layer, having to

compensate for the high velocity of the first layer, was fit towards the lower end of the

velocity range. This successive over compensation manifested itself throughout the

remaining profile, causing oscillations between high and low values in several of the final

velocity models. To minimize the effects of an oscillating velocity model, the smoothing

criteria forced three velocity layers to be perturbed at once in the same direction.

Additionally, reducing the maximum travel time misfit allowance helped minimize

oscillations because the number of possible solutions to the velocity model decreased.

The inferred volumetric water content was shown to be sensitive to the uncertainty in first

arrival travel time pick and to depend on the travel path of the first arriving energy.

Uncertainty in the travel time pick arose from both instrument and human error. The

instrument error was characterized by the bias of the instrument during calibration, and

was evaluated by comparing the midpoint in the range of the author's first-break picks of

traces in air (known velocity) at a known separation. It is assumed that the bias is

constant throughout the short collection time of a single profile, even though it has been

known to drift over extended periods of use (Hubbard, 2002). To compensate for bias, it

may be necessary to adjust the travel time of a measurement in air to be the correct value

and subsequently adjust the remaining travel times deeper in the profile by this amount.

Others (Ferré et al., 2003) have reported adjusting first arrival travel times based on a
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measurement that should remain constant in a time series of profiles (e.g. below the water

table). Human error in first-break picks was evaluated by comparing the possible range

of first arrival travel time picks for a trace, which can be obscured by noise, attenuation,

and resolution. The human picking error is not constant and can vary throughout a

profile.

Stochastic parameter estimation using the Monte Carlo method is a popular method to

quantify model uncertainty in hydrologic applications, for example the extent of capture

zones around a well (Feyen et al., (2001); Vassolo et al., (1998)). For the present

analysis, we used the Monte Carlo method to quantify the uncertainty on the inversion

estimates of EM wave propagation velocity, and finally water content, from

measurements made of first-break picks in a ZOP BGPR surveys. The definition of our

objective function precluded the use of a covariance matrix and all measurements were

given the same relative importance. It is suggested that if the underlying statistical

distribution of a measurement is unknown, and a covariance matrix cannot be calculated,

that a Monte Carlo simulation similar to that presented in this paper be performed.

For the synthetic example of a simple half-space, the ensemble mean of the successfully

completed realizations was used as a criterion to evaluate the accuracy of the inverted

water content model to the known water content profile. The ensemble standard

deviation was used arbitrarily to characterize the uncertainty of the inferred water content

profile. Other ensemble statistics could have been used, including the minimum and
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maximum water content. In all of the synthetic examples, when the travel time misfit

allowance was larger than the error in travel time pick, the known value of water content

fell within our uncertainty range of the inferred water content.

The field measured travel time profiles before and after infiltration were inverted using

simulated annealing. The before infiltration case completed all 20 realizations attempted,

whereas the after infiltration case completed only 17. The difficulty occurred at the

bottom edge of the wetting front (5.25 m bgs), where the algorithm had difficulty fitting

the critically refracted arrival while keeping the measurement at 5.5 m bgs a direct

arrival. In many layers, the water content derived from the hand-fitted slope analysis was

either equal to or at least within the range of uncertainty of the automated inversions.

Exceptions occur mainly in regions where the slope method could not discern thin low-

velocity layers within the profile, for example in the upper 2 m near the ground surface

and at the clay layer at roughly 10m bgs. Since the simulated annealing algorithm can

treat each layer independently, higher resolution of water content profile is obtained.

Additionally, major differences in the two methods occur at regions where critical

refraction may or may not be taking place, due to the unknown location of the boundary

and the possibility of spatial aliasing. These regions are located at 11.5 and 13m bgs. It

is difficult to discern whether the first arrival travel time is from a critically refracted or a

direct wave, because only one measurement was made within these regions. As it stands,

both methods produce a water content profile at these depths with equal likelihood and

the uncertainty range could be updated to include both methods. To resolve the issue of
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spatial aliasing, a higher spatial sampling rate, or smaller sampling interval is needed in

regions of critical refraction (Rucker and Ferré, 2003a).
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Abstract

Inverse methods to obtain soil hydraulic parameters are becoming increasingly popular,

due to their more rapid, complete, and robust estimations of hydraulic parameters

compared with tradition direct methods. We present a method to infer hydraulic

parameters based on first arrival travel time measurements made with zero-offset

borehole ground penetrating radar (BGPR). BGPR offers many advantages for field-

scale monitoring of transient processes including the ability to measure rapidly, over

relatively large soil volumes, with high spatial and temporal resolution and to great

depths. The BGPR measurements are used to infer the position of the wetting front

during infiltration. The analysis makes use of critical refraction at the edge of the wetting

front, which gives rise to a linear increase in BGPR travel time with time as the wetting

front passes beneath the antennae. The slope of this response is used directly to calculate

the hydraulic conductivity. We demonstrate that unique determination of the van

Genuchten a and n parameter is not possible with BGPR data alone; at least one pressure

head measurement in the dry range (early time) is required. We employ a maximum

likelihood parameter estimation code to obtain the optimal a and n parameters for both
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synthetic and measured data.

Introduction

Soil hydraulic functions, such as those that describe the unsaturated hydraulic

conductivity, soil-water retention, and soil-water diffusivity as functions of pressure

head, partially govern the movement of water in an unsaturated soil during absorption,

infiltration, and drainage. Modeling of a wetting front during infiltration, for example,

requires knowledge of these parameters to solve the Richards' equation (Richards, 1931)

of unsaturated water flow in a porous media. With traditional direct laboratory methods,

the parameters are time consuming to measure and require restrictive initial and boundary

conditions (Hopmans and Simunek 1999; Lambot et al. 2002). Several researchers have

presented improved methods to infer soil hydraulic properties through inverse procedures

(e.g. Warrick 1993; Inoue et al. 1998). We adopt the method of Warrick (1993) in which

the forward model uses the simplified analytical representation of water flow given in

Warrick et al. (1985). Warrick (1993) discusses how measurements of the wetting front

position with time made in the laboratory, together with an assumed van Genuchten "n"

can be used to deduce the saturated hydraulic conductivity and the van Genuchten "or.

In this study, we apply this approach to measurements of wetting front advance made

under field conditions.

Standard methods typically determine the hydraulic parameters for small, disturbed soil

samples. It can be difficult to make quantitative use of these measurements to
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characterize flow and transport in a heterogeneous field site (Wang et al. 2003). Existing

field methods are intrusive and/or disruptive of the flow system under study (Inoue et al.

1998) and are often limited to near surface measurement (Perroux and White 1988). It

would be advantageous to be able to infer the hydraulic properties at the field scale with a

method that causes minimal disturbance to the medium in which the measurements are

made. Ideally, this method would allow for profiling and mapping of the hydraulic

properties.

Many geophysical methods are nonintrusive (measurements made at the ground surface)

or minimally intrusive (measurements made within a borehole). As a result, these

methods are good candidates for obtaining the measurements needed to infer hydraulic

properties (e.g. Binley et al. 2002 ; Hubbard et al. 1998; Yeh et al. 2002). In addition,

many of these methods are rapid and measure over scales of interest that are more

representative for field scale characterization of vadose zone processes. Finally, borehole

methods can offer high resolution profiling of hydrologic properties to great depths,

which may lead to the ability to profile soil hydraulic properties. High frequency

electromagnetic techniques, such as ground penetrating radar (GPR) and time domain

reflectometry (TDR), provide robust indirect measurements of the volumetric water

content within their sample volume through the empirical correlations with the dielectric

permittivity (e.g. Topp et al. 1980). Low frequency or direct current electrical methods

can also provide information regarding the volumetric water content through correlation

with the electrical conductivity (Archie 1942). However, this correlation is less unique
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than the correlation between dielectric permittivity and volumetric water content, because

electric conductivity also depends on tortuosity, electrical conductivity of the soil matrix

and electrical conductivity of the pore water (de Lima and Niwas 2000).

Rucker and Ferré (2003b) demonstrated that borehole ground penetrating radar (BGPR)

in zero-offset profiling (ZOP) mode can be used to monitor the advance of a wetting

front. They showed that when critical refraction of the electromagnetic waves is

considered, the volumetric water content profile can be determined from first arrival

BGPR travel times on a radargrarn. High temporal and spatial resolution volumetric

water content profiles can then be used to infer the position of the wetting front through

time. The objective of this study was to evaluate the use of ZOP BGPR first arrival travel

time data in an inversion procedure to obtain the hydraulic properties that describe the

van Genuchten soil-water retention and unsaturated hydraulic conductivity functions.

The analysis follows the method of Warrick (1993) and is modified through the use of a

maximum likelihood parameter estimation procedure. Additionally, we set out to

improve the uniqueness of the simultaneous inversion of multiple parameters through the

use of minimal supporting data.

Theory

Flow model

The one-dimensional vertical flow of water in an homogeneous unsaturated soil is

governed by:



ae(z,t) a r D(6) a61(z,t) ) ax(e) 
at	 az	 az )	 az

where Gis the volumetric water content (cm3 cm-3) , D is soil-water diffusivity (cm2 s-1 ),

and K is water content dependent hydraulic conductivity (cm s-1). Equation 1 is referred

to as the 0-based Richards' equation (Warrick 2003) and is nonlinear because both D and

K are functions of the water content. For infiltration into a soil of initially uniform

volumetric water content, the following boundary and initial conditions can be assumed:

t=0, z>0, 156$0,	 (2a)

t.20, z=0, 19=01, and
	

(2b)

t^0, z—...., 0=00,	 (2c)

where 0/ is the imposed volumetric water content at the top boundary when the

infiltration begins and 00 is the background volumetric water content. Philip (1957a)

developed an analytical solution to Equation 1 and proposed that the Boltzmann

transform be modified to account for gravity during vertical infiltration:

z(0,t)=Ati" + xt + 9t3/
2 + ....	 (3)
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The term z=y1t1/2 is the Boltzmann transform (Klute 1952) used to solve the diffusion
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equation and the remaining terms in Equation 3 are corrections for the gravity term,

ax(o),	 The coefficients 2, x, and (pare ordinary integrodifferential equations that are/ z

evaluated through numerical integration (Philip 1969). Kirkham and Powers (1972) and

Warrick (2003) show how to obtain all three coefficients.

Warrick et al. (1985) used the concept of similar media to scale the parameters 0, z, t, and

K to dimensionless forms. A large class of hydraulic functions, including the functional

forms of K(0) and h(0) presented by van Genuchten (1980) and Brooks and Corey

(1964), can be written in dimensionless forms:

0 — 0	s 	
	e 	— 0,

T aK t

— Or

K * = K
K

h * = oth , and

	D	
dh* = 00 ' — D

	

dS	 K

where S, is dimensionless water content (i.e., effective saturation), Or is the residual
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volumetric water content, T is dimensionless time, Z is dimensionless depth, K* is

dimensionless hydraulic conductivity, h * is dimensionless pressure head, and a [1/L] is a

scaling factor. Substitution of the dimensionless variables into Equation 1 yields:

ase a 	* as  ) aK* 
=	 D e

aT az	 az az

The dimensionless boundary and initial conditions are:

Se(Z,0)=Seo,

Se(0,T)=Sei, and

limit Se(Z,T)=Sei,

The dimensionless series solution for Z is:

Z(Se,T)=2(Se)T112 + X(Se)T	 + WSe)T312 .	 (12)

The series solution is valid for small times, T<Tg, where:

)dS,
.5•0

1 
K* (seo )

K* (s ) _

(10)

(11a)

(1 lb)

(1 1c)

T = (13)



For late times (T>Tg ) it has been shown that the surface intake approaches a constant

value. The wetting front retains a constant shape that moves downward at an

approximate rate, lc, of (Philip 1957a; Warrick 2003):

dK d /
D=

d0 d0 dz

K(01 )- K(00 )

01 — 00

(14)

For T> Tg, the dimensionless solution of Equation 12 is

(T —Tg )(K(Se f )— K(Se,))
Z(Se,T > Tg ) = Z(Tg )+ 	

Se —Set
(15)

Borehole radar travel time model

BGPR sends, via a transmitting antenna, unguided electromagnetic pulses from within a

borehole into the surrounding subsurface (e.g. Davis and Annan 2002). A receiving

antenna in a parallel borehole records the amplitude of the pulse (in Volts) as a time

series. The travel time of the first arriving energy is interpreted from the time series. The
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travel time of the EM pulse can be related to the dielectric permittivity of the medium,

which is directly related to the volumetric water content (Topp et al. 1980).

In ZOP mode the transmitting and receiving antennae are located at a common depth for

each measurement. It is commonly assumed that all travel times are associated with

direct waves that travel along a horizontal path from the transmitter to the receiver.

However, Rucker and Ferré (2003c) showed that both direct and critically refracted travel

paths must be considered for proper evaluation of ZOP BGPR travel time profiles. For

an antennae separation distance, x, the direct travel time ('rdwee) is:

Tdired = SX

	 (16)

where s is the slowness (reciprocal of the electromagnetic propagation velocity) of the

soil. Critical refraction may occur when an EM pulse is generated in a layer of relatively

low propagation velocity adjacent to a higher velocity layer. Under these conditions, the

fastest travel path may be associated with energy that travels along a nonhorizontal path

to the boundary, then horizontally along the boundary at a higher velocity. The critically

refracted travel time of a pulse that is generated in low velocity (high water content) layer

(s2) relative to an adjacent high velocity (low water content) layer (Si) is (Rucker and

Ferré 2003a):

x= s +2za 1-2
	 (17)



where

a 1-2 =Js 2 -s 2 2	 1 7

and z is the vertical distance of the antennae from the boundary that divides the two

layers.

Consider a time series of ZOP BGPR measurements made during the advance of a

wetting front. The center of each antenna is located at a fixed depth for the duration of

the experiment. It is also assumed that the antennae are not located near a refracting

boundary before infiltration begins. That is, the first arriving travel paths before and long

after infiltration are direct. Figure 1 shows a conceptualization of the infiltration

experiment and associated ZOP BGPR measurements. When the position of the wetting

front is above the antennae, the first arriving travel path is direct (Figure 1A). As the

wetting front moves past the antennae, the EM wave will refract critically at the edge of

the front (Figure 1B). Critical refraction will continue until the wetting front has moved

past the antennae by a distance equal to the refraction termination depth (Rucker and

Ferré 2003e) (Figure 1C). Thereafter, the first arriving energy will be direct.
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Parameter Estimation

To estimate the hydraulic properties from BGPR travel time measurements, the analytical

water flow model is used to predict the volumetric water content profile as a function of

time for a given set of hydrologic parameters. The first arriving BGPR travel time profile

is then determined as a function of time from these volumetric water content profiles.

Finally, an optimization model is used to identify the set of hydrologic parameters that

minimizes the difference between the observed and simulated first arrival travel times.

These differences are expressed in the following objective function, E(v):

E (v) = iw
J
 r 

i
 )- (t

P PI"
=1

where 27, is the observed first arrival travel time from path p (either direct or critically

refracted) at time tj, tp is the modeled first arrival travel time from path p at time ti

subject to the soil hydraulic parameters v={v1, v2, v3, ...}, and w is the weights formed by

the measurement error. A free-ware parameter estimation code, PEST (Doherty 2002),

was used to find y that minimized Equation 18 using a Levenberg-Marquardt method.

Synthetic Numerical Example

Forward Modeling of First Arriving Travel Time Profiles through Time

Equation 1 was used to determine the volumetric water content profile over a discretized

time interval from 0.5 to 30 hours (or in dimensionless time, 0.0309 T 1.8514). The

(19)
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van Genuchten hydraulic functions were used to represent the soil:

.K * (Se) = -X(1— (1— Se ll m)m y	 (20)

and
	

(21)

(-1_ m -
D * (Se) = 	 Se 2 in ) — Se 	"	 + (1— Se li m	 2],

where

m = 1- 1 for 1<n<..

Hydraulic properties of a= 0.01 (cm-1), Ksai=0.0006 (cm s1), n = 2, 0. = 0.1 (cm3 cm-3),

and a = 0.45 (cm 3 cm-3) were assigned to represent a silty loam. The background

volumetric water content was 00= 0.17 (cm 3 cm-3) and the volumetric water content

imposed at the surface was 0/ = 0.45 (cm3 
CM

-3
) to represent infiltration at full saturation

with no ponding. Near saturation, the value for D * was estimated following the approach

of Warrick et al. (1985). For all T<Tg (Tg = 0.611) Equation 12 was solved for Z(Se,T).

To obtain the volumetric water content as a function of time and depth, the dependent

(22)

(23)
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variable was mapped to Se(Z,T) through interpolation and to 60(z,t) by transformation

using Equations 4-8. Equation 15 was used for late times and the volumetric water

content profile was obtained by a similar procedure as above. The modeled volumetric

water content profiles through time were interpreted with a ZOP BGPR forward model

(Rucker and Ferré 2003d) to determine the first arrival travel time at 1.5 m below ground

surface (bgs) as a function of time.

Figure 2A shows the first arrival travel time during the course of the infiltration

experiment and represents the measured data for subsequent inverse modeling. At early

and late infiltration time, the first arrival travel time is constant. The travel times are

associated with a direct wave through the medium with volumetric water contents equal

to the initial volumetric water content at early time and equal to the water content behind

the wetting front at late time. The middle period shows a linear increase in first arrival

travel time with infiltration time. The linear increase is due to critical refraction

occurring at the edge of the wetting front, which is moving downward with a constant

velocity. As a comparison, Figure 2A also includes the volumetric water content and

pressure head at a point at 1.5 m bgs. These data represent measurements collected with,

for example, a buried TDR probe and a tensiometer, respectively. The point

measurements of volumetric water content and pressure head show initial sharp changes

with time (high slope) when the wetting front first arrives at 1.5m. The slopes then

decrease as the wetting front passes the measurement depth.
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Figure 2. Breakthrough curves of BGPR first arrival travel time, pressure head, and
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Figures 2B and 2C demonstrate ZOP BGPR first arrival travel time measurements when

the wetting front is diffuse. The curves in Figure 2B were generated from unsaturated

flow modeling with a top boundary condition of 0/ = 0.415 (Se = 0.9). The curves of

Figure 2C were generated from flow modeling with a top boundary condition of 60/ =

0.345 (Se = 0.7). Because the Warrick et al. (1985) solution is only valid for infiltration

near full saturation, a numerical unsaturated flow code, HYDRUS-1D (Simunek et al.,

1998), was used to forward model these infiltration conditions. The slope of the first

arrival travel time in Figure 2B has a linear portion when the wetting front fi rst reaches

1.5 m and a nonlinear portion at late time. The travel time curve starts to resemble the

volumetric water content curve earlier than that shown in Figure 2A. The pressure head

at the end of the experiment is approximately—SO cm. For Figure 2C, no critical

refraction occurs and the travel time curve closely resembles the volumetric water content

curve measured at a point.

In the previous examples, the soil hydraulic properties were homogeneous and the

wetting front moved at a constant velocity throughout the profile. In more realistic

media, where the profile may contain many layers of different hydraulic properties, the

wetting front velocity can change as it passes through layers of different materials. The

average velocity in a layered profile, then, will depend on the hydraulic conductivity of

each layer (Whisler et al. 1972). As an example, consider infiltrating into a silt soil of

low hydraulic conductivity overlying a loam soil with a relatively higher hydraulic

conductivity (Figure 3A). The position of the wetting front is plotted in time; the slope
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of the wetting front position at any time is equal to the wetting front velocity at that time.

In the silt, the velocity of the wetting front is slower than in the loam. For comparison

with the layered case, the wetting front position is plotted for a homogeneous loam soil.

The slopes of the wetting front positions are parallel in the loam (once the wetting front

has moved away from the boundary). As a second example, a sand of relatively large

hydraulic conductivity overlies the loam soil. The speed at which the wetting front

moves through the sand is greater than the loam, but is again constant in each layer. This

demonstrates that while the average wetting front velocity through a layered soil is

influenced by all of the media through which the wetting front has passed, the

instantaneous wetting front velocity at a given depth is associated with the material

properties at that depth, as long as that depth is not adjacent to a boundary between soil

layers.

The time series of the first arrival travel time was calculated for each of the three cases

above (Figure 3B). For the silt/loam soil combination, the arrival of the wetting front

was later than in the homogeneous soil, shown as a time lag between the two first arrival

travel time curves. The lag, however, does not affect on the shape of the first arrival

travel time breakthrough curve.

Parameter Estimation with No Supporting Data

The first stage of testing of the utility of BGPR measurements for inferring hydraulic

properties involved inversion of the synthetically derived first arrival travel time profiles.
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The inferred hydraulic properties could then be compared with known property values.

The travel times at the beginning and end of the infiltration experiment, when the EM

wave path is direct, were converted to volumetric water content using an empirical

calibration equation (Ferré et al. 1996):

= 0.1181 V air i- direct 	0.1841,	 (24)

where vair is the EM velocity of propagation in air (0.3 m ns -1). From the travel times

shown on Figure 2A, a and a are 0.17 and 0.45 cm3 cm-3 , respectively. Equation 17 can

be rewritten as a function of time:

2,,,fi (t)= xs high ± 2z 1
2	 2

/ow	 S hrgh— (25)

where zf is the position of the wetting front relative to the antennae and the critically

refracted first arriving travel time is a function of infiltration time, t. The derivative of

Equation 25 with time yields:

refr dz
	 = 2VS 2 s 2 	

dt	
low	 high dt 5 (26)

where dzi/dt = K. Assuming that K(00) = 0, Equation 26 can be rearranged to solve for



K(Od:

refr 

K(191)= 	dt 	(191 —60 ).
21140„. —

For infiltration at full saturation, 0,=0, and Equation 27 yields Ksar .

The slope of the linear travel time increase in Figure 2A is 0.0008 (ns s -1). The slowness

values at the beginning (stow) and end (shigh) are calculated from Equations 16 and 24 for

the antennae separation of 3 m used to create the synthetic first arrival travel time

profiles: slaw = viow = 17.89 (ns m -1 ) and Shigh = 10 (ns m -1). The calculated Ksar using

Equation 27 is 0.00075 (cm s-1), which shows good agreement with the value used in the

forward model (0.0006 cm s-1). The difference between the calculated and modeled Ksar

is due to the approximation of the wetting front velocity in Equation 14, as shown by

Philip (1957b). For Figure 2B, the slope of the linear portion between 1.2x105 s and

1.85x105 s is 0.000260 (ns s-1). From Equation 27, the hydraulic conductivity of the

medium at the water content behind the wetting front is K(01)— 0.0001854 (cm s -1). The

value of Ksat can be determined using Equation 20 only if n and S, are known. For Figure

2C, there is no linear portion of the travel time data. A different inversion procedure,

likely using a numerical hydrologic model, could be used to invert these data as shown by

Hudson et al. (1996).

191

(27)
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To determine whether this inverse procedure can be used to determine uniquely the van

Genuchten a and n parameters, we examined the error surface in avs. n space in a

manner similar to that used by Hopmans et al. (2002) (Figure 4). That is, the first

arriving travel time as a function of infiltration time was calculated for many

combinations of a and n with a fixed value of K., using the forward water flow and ZOP

BGPR models. The error for each parameter combination was defined as the logarithm of

the root mean square error (RMSE) between the first arrival travel time series for a base

case with a and n of 0.01 and 2, and the series determined for the parameter combination: 

E (t.,v12].
AT	 I J	 PJ

J =1 
RMSE = (28)  

The error surface indicates that there is no unique combination of a and n that give the

closest fit to a measured time series of wetting front locations. That is, the solution is

non-unique based solely on wetting front travel time measurements. Specifically, there is

a curved valley of minima such that there is a corresponding choice of n that will give an

optimal fit for any assigned value of a (Toorman et al. 1992). This feature of the van

Genuchten relationship has been shown previously (e.g. see Simunek and van Genuchten

1996 and Vragt et al. 2001). Warrick (1993) overcame this non-uniqueness by reducing

the number of parameters to two (Ksat and a) by assuming that n = 2 and a.= 0.



- 1.6

- 1.8

-2
-2

-2.2

-2.4

-2.6

1.2	 1.4	 1.6	 1.8	 2	 2.2	 2.4	 2.6	 2.8

-1

-1.2

-1.4

-0.8

-1.2

-2.2

-2.4

-2.6

193

Color Map

Figure 4. Response surface from sensitivity analysis for a vs. n. The values used to form
the synthetic data are log(a)=-2 and n=2. Contoured values are the logarithm of
the root mean square error between the modeled and correct first arrival travel
time profiles.

Following the approach of Warrick (1993), we assumed values of n and used PEST to

determine the value of a for the results shown on Figure 2A (Table 1). Simulation Al,

with n = 2 and Ksw determined from Equation 27 gives an a value of 0.0077 cm1 , which

is slightly lower than the value used in the forward flow simulation (0.01 cm-I ). For

Simulation A2, n was 2 and Ksa, was decreased to 0.00065 cm s-I ; this resulted in an

increase in a to 0.0136 cm -I , which slightly exceeds the correct value of 0.01 cm-I . For
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Table 1 Simulations for Inverse Parameter Estimation

Simulation
Measured

Data Case parameter
Initial	 Guess Final	 Estimate

E(v)a n K a n
Al t 1 a 0.002 2 0.00075 0.0077 -- 5.2
A2 T 1 a 0.002 2 0.00065 0.0136 -- 5.6
A3 t 1 a 0.002 2.5 0.00075 0.0116 -- 5.0
B1 t 2 a 0.002 2 0.0001854 0.0288 -- 15.1
B2 t 2 cc 0.002 2.5 0.0001854 0.034 -- 15.0
Cl "C, h 1 a, n 0.002 1.5 0.00075 0.0088 2.07 10.9
C2 "C, h 1 a, n 0.06 4.5 0.00075 0.0086 2.1 4.5
C3 T, h 2 a, n 0.06 4.5 0.0001854 0.0155 1.734 15.3
D1 T, h field a, n 0.06 4.5 0.0000919 0.018 2.31 2.1

simulation A3, n was set to 2.5 and the value of Kscit determined from Equation 27 was

used. The fitted a value (0.0116 cm') showed the closest agreement with the known

value. Despite the relatively good agreements of the a values with the known value, the

retention curves determined from simulations Al-A3 differ significantly from the

retention curve of based on the properties used in the forward model (Figure 5A).

Specifically, the curves for simulation Al and A2 have the same shape as the correct

retention curve, but are offset in the dry range. The higher n value used for simulation

A3 gives rise to a retention curve with a very different shape than that of the medium

used in the forward simulation.

The hydraulic conductivity, K(01), was also determined from the linear portion of the

travel time curve in Figure 2B. Using Equation 27, the hydraulic conductivity was

0.0001854 cm	 where 01 (0.415 cm3 cm-3) was determined from Equations 16 and 24.
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Equation 20 was then used to calculate Ksat. Assuming that the medium was a silt loam,

values for the n and the porosity were estimated from a database of average values based

on soil type (Carsel and Parrish 1988). The value of n was 2 and the value for porosity

was 0.45 cm3 cm-3 . With the effective saturation at 0/ (Se=0.9), the value of Ks, / was

calculated as 0.000614 cm s-1 , which was very close to the value used in the forward

model (0.0006 cm s-1). To invert the travel time data in Figure 2B for a, we'll assume

that K,at =K(01) and aa, =01 . This will allow us to model a sharp wetting front with the

analytical model. For simulation Bl, a value of n = 2 was provided for inversion. The

estimated value for a was 0.0228 cm -I (Table 1), which was more than twice that of the

real value (0.01 cm-1). For simulation B2, with n = 2.5, the estimated value of a was

0.034 cm-1 . The retention curves for soils with the inverted parameters from B1 and B2

are shown on Figure 5B.

Parameter Estimation with Supporting Data

Several researchers have addressed the problem of finding the global minimum on a non-

unique error surface for hydrologic problems with two or more unknown parameters (e.g.

Finsterle and Faybishenko 1999; Gribb 1996; Parker et al. 1985). Generally, this is

achieved through the addition of supporting data, e.g. pressure head at a fixed location.

A pressure head measurement can be added to the objective function as:

N	 „	 M r
E(v) = A w 

r

 t1 )- t	 + B u i [h(t i )- uit„ 4 ,

;,.

(29)
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where h(t) is the measured pressure head, 1 (t,v) is the modeled pressure head, u is the

weighting or covariance matrix, and A and B are weighting variables to scale the different

components of the objective function. According to Gribb (1996), these weighting

variables should be equal to the inverse square of the mean measured value to account for

unequal units and magnitudes:

N
1

-2

A = — L	 ) , and (30)
N 1= 1

\ -2
B =(1Eh(t .) (31)

A single pressure head measurement in the dry region of the retention curve is critical in

differentiating among the ot and n pairs that have equivalent errors (Figure 5A). As a

result, simulations Cl-C3 include one pressure head measurement at z = 1.5 m bgs and t

= 0 s to help resolve the values of both a and n. From Figure 2, a value of –490 cm was

assigned for the pressure head. Even though simulations Cl, C2, and C3 started from

extreme regions of parameter space, they converged to almost identical, accurate

predictions of ot and n. The retention curves associated with the inverted parameters

from simulations C2 and C3 (Figure 5C) show a better match to the retention curve used

in the forward model than those determined without a supporting pressure head

measurement (Figures 5A and 5B).
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Field Experiment

Inversion of Field Data

An infiltration experiment was conducted at a field site located at the Western Campus

Agricultural Center, Tucson AZ. The soil profile was characterized by inspection of

continuous cores obtained during drilling of the boreholes. The top six inches of soil

consists of dry, unconsolidated loose sand and silt. A thick (— 3.3 m) sandy layer with

interspersed lenses of organic material and clay underlies the surface material. A black,

peat-like organic layer is located approximately one meter below surface. The sand

changes to a gravely sand to about 6 m, which turns to cobbles, gravel, and sand to 8.5

meters. From 8.5 to 13 meters the medium varies from a 1.5 meter-thick clay lens to a

rich clayey sand. The remainder of the profile to 15 meters is comprised of fme sand

with small amounts of clay.

ZOP BGPR travel time measurements were taken at a fixed depth of 2.25m bgs. Travel

time profiles collected before infiltration showed that there was not a refracting boundary

near this depth (Rucker and Ferré 2003a; 2003b). As a result, the travel time at the

beginning and end of the experiment can be considered to be from fi rst arriving direct

waves. BGPR profiles were collected in two-inch, PVC-cased boreholes that were

completed to 15m within the infiltration gallery (`Tx' and `Rx' on Figure 6). The

borehole separation was 3.25m. In addition to the ZOP BGPR measurements, the field

was instrumented with 15 buried tensiometers and 28 buried TDR probes to measure

pressure head and volumetric water content, respectively. To minimize the number of
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holes with the site, 5 tensiometers were placed in each of three hand-augered holes; 17

TDR probes were placed in three holes within the infiltration gallery and 11 TDR probes

were placed in three holes outside the infiltration gallery (Figure 6). All instrumentation

within the gallery was placed in regions that would not interfere with ZOP BGPR travel

time measurements.

Water was applied within a bermed infiltration gallery of 5m per side through a manifold

that distributed water evenly over the area at a constant rate of 9.44x10 -5 m3 s-I for 66

hours. This infiltration rate was chosen to minimize water ponding at the surface. A

Figure 6. Location of the infiltration experiment and infiltration gallery with locations of
instrumentation relative to the positions of the borehole radar access tubes.
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Sensors and Software PulseEkko100 system with 100 MHz antennae (Sensors and

Software, Mississauga, ON) was used for all BGPR measurements. Post-processing of

first-arrival picking was accomplished through automated picking software, 'Picker',

provided by Sensors and Software. In addition to the fixed position measurements, travel

time profiles were taken before infiltration began and after infiltration ceased (Rucker

and Ferré, 2003a).

The ZOP BGPR travel time data (Figure 7A) shows a linear increase during the advance

of the wetting front from approximately 90,000 to 150,000 s. Pressure head

measurements made at 2.12 m bgs in hole Tensiometer 1 are also shown. The shape of

the travel time curve is similar to that shown in Figure 2A, suggesting that the proposed

method of inversion is applicable. The BGPR-determined volumetric water contents at

the beginning and end of the experiment were 0.085 cm3 cm-3 and 0.208 cm3 cm-3 . The

water pressure at the end of the experiment was negative, indicating that the soil is not

saturated.

Equation 27 was used to calculate the hydraulic conductivity, K(0/=0.208), based on the

slope of the travel time data. The value, 9.19x10 -5 cm s-i , was substituted for Ksat during

forward modeling and showed the arrival of the wetting front approximately 150,000s

later for the modeled infiltration data compared to the measured data. This lag is most

likely due to the wetting front moving more quickly through the soils above the antennae,

compared to the region where the BGPR travel time measurements are affected (see
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Figure 3). To accommodate the lag during inverse modeling, the infiltration times at

which travel time measurements were made were increased by the lag amount. For

inversion, the addition of a single pressure head value at early time (-115 cm) was

utilized to obtain both a and n. Using PEST, the field average a was estimated as 0.024

cm and n was estimated as 2.31 (Simulation D1, Table 1).

To calculate the actual saturated hydraulic conductivity using Equation 20, the effective

saturation at O=0.208 cm3 cm-3 is needed. However, the porosity of the soil is not known

and must be estimated. Figure 2B shows that near saturation (Se=0.9), the pressure head

is —50 cm. The measured pressure head at the end of the infiltration experiment was

approximately —47 cm, so we assume that the effective saturation is 0.9 for our

infiltration experiment, giving an estimated porosity of 0.23 cm3 cm-3 . Using Equation

20 with n=2.31, the value for K„t is 0.00024 cm s-I . Reducing the effective saturation to

0.75 increases the Ksat to 0.00064 cm s -1 .

Validation of Inversion Procedure

To validate the analytical inverse procedure, the inverted hydraulic parameters (K w, a,

and n) were used in a forward model with HYDRUS-1D (Simunek et al., 1998) to

calculate the pressure head time series. The forward modeled water content time series

was also used in the analytical BGPR model to calculate the first arrival travel time.

Figure 7B shows that the modeled pressure head data matched the measured data with
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reasonable accuracy. In early time, the predicted pressure head was —123 cm compared

to the measured value of —115 cm. At the end of the experiment, the modeled pressured

head was —38 cm compared to the measured value of —46cm. The difference between the

curves results from the early arrival of the measured wetting front. The early arrival may

be due to faster movement of water in the upper portions of the soil profile. For the

modeled BGPR travel time data (Figure 7C), the predicted first arrival travel time series

matches the measured series well in the region where a linear travel time increase is

observed. A maximum difference in travel time of 0.8 ns is observed at an infiltration

time of 150,000s.

As a further analysis of the utility of BGPR travel time data to estimate hydraulic

properties, the inversion results were compared with an alternative inversion based on

pressure measurements used in a numerical inverse model, HYDRUS-1D (Simunek et

al., 1998). The measured pressure data and Kat =0.00024 cm s-1 were used to constrain

the model. The initial and boundary conditions were 0.085 and 0.208 cm3 cm-3 for 00 and

Oh respectively. Numerical inversion with HYDRUS-1D (Simunek et al., 1998) also

required an initial estimate of the fitted parameters. Initial estimates from multiple

locations in parameter space were tested, but the numerical inversion failed unless the

initial estimate was close to the values found in the BGPR-based inverse model. The

results of numerical inversion gave a0.025 cm-I and n=2.29, which were very close to

the values from the BGPR-based analytical inversion (a=0.024 cm -1 and n=2.31). The

van Genuchten parameters could not be obtained accurately with the numerical inversion



204

scheme if K„t was not known independently. Specifically, the uncertainty of the

estimated parameters was much greater than the value of the estimated parameter.

Conclusions

An analytical unsaturated flow model and an analytical BGPR ray-tracing model were

used to evaluate the inversion of hydraulic parameters based on ZOP BGPR

measurements made during infiltration. The models predict a period of increasing travel

time with infiltration time for sharp wetting fronts. A parameter estimation code was

coupled with the forward models to invert the hydraulic parameters from BGPR

observations with the objective of minimizing the difference between the modeled and

measured first arriving BGPR travel times. It was shown that if the wetting front is sharp

enough to produce a period of linearly increasing first arrival travel time with infiltration

time, then the hydraulic conductivity behind the wetting front can be determined from the

BGPR measurements alone. If the infiltration rate is too low to produce saturated

conditions behind the wetting front, then an estimate of the effective saturation is needed

to determine Ksat. The van Genuchten a and n parameters cannot be obtained uniquely

from BGPR travel time data alone. However, the inclusion of a single pressure head

measurement in the dry portion of the retention curve allows for unique inversion of both

a and n. The BGPR-based inversion procedure was shown to give parameter values that

could predict the pressure head time series at the measurement depth. In addition, this

procedure was shown to be more robust than numerical inversion based on pressure head

measurements because it does not require an accurate initial estimate of the hydraulic



205

properties and because it does not require an independent estimate of K„,. The method as

presented in this paper only made use of travel time measurements collected at a single

depth. However, the speed of profiling that is achievable with ZOP BGPR would also

allow for repeated profiling during the course of an infiltration experiment to determine

the vertical distribution of hydraulic parameters. Thus, this ability of BGPR to collect

higjti resolution water content profiles presents a possible advantage of BGPR for

hydrologic parameter estimation.
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Journal of Applied Geophysics (In review)

Abstract

The effect of a dipping layer on the first arrival travel time from single-offset profiling

with borehole radar is investigated, including both zero-offset (ZOP) and fixed-offset

profiling (FOP). Through forward modeling of electromagnetic wave travel, the travel

time of ZOP and FOP through a dipping layer is compared to those of flat lying layers.

The model considers three distinct ray paths: direct, critically refracted, and cross-dip

refracted. Whereas critical refraction only occurs in a layer of low propagation velocity

relative to an adjacent high velocity layer, cross-dip refraction can occur in any velocity

structure. The forward model demonstrated that the slope of the travel time through the

cross-dip portion of the profile is approximately half of that in the critically refracted

portion. To obtain the electromagnetic wave propagation velocities above and below the

dip, only one profile is necessary. However, to invert for the dip angle and position, two

profiles with different offsets must be considered together.
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Introduction

Profiling with borehole ground penetrating radar (BGPR) is a method by which the

vertical distribution of the electromagnetic (EM) wave propagation velocity of soil can be

obtained from multiple measurements of first arrival travel time between a transmitting

and receiving antenna. The relative apparent dielectric permittivity of the medium is then

related to the propagation velocity. A multi-offset gather (MOG) offers multidimensional

imaging through high-resolution tomography by making measurements at many offsets of

the radar antennae. The collection time, however, is long for MOG. For example,

Alumbaugh et al. (2002) reported a six-hour acquisition time for four profiles to 7 m with

a 0.25 m vertical sampling interval. In a single-offset gather, where one shot is made per

depth location, the result is a rapid one dimensional profile of the subsurface, e.g. Davis

and Annan (2002). Lateral discontinuities of velocity are averaged arithmetically to

obtain an average travel time along the path (Chan and Knight, 1999). Single-offset

gathers may be collected in either zero-offset (ZOP) or fixed-offset (FOP) profiling

modes. In ZOP, the transmitting and receiving antennae are located at the same depth

below ground. In FOP the transmitting and receiving antennae to be located at different

depths.

In situations of simple flat lying layered media, an MOG is unnecessary. The one-

dimensionality of the earth can be captured adequately with a ZOP, provided the correct

travel path is recognized Rucker and Ferré (2003b) have identified situations where EM

waves will not travel directly between the antennae, for example near the ground surface.
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The contrast in propagation velocity will cause the EM waves to refract critically at the

boundary between air and soil. Correcting for critical refraction is necessary to properly

characterize the subsurface. In a two-dimensional earth, where a dipping layer may exist,

a ZOP may obscure the details of the subsurface, making interpretations difficult. The

dipping layer will cause the EM wave to refract at various angles when shooting across

the dip. The stratigraphy, however, is still comprised of layered sediments. A complete

MOG, where travel times from all offsets are measured, remains unnecessary. In this

case, an FOP with an offset that allows profiling with or against the dip angle can be

used. However, to discern both location and angle of dip, two profiles with different

offsets are needed..

Rucker and Ferré (2003a;b) presented solutions for travel time inversion to obtain

propagation velocity for flat lying layers using ZOP. The inversion was straightforward

because only two modes of EM wave travel are possible: direct and critically refracted.

The correction for critical refraction uses the slope of the travel time with depth in

regions where the travel time exhibited a linear change with depth. The slope is related

to the velocity where critical refraction was occurring. Absent from their analysis was

the effects of a dip on the ZOP-measured travel time. Subsurface layers are seldomly

flat. Therefore, we present the solution of a forward model for travel time through a

single dipping layer using a ray-tracing analysis. Additionally, we demonstrate a method

by which the travel time can be inverted to obtain the velocity above and below the dip,

the dip location and the dip angle. The method is applied to both synthetic and field-
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collected data. The results of the field data are compared to the interpretation of soil

cores and borehole logs of neutron counts and electrical conductivity.

Theory

Forward Travel Time Calculations

Consider single-offset profiling across a low velocity dipping layer. The layer geometry

is defmed by its depth midway between the antennae (zdip) and the angle of inclination

from the horizontal (a). The layer is located sufficiently far below ground so that first

arriving critical refraction does not occur along the ground surface. Figure 8.1A shows

the travel paths of EM waves when vi>v2, where I)/ is the velocity above the dip and v2 is

the velocity below the dip. When both the transmitter (Tx) and the receiver (Rx) are

above the dip, the travel path is direct (position 1 in Figure 8.1A). As the antennae

straddle the dip, the cross dip travel path refracts at the interface between the two layers

(position 2). As the antennae move below the dip, the travel path is critically refracted

along the interface, and a portion of the wave travels in both layers (position 3). Finally,

when the antennae are well below the dip, the travel path returns to direct (position 4).

To calculate the travel time through each position of the antennae, the lengths of travel

through each layer are needed. For position 1, the travel time (ri) is:

i = 
-%/X 2 o set 2	

(1)
Vi
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Ground

VI

a

V2

Figure 1 Four positions of the borehole antennae during profiling of dipping layer with
ZOP and FOP BGPR.

where x is the antennae separation distance and offset is the vertical offset of the antennae

centers (positive downward). Using Figure 8.2A as a guide, the travel time through the

cross-dip (position 2) is

2

	 /2 + 1 1
	

(2)
V2	 V I

where 12 is the length of travel in the layer described by y2 and l is the length of travel in

the layer y1. The values of l and 12 can be computed considering the law of sines:



cos(a) 
/ = z 	  and11

cos(0, ),

cos(a) 
/d = zd

cos(02 )

The variable zu is defined as the vertical distance between the center of the transmitting

antenna (za) and the intersection of the dip interface with the transmitter access tube

(zupdip); zd is the vertical distance between the receiving antennae (zR.,) and the intersection

of the dip interface with the receiver access tube (zd,dip). The unknowns in Equations 3

and 4 are the angles of incidence (00 and refraction (02) at which the EM waves arrive

and leave the interface. These angles will depend on the velocity ratio of the two layers

and the location along the interface where the ray enters layer 1 from layer 2:

2 221 cos(a)zd

1/2 -

cos' V2 ± V 2
(5)

r
v

Vi2 11 12 cos(a))

02 = sin -1

\ v2

) (6)
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(3)

(4)

The complete derivation of 0/ is provided in Appendix A.
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Figure 2. A) Geometric considerations of profiling across a dipping layer B) Geometric
consideration of critical refracted travel time with a dipping layer present.

For position 3, the total travel time is defined by the travel along three path lengths,

and 4,7 :

/2a	 2b  + / I
	

(7)
V2 	VI

where l (Figure 8.2B) is the length of travel along the boundary through the high

velocity layer due to critical refraction. The three travel path lengths in Equation 7 are:

/ = z
2a u COO )

cos(a) 
	( 8)



121,	 Zd

71-
cos —+a'

\ 2
, and (9)
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cos(0) 

=
sin(9, + a) 	sin(0, –a)

Zdcos(a)	 cos(0„ )	 cos(0( )

The critical angle (a) according to Snell's Law is:

0 =

Lastly, as the antennae pass into position 4, the direct travel time is:

Al x 2 + offset 2

=	 •
V2

The depth at which the critically refracted travel time is equal to the direct travel time for

a ZOP measurement is referred to as the refraction termination depth, zrid. For depths

greater than zra, the direct arrival (z-4) is the first arrival (Rucker and Ferré, 2003b). For a

dipping layer, the value for zrid will depend on the velocities above and below the dip, the

dip angle and the offset. For an offset of zero, zra is:

(10)

(12)



Z rid =

VI 
V

X COS(a) 2    

2	 22 vI — v 2 

To demonstrate the solution for a first arrival travel time profile through a dipping layer,

the travel time with ZOP BGPR from two geometries of differing dip angles(a=0° and

10°) are presented (Figure 8.3). The dip is located at zdip=4.875 m and the antennae

separation is 3 m. For reference, a 100 dip creates a difference in the location of the

interface of 0.53 m over a 3 m separation. The ZOP BGPR measurements occur at a

sampling interval of 0.25 m and span from 4 to 7 m. The velocity above the dip is 0.1 m

ns -1 and the velocity below the dip is 0.05 m ns -1 . Figure 8.3A shows that the travel time

profiles are almost identical everywhere except in the depths ranging from 4.5 m to 5 m.

This difference is caused by the cross-dip travel times in a layer with dip.

Figures 8.3B and 8.3C show the travel times from FOP with offsets of-0.75m and

+0.75m. In Figure 8.3B, with the receiving antenna above the transmitting antenna, the

antennae straddle the dip for a much longer period than in Figure 8.3C. The effect is a

travel time profile that exhibits fewer direct travel time measurements (positions 1 and 4

in Figure 1) than in Figure 8.3A. In Figure 8.3C, with the receiving antenna lower than

the transmitting antenna, cross-dip travel paths only occur for the flat lying layer. For the

10° dip case, the antennae are coincident with the dip angle, and no cross-dip travel paths

occur.

214

(13)
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Figure 3. Forward modeling of travel time across a dipping interface A) Zero-offset
profiling across interfaces with dip angles of 00 and 100 . B) Fixed-offset profiling
with an offset of -0.75m across interfaces with dip angles of 0° and 10° C) Fixed-
offset profiling with an offset of +0.75m across interfaces with dip angles of 00 and
10° .
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Inversion of Travel Time

First arrivals associated with direct travel paths show no change in travel time with depth.

The inversion of Equation 1 or Equation 12 is straightforward to obtain the propagation

velocity. In strata with thin low velocity layers, for which critical refraction occurs with

a relatively high velocity layer above and is immediately succeeded by critically refracted

arrivals from a high velocity layer below (Rucker and Ferré, 2003a), no first arriving

direct waves may exist. For a direct arrival to be present, the layer must have a thickness

greater than the sum of the two refraction termination depths. For our dipping layer

example, we'll assume that the velocity of the layer below the dip cannot be obtained

from a direct arrival, i.e., it is a thin layer. The velocity, then, will have to be estimated

by other means.

The slope method used by (Rucker and Ferré, 2003b) relied on knowledge of the higher

velocity in which critical refraction along the interface occurs: 

2v 1
(14)

VA2 vi2 4. 4

where A is the travel time slope, dedz, and vi is obtained from the travel time profile

using Equation 1. For our example with soil velocities of 0.1 and 0.05 m ns -1 , the travel

time profile would exhibit a slope of 34.64 ns in -1 . For comparison with the dipping
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layers, slopes of different portions of the travel time profile in Figures 8.3A and B were

calculated, including the region of cross-dip and critical refraction.

Table 8.1 shows the results of the computed slopes with two different models of the high

velocity layer. Two important conclusions can be drawn from the table. Firstly, the dip

angle and offset do not affect the slope of the travel time profile in the region of critical

refraction. The slope of both earth models with dip vary only slightly from the slope of

the flat lying layers. This indicates that, irregardless of dip, we can use the slope method

to calculate the velocity below the dip accurately. Secondly, the slope of the cross-dip

portion is approximately half of the slope in the region of critical refraction. The

difference in slope will help in identifying the two travel paths on a travel time profile.

Table 1. Travel time slope calculations
v1
(m/ns)

v2
(m/ns)

dip
(degrees)

offset
(m)

cross-dip slope
(ns/m)

critical refraction slope
(ns/m)

0.1 0.05 0 0 -- 34.64
0.1 0.05 10 0 16.24 34.11
0.1 0.05 0 -0.75 17.32 34.64
0.1 0.05 10 -0.75 15.34 34.11
0.07 0.05 0 0 -- 27.99
0.07 0.05 10 0 12.57 27.65
0.07 0.05 0 -0.75 14.02 27.99
0.07 0.05 10 -0.75 11.36 27.56
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To obtain the dip angle and dip position, consider the travel time when the receiving

antenna is located exactly at the interface and the transmitting antenna located below the

interface. In this configuration, the first arrival travel time crosses over from the cross-

dip travel time to critical refraction travel time. This cross over travel time (11), derived

in Appendix B, is:

Z„ ' y1 COS 2 (a) — z,, y, sin(O(  + a)cos(a) + v 2 x cos(0),

V I V2 COS(61, )cos(a)
(15)

For this case

z„ = —offset ,	 (16)

and za is the position of the transmitting antenna when the receiving antenna is located at

the interface. Solving for za yields:

v2x cos(0, )
	  v2 x sin (0, + a) tan(a) + v i x sin (a)

,y, cos(Oc) 	 cos(a) 
ZTx = Z	 + 2d,p

cos(a)— v2 	+ a) x 	v, cos(a)— v2 	+ a)

(17)
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Equation 17 contains two unknowns: zd,„ and a. Subtracting Equation 17 from itself with

different values for offset,  zr, and r,„ and solving for a will yield a good approximation

for the dip angle:

(2
A2	 z	 2

	

2	 Tx 	AZ 2	 2
	V 2 V2	 V

2 
+ 	 rx VI - V21A r	 A rx

A 	• \ 2	 ( Az	 2
(18)

2
	Tx 	 22	 2	 LA''' Tx	 2
	V 2 V2	 V + 	

Arx j
+ V2 AlV 2 - v I	 2

a tan -1

The value for Az J\ AT, is obtained directly from the two travel time profiles.

Specifically, the values of za and rx can be interpreted by fitting lines to the two travel

time regions of cross-dip and critical refraction. Once the dip angle is computed, the dip

position can be obtained readily from Equation 17 with information from one profile.

As an example, Figure 8.4A shows a ZOP with a dip of 100 (identical to Figure 8.3A).

The travel times of the cross-dip and critically refracted regions are identified with

straight lines. The point at which the lines intersect demarcates the location of the

transmitting antenna when the receiving antenna is at the interface (5.14 m). The cross

over travel time is 38.6 ns. Figure 8.4B is an FOP with an offset of-0.5 m. The r, is

46.2 ns and the zT„ is 5.64 m. The value of Az TjAri. is 0.065 m ns -1 . Using Equation
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18, the dip angle is approximately 11 0, which is very close to the value of 100 used in the

forward model. The dip angle, cross over time, and antenna position from Figure 8.4A

are used in Equation 17 to obtain the dip location, Zdip, of 4.89 m. The calculated value

for zdip is close to the value used in the forward model (4.875 m).

Figure 4. Travel time inversion of a synthetic example to obtain dip angle and dip
position A) Zero-offset profile with cross-over time. B) Fixed-offset profile with
cross-over time.
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Field Experiment

Borehole ground penetrating radar first arrival travel profiles with zero-offset and a fixed-

offset of —0.5m were collected at a field site in Tucson, Arizona (Figure 8.5). The site

was located along the bank of the Santa Cruz River, an ephemeral stream that flows from

the south to the north through the city. Radar data was collected with a PulseEkko 100

(Sensors and Software, Mississauga, ON) borehole radar system with a 100 MHz center

frequency antenna. The travel time profiles were collected in boreholes C and D with a

separation of 2.01 m. The profiles were sampled to 10m at a vertical sampling interval

of 0.25 m.

Arizona

Figure 5. Site map of experimental site in Tucson, Arizona, showing locations of access
tubes for profiling with BGPR
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A characterization of sediments from a 20-inch recharge well were presented in Osborne

(1969). The well is located approximately 10 m northeast of the present study site, and

the completed depth was approximately 45 m. The characterization of sediments were

made by grain size analysis, distributed into fines (silt and clay), sand, and gravel. For

the first 10 m, the section was composed of volcanic samples consisting of predominately

sands and gravels. The fines tended to increase with depth. Caliche cement was also

present at around 10 m. Before urbanization and cementation of the riverbank to prevent

erosion, the sediments from about 4-10 m were hydraulically connected to the Santa Cruz

River (Wilson and de Cook, 1968). From approximately 10 to 25 m, the material is

composed of unstained volcanic material and Catalina Gneiss with no cementation. The

fines continued to increase with depth in this region. From 25 to 45m, the older

sediments consisted of interbedded deposits of silt, sand, and gravel with relatively high

permeable zones in the upper portion. Cementation increased with depth. The water

table, at the time of the present study, was located at approximately 35 m.

The BGPR access boreholes were drilled with a 0.2 m (8 inch) bit. The radar access

holes were cased with 0.05 m (2 inch) diameter schedule 40 PVC and each was capped at

the bottom. The annulus of each borehole was backfilled with a well-sorted silica sand

which was mixed with cuttings material from the boreholes. The cuttings were sieved

with a screen size of 1.25 cm before backfilling The top 0.45 m were backfilled with a

bentonite-sand mixture to help prevent shortcutting of water through the borehole

annulus.
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For the present study, continuous cores were taken with a split-spoon sampler in all four

boreholes (ASTM, 1992). The cores were characterized by soil type by inspection. The

soil types included clay, sand, gravel, and cobbles in any combination. Figure 8.6 shows

the results of soil characterization for boreholes C and D. In general, the top six inches of

soil consists of dry, unconsolidated loose sand and silt. The surface material is underlain

by a thick (-3.3 m) sandy layer with interspersed lenses of organic material and clay. A

black, peat-like organic layer is located approximately one meter below surface. The

material between 3.3 and 6.5 meters below ground is a gravely sand, which turns to

cobbles, gravel, and sand to 8.5 meters. From about 8.5 to 12 meters the medium varies

from a 1.5-meter thick clay lens to a rich clayey sand. The remainder of the profile to

15.25 meters is comprised of fine sand with small amounts of clay.

In addition to the BGPR profiles obtained in boreholes C and D, electromagnetic

induction (EMI) and neutron logging were performed. A Model 9512A EMI tool

(Century Geophysical Corp., Tulsa, Oklahoma) was used to measure the electrical

conductivity (EC). The EMI tool transmits an alternating magnetic field into the

surrounding medium, which induces alternating currents in nearby conductors. The

alternating currents produce a secondary magnetic field that is nearly proportional to the

electrical conductivity of the medium. The tool length was 2.67 m and the coil spacing

was 0.5 m. The reference depth for the measurement is centered within the coil.

According to the manufacturer, 90% of the response of the instrument comes from
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material within a radius of about 1.3 m from the access tubes. The measurements start at

approximately 0.5m bgs and the boreholes were logged at an interval of 0.01 m at a rate

of 6 m min-1 to a depth of 10 m (Figure 8.6). The tool can be quite sensitive to possible

metallic debris in the annulus, which is seen at about 7m bgs in borehole D.

The neutron probe (Campbell Pacific Nuclear, model 503DR) emits fast moving neutrons

radially into the soil, which are slowed by elastic collisions with nuclei of the

surrounding media. Energy loss is highest with hydrogen (or a proton), and the number

of slow moving neutrons detected at the gage can be related to the volumetric fraction of

water in the subsurface (Hillel, 1998). The penetration of the high energy neutron is

approximately lm in dry soil and reduces to approximately 0.2 m for wet soils (01gaard

and Haahr, 1967). The boreholes were logged at an interval of 0.25m (Figure 8.6). A 32-

second count was performed for each measurement location.

Figure 8.6 shows that at approximately 8 m, the change in soil type from sandy gravel to

clayey sand causes a large change in both the electrical conductivity and the neutron

counts. In borehole C, the change in EC increased from about 20 mS m-1 to 60 mS m-1 in

the interval from 7.75 m to 8.5 m. The neutron count increased from approximately 8500

to 9800 counts in the depths of 8 to 8.5 m. The same trend can be seen in borehole D, but

the changes in neutron counts and EC occur approximately 0.5 m below the depth of

change seen in borehole C, indicating that there is a dip of the layer boundary. Soil

characterization also confirms that a dip may be present at this depth. The clayey sand
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layer starts at about 8.27 m in borehole C and at 9 m in borehole D. From the soil core

characterization, the dip angle is approximately 20°. From the EMI and neutron log, the

dip angle is approximately 14° .

The BGPR first arrival travel time data for the borehole pair CD (Figure 8.7) were picked

using 'PICKER', which is an automated picking software provided by the manufacturer

of the radar system (Sensors and Software, Mississauga, ON). Figure 8.7A shows first

arrival travel times for both ZOP and FOP with an offset of-0.5 m for the entire profile

to 10 m. The sampling interval for Figure 8.7A is 0.25m. The profile shows that at a

depth around 8.25 m, there is an increase in travel time due to refraction, either cross-dip

or critical refraction. The dip is recognized by the two profiles having nearly identical

travel time values. Another possible location for a dipping layer is around 4 to 5 m as

seen in Figure 8.6. Figures 8.7B and 8.7C show an expanded view of the depths from 8

to 9.5m, with a sampling discretization of 0.0625m. From 8 to 8.75 m, the ZOP profile

(Figure 8.7B) shows a travel time increases that would suggest that a dip exists. The

travel time slope from 8 to 8.25 m is 7.23 ns m-1 and the slope from 8.38 to 8.62 m is

14.76 ns m-1 . Since the value for the upper slope is approximately half of that for the

lower slope, these regions represent cross-dip refraction and critical refraction within the

profile, respectively. It is assumed that the travel time at 8 m is from a direct arrival, and

the propagation velocity above the dip is 0.102 m ns-1 using Equation 1. The velocity

below the dip, using Equation 19 and the slope from depths of 8.38 to 8.62 m, is 0.08 m
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ns-1 . For the FOP (Figure 8.7C), the slope from 8.38 to 8.56 is 7.46 ns m-1 and the slope

from 8.81 to 8.94 is 15.19 ns

To find the cross-over time, ç, for each travel time profile, lines representing the slope

were drawn over regions of the travel time plot that represent cross-dip refraction and

critical refraction. The travel time at which the two lines intersect is 11. For Figure 8.7B,

the value is 21.3 ns; for Figure 8.7C the value is 23.7 ns. Using Equation 18 and the

Figure 7. First arrival travel time profiles in borehole pair CD. A) ZOP and FOP travel
time(-0.5m offset) for entire profile to 15m. B) ZOP travel time profile from 8 to 9.5
m showing cross over time for dip angle and position calculation C) FOP travel time
profile from 8 to 9.5 m showing cross over time for dip angle and position
calculation.
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propagation velocities above and below the dip, Az„ rx =0.208 m ns-1 and the dip

angle, a=14°. Equation 17 was used to determine that the dip position, zdip , at 8.4 m. The

dip angle matches more closely to the angle predicted from the borehole logs than the

core characterization. Since the soil samples are not nearly as accurate as borehole

logging, it is more likely that the actual dip of the layer is closer to 14° than 20° .

Conclusions

The forward solution for the first arrival travel time from zero-offset and fixed-offset

profiling with BGPR is presented. The solution assumes that the travel path of an

electromagnetic wave can be analyzed using ray tracing. Previous solutions to ray

tracing of zero-offset profiling (Rucker and Ferré, 2003a;b) only considered flat lying

layers, where two travel paths were important to properly interpret the velocity structure

of the subsurface: direct and critically refracted. For dipping structures, where the

antennae are on opposites sides of the interface, a third path is necessary to explain the

first arrival travel time: cross-dip refraction. The travel time of this path depends upon

the angle of incidence to the interface of the dip.

The inversion of first arrival travel time across a dipping interface to obtain the velocities

above and below the dip as well as the dip angle and the dip position are also presented.

The solution relies on two travel time profiles obtained from the zero-offset and fixed-

offset profiles. It was shown that dip does not significantly affect the slope in the region

of critical refraction, where both antennae are in the layer of low propagation velocity.
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Therefore, the slope method of Rucker and Ferré (2003a;b) can be used to estimate the

velocity below the dip. The dip angle and position are obtained by finding the travel time

when one antenna is located exactly at the down-dip interface.

An example of field collected first arrival travel time data in alluvial deposits along an

ephemeral stream is used to show the accuracy of inverse solution. The field was

characterized beforehand by inspection of continuous cores and through borehole logging

with an electromagnetic induction tool and neutron probe. All three methods showed a

dipping clayey sand layer existing approximately 8 m to 8.5 m below ground surface.

The dip was estimated to be between 14° and 20° from the horizontal over a separation of

2 m. First arrival travel time from a ZOP and FOP (offset=-0.5m) were collected at a

sampling interval of 0.25 m for the entire profile and 0.0625 m for the section between

7.5 m and 10 m. Both profiles were needed to help delineate dip in the subsurface. The

inversion of the travel time data revealed that a dip does exist at approximately 8.4m with

an angle of 14°, which matches well with the dip angle estimated from the borehole

logging tool. The depth of the dip was found to be located halfway between the depth

where electrical conductivity increases in boreholes C and D.
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Appendix A: Forward model of cross-dip first arrival travel time

Using the parameters defined in Figure 8.2A, we wish to find the angle of incidence (Of)

to the dipping plane from a source located in v2. The entry of the ray is located at xt, from

the up-dip intersection of the transmitter and the planar interface. The length of the

dipping interface is:

X_ 	
cos a

Using the law of sines, xd and xu are defined as:

X. =
cos(01 )

zd sin(02 + a)
X d =	 , and

COS(02 )

192 = sin -1

(	 \

—LI? Sin(0 )1
\ V2	 /

(A4)

zu sin(01 + a)

(Al)

(A2)

(A3)



Substitution of Equations A2-A4 into Al yields:

(	 \	 \

sin sin-i v sin(01 ) +a
sin(0, + a)	 v2	 )	 )	 X

Z 	 ±Zd	 = 0
" cos(0, )	 2	 COS a

1 —	 sin 2 (191 )
V,2

For dip angle less than approximately 25o, Equation A5 can be approximated by:
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(A5)

zu +  
Zd =0	 (A6)      

V
2

1 —	 sin 2 (01

V2      

Solving for 0] yields:

= cos -1

(	 2 V/2

V 2 V21	 ± 2 	cos(a)zd2

V 2 V2 X -z cos(a))
(A7)

Figure 8.8 shows the graph of the left-hand sides of Equations A5 and A6 in the vicinity

of the solution, from 29° to 29.7° . The difference between the angles calculated from the

two solutions are very small, showing that Equation A6 is an acceptable solution.
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Appendix B: Inversion of travel time for dip angle and position

To obtain the two unknown parameters, aand zd,p, two travel time equation are needed.

For simplicity, we'll use the ZOP travel time but two FOP could be used. Additionally,

since the slope of the cross-dip travel time is significantly different from the slope of the

critical refracted travel time, an FOP with negative offset will be used. To calculate the

travel time when the receiving antennae is located exactly at the interface, the following

geometrical conditions are considered:

O1=t9,	 (B 1 a)
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02=90 ° 	(Bib)



Z = X d =
COS(\Ce )

Using Equations 2-4, the first arrival travel time is:

cos(a)—;v2 sin(0, + (x)cos(a)+ v2 xcos(9c.)

vi v2 cos(0, )cos(a)

where

Zu = ZTx Z + tan(a),

Z Tx = Z Rx — offset, and

zRx = zdip +—
x

tan(a) .2

Substitution of Equation B3 into B2 and solving for zi-x yields:

v2 x cos(6! )
v2 x sin (0, + a) tan (a) + v i x sin (a)

v 1 v2 cos(0( ) 	 cos(a) 
Z Tx = Z dip	 r x + 2

v, cos(a)— v 2 sin(0, + a)	 v, cos(a)— v2 sin(0, + a)
(B4)
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(Bic)

(B2)

(B3)

Subtracting Equation B4 from itself with two pairs of (zT„, T,) yields:
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AZ 2:x-	 VI V2 COO, )

Arx cosfr4v2 	+ a) — y 1 cos(a))

Expanding Equation B5, where:

(B5)

cos(60, )=

2	 2	V I - V2 	V
	; sin(19, )=

1 	V1
(B6)

yields:

2	 2
Tx  = VI V2 VVI V2 AZ

cosfrxiv; — v22 )cos(a)— v211'4 —v sin(a)1
(B7)

For small dip angles (less than 20°), the outer cosine of the dip angle in the denominator

is approximately. With this approximation, the solution for dip angle becomes tractable:

(	 \ 2 \ 2
2V2 V 2

AZT): v 1
2 2 2

- V2

A'ZTr j

(AZTx+
A rx

2

a = tan' (B8)
(	 \ 2 (	 2

V2
2

V2
2

V2
AZTx vt2 +

AzTx
V

2

AT x j Arx )
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APPENDIX G: EXPERIMENTAL PROCEDURE

Several infiltration experiments were performed to more fully understand how borehole

ground penetrating radar (BGPR) measurements of first arrival travel time were related to

the spatial variability of the water content profile. Water was infiltrated at the surface at

a rate that minimized ponding. During the experiments, both profile and fixed-depth

measurements of travel time were recorded. A profile measurement refers to the

antennae moving to a new depth for each subsequent travel time recording. The result is

a spatial description of dielectric properties at a fixed time. Fixed-depth measurements

are conducted by lowering the antennae to one depth and recording the travel time as a

time series. The result is a temporal description of dielectric properties at a fixed depth.

In addition to the BGPR measurements, other hydrologic instrumentation was used to

help infer the water content variability during infiltration. The instrumentation was

buried in hand-augered holes or placed in access tubes. These instruments include, the

time domain reflectometery probe (TDR), tensiometers, thermocouples, neutron probe,

borehole electromagnetic induction (EMI), and a borehole thermistor. The first three

instruments (TDR, tensiometer, and thermocouple) were buried within the infiltration

area (gallery) and nested to allow for several instruments to be placed in one hole. The

nesting strategy was used to minimize the number of holes within the infiltration gallery.

The borehole instruments included BGPR, EMI, neutron probe, and downhole thermistor.
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Site Description

The experiment site was located along the Santa Cruz River in Tucson, Arizona (Figure

1). The property is owned by the University of Arizona, and is a 72-acre agricultural

experiment station operated by the Department of Agricultural and Life Sciences. It is

referred to as the West Campus Agricultural Center (WCAC). Previous work at the

WCAC was conducted by the Water Resources Research Center for experiments in

artificial recharge into the vadose zone (Wilson and de Cook, 1969; Osborne, 1969). The

following geological description was taken mainly from their work during the

characterization of sediments from a 20-inch recharge well. The well is located

Figure 1. Field Site Location in Tucson, Arizona
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approximately 10 m northeast of the active infiltration area described in this thesis. The

completed depth of the recharge well was approximately 45 m. The characterization of

sediments was made by grain size analysis, distributed into fines (silt and clay), sand, and

gravel (Figure 2A).

The samples were composed of volcanic samples for the first 10 m (Osborne, 1969),

consisting of predominately sands and gravels. The fines tended to increase with depth.

Caliche cement was also present at around 10 m. Before urbanization and cementation of

the riverbank to prevent erosion, the sediments from about 4-10 m were at one time

Cumulative Percentage

20	 40	 60	 80	 100

Figure 2. A) Sieve analysis from Osborne (1969).



238

hydraulically connected to the Santa Cruz River (Wilson and de Cook, 1968). From

approximately 10 to 25 m, the material is composed of unstained volcanic material and

Catalina Gneiss with no cementation. The fines continued to increase with depth in this

region. From 25 to 45m, the older sediments consisted of interbedded deposits of silt,

sand, and gravel with relatively high permeable zones in the upper portion. Cementation

increased with depth. The water table, at the time of the present study, was located at

approximately 35 m.

For the present study, four borehole radar access tubes were drilled to a depth of 15.25 m.

During drilling, continuous cores were taken with a split-spoon sampler (ASTM, 1992).

From the cores, gravimetric soils samples were taken at an approximate interval of 0.45

m. The cores were also characterized by soil type through inspection. The soil types

included clay, sand, gravel, or cobbles in any combination. Figure 2B shows the results

of soil characterization and gravimetric soil sampling of the four boreholes. The soil has

the following description, which is a slightly more detailed report of the alluvium in the

near surface than earlier reports. The top six inches of soil at consisted of dry,

unconsolidated loose sand and silt. The surface material is underlain by a thick (-3.3 m)

sandy layer with interspersed lenses of organic material and clay. A black, peat-like

organic layer is located approximately one meter below surface. The material between

3.3 and 6.5 meters below ground is a gravely sand, which turns to cobbles, gravel, and

sand to 8.5 meters. From 8.5 to 13 meters the medium varies from a 1.5 meter-thick clay
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lens to a rich clayey sand. The remainder of the profile to 15.25 meters is comprised of

fine sand with small amounts of clay.

The boreholes for access tubes were drilled with a 0.2 m (8 inch) bit. The access tubes

were 0.05 m (2 inch) diameter schedule 40 PVC and each was capped at the bottom. The

boreholes were backfilled with a well-sorted silica sand which was mixed partly with

cuttings material from the boreholes. The cuttings were sieved with a screen size of 1.25

cm before backfilling. The top 0.45 m were backfilled with a bentonite-sand mixture to

help prevent shortcutting of water flow through the borehole annulus.

Before the infiltration experiments began, zero-offset profiling (ZOP) of first arrival

travel time measurements with BGPR were made in the 6-pair borehole combination.

Zero-offset refers to the antennae being lowered to the same depth below ground for each

measurement. Figure 3 shows the travel time measurements for a 100-MHz antenna in

borehole pair BD. For comparison, the gravimetric water content from boreholes B and

D are also shown on the figure. The figure shows that in regions of relatively low water

content, the travel time is also small.

General description of infiltration experiments

A total of three infiltration experiments were conducted at the WCAC, and are referred to

as Infil 1, Infil2, and Infil3 Infil 1 was conducted on July 10, 2001; Infil2 was conducted

on November 9, 2001; Infil3 was conducted on March 16, 2002. During each infiltration



E	 -. -

"74 *Cj';•-n

2	 co, >
.9 -6
z

II	 I	 H	 II	 II	 II	 ''7,,,i	 '
,

'

,.-E,'.
,,,;

v
=cd	 caCI) .5,

,-,	 5	 ',--f.-;
c;?	 r.--.._,

v
7 .4::,•-•., g.,	 o

,,,‘, A. , 	,
t'E

,,$z

',7:$
0 -

•0

0	
U	 U LJ	 U	 1:;>,'.r;

0	 ' , 0
rIII^	

0
,3inun

0
iirll.n

0
lIr:6 E0

u n i_13 u o u cl u o u n i.I .,›,z,

nilflaiinii ri il ri I t " II r 	=,43
Fg U	 I	  LJ	 U	 U	 u I, 0 • .-.

n°n 	n°n°n°n°rEP
0	 ,,
c.)

j.,) >	 .

,—t-
..5, '	 C.)	 >70-, ts.

A

4.41 A
n

y •••

e•-n

E E

.E

242



243

experiment, tap water from an on-site spigot was applied evenly over the infiltration

gallery. The gallery had dimensions of 5m by 5m. An in-line flow meter was used to

monitor the flow rate. The water was delivered by a 3/4 —inch garden hose connected to

two 1-inch PVC manifolds. Each PVC manifold distributed the water to eight porous

hoses of 4.5 m length. The manifolds were placed at opposite ends of the gallery and the

hoses of one manifold filled the gap between the hoses of the second manifold to ensure

an even distribution of water over the site. Figure 4 is a picture of Infil2 in progress.

Some regions within the gallery collected water because they were topographically low.

Maximum water depth was approximately 3 cm in regions of ponding.

Figure 4. Picture of infiltration experiment, Infil2 in progress
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Buried instrumentation locations

The buried instruments were placed within the gallery to monitor the vertical flow of

water. Instruments were also placed outside of the gallery to monitor the radial flow of

water away from the gallery. Figure 5A shows a map view of the locations of these

instruments. A total of 6 holes were hand-augered for vertical TDR placement. Three of

the holes were inside the gallery with 17 TDRs distributed among the holes, and 3 were

outside the gallery for the remaining 11 TDRs. Additionally, a single multilevel TDR

(Environmental Sensors Incorporated, Victoria, BC, Canada) was placed within the

gallery. The multilevel TDR is discretized into 5 segments, with the segments having

lengths of 0.15, 0.15, 0.3, 0.3, and 0.3m from top to bottom. Three holes were hand-

augered for the tensiometer locations within the gallery. Two holes were hand-augered

for thermocouple placement within the gallery. All of the buried instruments were

connected by cables or wires to dataloggers (Campbell Scientific, Logan, UT) on the

surface. The dataloggers were housed in water-proof boxes on the northeast corner of the

gallery (Figure 4).

Figure 5B shows the depths at which the instruments were buried. The deepest

instrument was 4.5 m below ground surface (bgs), and was limited by the length of the

auger. The shallowest buried instrument was a multi-level TDR at the surface. Many of

the instruments were buried near the same depth. For example, at around 2-5m bgs, there

are seven TDRs, three tensiometers, and four thermocouples. This is near the depth at

which the fixed-depth radar measurements were conducted.
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Experiment Infill

The first infiltration experiment was used to simply assess the maximum infiltratibility of

the subsurface Tnfiltratibility refers to the infiltration flux resulting when water is made

freely available a the soil surface (Hillel, 1998). During this infiltration experiment, the

borehole antennae were lowered to the same depth to approximately 3m bgs. A pair of

50-MHz antennae were used in borehole pair AD. A volumetric flow rate of 2.2x10-4 m3

1s (3.5 gpm) was sustained during the course of the experiment which lasted

approximately 27 hours and 26 min. During this early experiment, no instruments were

placed within the gallery.

Experiment Infil2

Active infiltration for experiment Infil2 began on November 9 and ended November 12.

Water was applied at a rate of 9.4x10 -5 m3 s-1 (1.5 gpm) for 71 hours. During the

experiment, repeated profiles of BGPR travel time for all six borehole pairs were made.

The sampling frequency at which borehole pair BD was profiled was approximately 6

times greater (1.5 hour sampling rate) than the other five pairs (8 hour sampling rate).

Between profiles, fixed-depth travel time data was recorded at a sampling rate of 15

minutes.

In addition to the profiling with BGPR, neutron probe profiles and fixed-depth data were

collected. The profiles occurred in all 4 boreholes at a sampling rate of approximately 3

hours. The fixed-depth recordings were conducted in borehole C at a rate of 15 minutes.
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EMI was also used to profile borehole A at a sampling frequency of approximately 1.5

hours. The sampling frequency for each buried instrument was 10 minutes.

Experiment Infil3

The infiltration experiment, Infil3, was also conducted over several days. The infiltration

rate was of 9.4x10 5 I113 s-I (1.5 gpm) for 66 hours. The primary objective for Infil3 was

to obtain fixed-depth travel time data that recorded the complete travel time increase

from very dry to very wet conditions. The antennae were lowered in pair BD to 2.25 m

bgs. Travel time data was recorded every 30 minutes. In addition to the fixed-depth

recordings, profiles were obtained in borehole pair BD before, immediately after, and 1

week after infiltration ceased. Buried instrumentation inside and outside the gallery

collected data at a sampling rate of 10 minutes.

Instruments and data collection

Radar

The ground penetrating radar system used for the experimental measurements was the

PulseEkko100, manufactured by Sensors and Software (Mississauga, ON). An antenna

with a center frequency of 100 MHz was used for most of the field experiments, which

provided the best trade off between low attenuation and high resolution. The exception

was Infill, where a 50 MHz antenna was used. The attenuation refers to the dampening

of the received signal from an EM wave traveling through highly electrically conductive

material, while the resolution is in reference to the rise time of the generated pulse. A
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frequency greater than 100 MHz would provide a faster rise time and therefore higher

confidence in picking the correct first arrival of energy within the radargram. However,

high frequencies have the limitation of greater attenuation, especially in semi-arid regions

where soils tend to be more saline from the evaporitic environment.

The bistatic, dipole antennae are connected via cable to a separate transmitter and

receiver, which in turn is connected to a main console. The 100 MHz antennae are

approximately 1m long and are marked every 0.25m to denote measurement locations.

The reference depth is considered to be the center of the antenna, where the two leads for

opposite polarity split. The markings continue along the entire length of the cable, which

can practically span to 60m. Longer cables can be used, but the weight of the cable

becomes problematic for extremely long leads. The console is connected to a laptop,

where the user assumes control of the system. The laptop displays and saves data for

future interpretation.

The pulse generated by the radar is a mixed-phase Ricker wavelet and has a narrower

bandwidth than that produced for TDR, which has a bandwidth from 10 MHz to 1000

MHz and center frequency of 750 MHz. Levitskaya and Sternberg (2000) have shown

that laboratory measurements of dielectric permittivity at a single frequency using a

network analyzer can affect empirical calibration functions, which differ slightly from the

standard Topp equation derived from TDR interpretations. However, controlled
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laboratory calibration experiments with actual BGPR have yet to be published due to the

large sample volume needed in the experiment.

For profiling with BGPR, the antennae are lowered through two nonmetallic access tubes

separated at a known distance. PVC-cased boreholes are most commonly used for

BGPR. Atop the access tubes are borehole guides, which provide a smooth surface for

the cables to rest without damage. The top of the borehole guides also act as a common

depth reference to help operators ensure the cables are located at the same distance below

ground. Before actual measurements begin, a calibration procedure is performed. The

calibration allows one to obtain the actual travel time between the antennae by

subtracting the time required to for the energy to travel through the console to the

transmitter, through the cables, and from the receiver back to the console. This procedure

is necessary because the measurement for travel time starts at the console, not at the

antenna. The calibration procedure requires five measurements in air, and the average

travel time through the system of the last four shots is used to subtract from the

subsequent recordings below ground. A typical travel time through the system is 25-28

ns and is referred to as the 'time-zero' pick.

After calibration, the antennae are placed within the access tubes with the first

measurement made above the ground surface. Subsequent measurements are collected at

every 0.25m downward. In urban environments where radio traffic may be high, near

surface measurements can be corrupted by noise. In this case, stacking is performed,
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whereby multiple shots are averaged together and the signal-to-noise ratio increases as

the function of the square root of the number of stacks.

A calibration is also performed for the fixed-depth time series data. After calibration, the

antennae are lowered to the desired depth and the cables are clamped by the borehole

guides to prevent movement. Because battery life for the transmitter and receiver is

approximately 1.5 hours, the GPR is shut off between measurements. Shutting off of the

instrument also prevents over-heating. The software remains running during the entire

experiment, but is paused for manual control of the sampling interval. When sampling,

the BGPR is turned on, the software activated, (during which a pulse is propagated

between the antennae), and the software is paused again.

Figure 6 shows an example of a radargram of a BGPR profile in borehole pair BD.

A radargram shows the recorded wavelet, or wiggle trace, of an EM wave at discrete

measurement locations producing a travel time (from 0 to 250 ns) versus depth graph.

The amplitude values (i_tV) are plotted relative to one another, where negative amplitudes

are filled. Overlain on the figure are the first-break picks of each wiggle trace,

representing the first arrival of energy. Secondary arrivals also appear within the

radargram, which are most likely reflections from nearby layers. The amplitudes of the

secondary arrivals are much lower than that of the first arrival. Cross-correlation of the

input wave with each trace would allow one to extract the exact timing of each secondary

arrival (Sheriff and Geldart, 1995).
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Figure 6. Radargram showing wiggle plot of radar traces collected in borehole pair BD.
An example of first break picking of first arrivals and secondary arrivals are also
identified
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Figure 7 shows the results of the first arrival travel time measurements recorded as a

function of infiltration time for experiment Infill . The radar data was collected

approximately every 30 minutes. The first several hours of data were lost due to the

computer crashing. A line was fit from the expected point where travel time would have

increased to the first actual measurement point to represent the lost data. The figure

shows an increase in travel time as the wetting front moves past the antennae. From the

travel time curve, the darcian flux (q) can be calculated. Assuming piston flow, the flux is

equal to

q =L 
AO

At
(1)

where L is the length of travel for the wetting front, A6!/zit is the slope of the travel time

curve, assuming that the travel time at the beginning and end of the experiment can be

converted to water content from a direct wave traveling between the antennae. The

conversion is:

0= 0.1181 11' r 0.1841,	 (2)

-1where Vair is the speed of an EM wave in air (0.3 m ns ), ris the travel time (ns), and x is

the antennae separation (3.01 m for borehole pair AD). Equation 2 is a linearized form of

the Topp equation (Topp et al., 1980) presented by Ferré et al. (1996). Further assuming



• Lxpected Data

Original Moisture Content

253

that critical refraction is occurring when the wetting front is near the antennae (Chapter

8), the length of travel for the wetting front is 0.705 m. The length is calculated from the

refraction termination depth (Chapters 3 and 4), which would represent the maximum

length of travel for a critically refracted wave:

X

Z rtd = 2 A 

V high — V low 
(3) 

vhigh +    

vhigh and viow are the EM propagation velocities (z/x) before and after the wetting front

passes. Using Equations 1-3, the flux is calculated to be 4.79x10-4 cm s-1 . The measured

flux at the surface is 9.4x104 cm s-1 . Since the measured flux within the subsurface is

lower than the applied flux at the surface, some lateral flow may be occurring.

3-45	 5:15	 6:45	 8:15	 9:45	 11:15 12:45
Time of day (AM)

Figure 7. Time series of first arrival travel time in borehole pair AD during infiltration
experiment Infill. Travel time data collected with 50 MHz antennae approximately 3 m
bgs
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After infiltration ceased, the water began draining from the profile. Travel time profiles

were recorded approximately twice per week between experiments Infill and Infil2. The

first profile did not start recording the drainage event until one week after infiltration

ceased. Much information regarding the initial stages of drainage was therefore lost.

Figure 8 shows the travel time data from July 20, 2001 to October 28, 2001 from

borehole pair BD. The axes of Figure 8 represent the depth in meters and experiment

time in calendar day. The contours are travel time in ns. The figure shows that the travel

time begins to decrease in the upper 5 m due to drainage within the profile.

Repeated measurements of the travel time profile were conducted during Infil2 Figure 9

shows the travel time profile within four borehole pairs (BD, AB, CD, and AC) before

and after infiltration. The gray region between the curves within each profile represents

the increase in travel time due to infiltration. The travel time increase extends to

approximately 5.5 m in the borehole pair BD. The other three show a significantly

deeper increase, up to 8 m in borehole pair CD, indicating the possibility of a sloping

wetting front.

During Infil3, the data collection centered around borehole pair BD. In this borehole

pair, both fixed-depth and profiles of travel time were collected. The fixed depth

measurements (Figure 10A) spanned the entire infiltration time, in which the wetting

front moved past the antennae. Additionally, profiles (Figure 10B) were obtained before

infiltration began, immediately after, and one week after infiltration ceased.
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Figure 8. Contour of first arrival travel time (ns) in borehole pair BD from July 19, 2001
to October 29, 2001
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Figure 9. Travel time profiles before and after infiltration in borehole pairs AB, BD, CD,
and AC. Gray region represents travel time increase due to infiltration
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m depth during Infi13. B) Profiles of travel time before, after, and one week after
infiltration in borehole pair BD during Infil3

Data collection with datalogger

The thermocouples and tensiometers were connected to a CR1Ox datalogger (Campbell

Scientific, Logan Utah) by way of two AM416 multiplexors, one for each type of

measurement. The multiplexors contained 32-channels. All datalogger equipment were

stored in protective boxes. The datalogger was capable of storing two megabytes of data.

Data storage included 32 thermocouple measurements, 15 tensiometer measurements, air

temperature, datalogger temperature, battery voltage, time, and calendar day.

The TDR instrumentation included a CR10x, TDR100, and 4 SDMX50 multiplexors.

The TDR100 generated the waveform. Data storage included the 251-point reflected
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waveform, interpreted relative apparent dielectric permittivity from the waveform,

datalogger temperature, battery voltage, time, and calendar day.

Tensiometers

A tensiometer measures matric suction potential of an unsaturated soil. The two main

parts of the tensiometer are the ceramic porous cup and manometer. For the infiltration

experiment, the manometer was replaced with a differential pressure piezoelectric

transducer for the automatic recording of data with dataloggers as described by Hubbell

and Sisson (1998). The porous cup is in hydraulic contact with the surrounding soil

through the use of a fme silica slurry.

The tensiometers employed for the infiltration experiment were fabricated in-house,

using guides provided in Hubbell and Sisson (1996) with modifications for our specific

usage (Yao et al., 2003). The tensiometers were placed in three augered holes, with five

tensiometers per hole covering depths from 1 m to 4 m bgs. A 15 cm augered hole was

needed to accommodate the size constraints of the tensiometers. Before installation, each

transducer was calibrated against a known pressure head.

Figure 11 shows examples of data from the tensiometers during Infil2 The plots

represent data collected from the tensiometers located in hole Tensiometer 2 (Figure 5).

Figure 11A shows the profile starting at a high suction before infiltration, to a low suction

(closer to saturation) just as the water is turned off. The suction increases as the
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Figure 11. A) Profile of pressure head measurements (cm) with tensiometers in hole
Tensiometer 2, before, after and 48 hours after infiltration during Infil2. B) Time
series of pressure head at 2 m bgs during Infil2

drainage redistributes the water to deeper sediments. Figure 11B shows the time series of

data collected at approximately 1.75 m bgs. As the wetting front passes the porous cup,

the suction decreases very quickly to its minimum value.
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TDR

Time domain reflectometry is another high frequency EM tool that measures the travel

time of a pulsed wave to infer water content (Topp et al. 1980). Several differences,

however, set it apart from GPR. The TDR uses parallel metal rods as wave guides to

propagate a wave down the length of the rods. The pulse is then reflected back from the

end of the rods and a two-way travel time is recorded. Frequencies used by the TDR

encompass a broadband spectrum from several MHz to several GHz, depending on the

rise time of the pulse generated. The TDR system employed for this infiltration

experiment was the TDR100 for pulse generation and waveform interpretation. A total of

28 TDRs were placed within 6 holes around the infiltration gallery with rod lengths of 15,

20, and 30 cm. The rods were assembled using a high heat-resistant epoxy for the heads

with no baluns. The TDRs were assembled in-house. RG-58A coaxial cable connected

the TDRs to the multiplexors.

Figure 12 shows the results of TD data collected during Infil3 The plots are of the

square root of relative apparent dielectric permittivity from the interpretation of the

waveform by the TDR100. For reference, the square root of relative dielectric for air is

1.0, the value for water is approximately 9, and the value for dry sand is 1.8. Figure 12A

shows profiles of relative dielectric in hole TDR 3 for before, after, and 48 hours after

infiltration. The square root of the dielectric can be converted to water content using the

Topp Equation. Figure 12B shows the time series of data at approximately
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Figure 12. A) Profile of the square root of the dielectric permittivity from TDRs located
in hole TDR 3, before, after and 48 hours after infiltration during Infil2. B) Time
series of the square root of the dielectric permittivity at 2 m bgs during Infil2

1.67 m bgs. Part of the data was lost during drainage because it was not downloaded

before being overwritten in the datalogger memory.
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Thermocouples

A thermocouple measures the temperature gradient caused by a voltage difference that

exists between two dissimilar metal wires. The thermocouple used in the infiltration

experiment was a twisted wire, copper-constantine (copper-nickel mix) type T with a

reference thermistor at the reference junction provided by Campbell Scientific. Since the

voltage range of a thermocouple is very low, twisting reduces the effects of magnetically-

induced interference from surface noise sources. The thermocouple wire consisted of a

4-pair, 24 gauge, insulated set and 4 sets (16 thermocouples 1 string) were placed

together to cover from 0 to 4.57 m (15 ft) bgs at a 0.305 m (1 ft) interval. A total of two

thermocouple strings were placed in 10 cm (4 inch) augered holes and backfilled with

drill cuttings. The thermocouples were connected to a AM416 multiplexor and CR1Ox

datalogger.

Figure 13 shows the results of the temperature data during Infil2. The temperature

profiles in Figure 13A shows that the infiltrating water is cooler than the soil. Figure 13B

shows the time series of temperature data at approximately 1.2 m bgs. The bumpy

appearance of the data is due to the heating of the datalogger, affecting the measurements

during the hottest part of the day. Therefore, for accurate comparison, the profiles were

taken from the same time of day (noon) in Figure 13A. The smoothed curve of Figure

13B represents the temperature at the base of the time series, and was fit by inspection to

remove the diurnal heat effects on the data.
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Figure 13. A) Profile of soil water temperature (°C) in hole Thermocouple 1, before,
after, and 48 hours after infiltration during Infil2. B) Time series of soil water
temperature at approximately 1.4 m bgs during Infil2

Neutron probe

The neutron probe (Campbell Pacific Nuclear, model 503DR) emits fast moving neutrons

radially into the soil, which are slowed by elastic collisions with nuclei of the

surrounding media. Energy loss is highest with hydrogen (or a proton), and the number
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of slow moving neutrons detected at the gage can be related to the volumetric fraction of

water in the subsurface (Hillel, 1998). However, hydrogen concentration in soils differ

and the number of slow neutrons counted by the detector generally need to be calibrated

to specific soils before a reasonable estimation of water content can be obtained.

During Infil2, the neutron probe was lowered to a fixed depth of 2.25 m bgs in borehole

C. A 32-second count was used to obtain the number of slow neutrons. Calibration was

not performed for the neutron probe; all neutron probe data presented is in the form of

neutron counts. In addition to the fixed-depth data, profiles were obtained in all four

boreholes. Due to the time required to complete a profile, the sampling interval was

increased to 1 m during active infiltration for boreholes A, B, and D. The sampling

interval was 0.25 m for borehole C, but the profile was only completed to a depth where

changes in counts were no longer observed.

Figure 14 shows the profiles and fixed-depth neutron probe measurements within

borehole C. Figure 14A shows a very large increase in counts at the surface due to the

effects of the bentonite backfill. A significant change in counts from before to after

infiltration can be seen to a depth of 9 m. Two days after infiltration, the drainage causes

a remarkable increase in counts below 8 m. The PVC casing had some water in the

bottom (max. 0.5 m depth), which may have affected the lower readings. The fixed-

depth neutron data (Figure 14B) shows a sharp increase in counts when the wetting front

passes the recording depth.
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Figure 14. A) Profile of thermalized neutron counts in borehole C, before, after, and 48
hours after infiltration during Infil2. B) Time series of neutron counts at
approximately 2 m bgs during Infil2

Borehole EMI

A Model 9512A EM induction tool (Century Geophysical Corp., Tulsa, Oklahoma) was

used for borehole electrical conductivity measurements. The precision of the instrument

is ±2 mS m -1 . The tool length was 2.67 m and the coil spacing 0.5 m. Measurement
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reference depth is centered within the coil. The EMI tool transmits an alternating

magnetic field into the surrounding medium, which induces alternating currents in nearby

conductors. The alternating currents produce a secondary magnetic field that are nearly

proportional to the electrical conductivity of the medium. According to the manufacturer,

90% of the response of the instrument comes from material within a radius of about 1.3

meters. The boreholes were logged at a rate of 6 meters per minute.

Figure 15A shows the electrical conductivity (mS na-1 ) before and immediately after

infiltration within borehole A during Infil2. Water is often one of the more electrically

conductive components of the subsurface and an increase in water content will increase

the electrical conductivity of a medium. The figure shows that the infiltrating water

increases the electrical conductivity by approximately 10 mS m-1 down to a depth of 5.5

m. Strong conductors are also seen in the figure at around 3.75, 4.5, and 11.25 m bgs.

These spikes in the electrical conductivity are probably due to small metallic objects

within or near the borehole annulus.

In addition to electrical conductivity, the induction tool also has a natural gamma-ray

detector (sodium iodide) for radioactive minerals emitting gamma rays. These minerals

include thorium, uranium, and most commonly potassium. The presence of feldspar,

which contain increased concentrations of K-feldspar minerals, causes the higher than

normal radioactivity on the gamma-ray logs. The volume sampled is about 0.5 cubic

meters of rock surrounding the detector.
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Figure 2.15. A) Electrical conductivity (mS m-1 ) logs in borehole A, before and after
infiltration during Infil2. B) Natural gamma (CPS) in borehole A, before and
after infiltration during Infil2

The data is recorded in units of counts per second (cps), and relative values are used to

compare lithologie changes in the subsurface. Figure 15B shows the results of logging

the natural gamma from before and after infiltration. The original data was filtered
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through convolution with a sinc function of size 50 cm. The filtered data is presented in

Figure 15B. The effect of infiltrating water is the reduction in cps in the upper 5.5 m.

Water has the potential to attenuate the gamma rays due to a change in the density of the

subsurface (Oostrom et al., 2002).

Downhole Thermistor

During Infil2, a Fenwal (Fenwal Elkectronics, Inc., Pawtucket, RI) thermistor was used

to obtain temperature profiles in borehole C before and after infiltration. Since the

thermistor was not a buried instrument, the temperature was logged to a depth of 15 m.

A temperature comparison with the buried thermocouple showed that the two instruments

matched quite well over the common depth range. The downhole thermistor data is

presented in Dowman et al. (2003).
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APPENDIX H: DETAILS OF AUTOMATED INVERSION

In the previous appendices dealing with the automated inversion of travel time to obtain

the water content, many of the details of the inversion algorithm were left out. This

appendix presents those details with an example.

Travel Time Inversion with Simulated Annealing

For automated inversion, only two pieces of information is needed: the antennae

separation and travel time profile. From this information, the phase velocity at each

measurement is calculated in a global optimization procedure. The optimization

procedure starts by guessing a velocity profile and calculating a new modeled travel time

profile. The two travel time profiles (modeled and measured) are compared. Where the

profiles differ, the phase velocity is modified and the travel time recalculated. In this

way, the forward model (calculation of travel time) is run many times with different

values for the phase velocity to find the best velocity model. The objective of the

optimization procedure is to search for a velocity profile that matches the measured travel

time within an error allowance.

The BGPR Reconstruct program starts by opening the data file containing the travel time

profile. The file can be of two formats. The first format is a two column file, with the

first column containing the measurement depth (positive downwards) and the second

column containing the first arrival travel time. The second format is a three column file,
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with the first column containing the depth and the second and third columns containing

the lower and upper limit of possible first arrival travel times, respectively. The range

allows for the program to fit within an uncertainty that is specific to the measurement.

Typically, first arrival travel times that are from critically refracted arrivals will have a

larger uncertainty than direct arrivals.

Once the travel time data is read by the program, the travel time profile (in green) appears

on screen. The error allowance also appears as a blue band near the measurement. For

the two column data file, the green travel time line is the actual data from the file and the

error allowance is a constant, which is set at a default value of 0.1 ns. This error

allowance is a fitting criteria for the inversion scheme. Because noise is present in the

data, which is unrelated to the water content of the subsurface, an error allowance is

needed for the fitting of the modeled travel time to the measured travel time. For the

three column data file, the green line (travel time measurement) is the average of the

second and third columns and the error allowance are exact values of the second and third

columns

The appearance of the travel time graph is piece-wise continuous, which gives it the stair-

stepped appearance. It is assumed that each measurement is its own layer, which is

unrelated to the physical lithology of the site. In the forward calculation of critically

refracted travel time, both phase velocity and source distance from a boundary is needed

to calculate the travel time. In this automated inversion procedure, only the velocity is
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calculated and the location of the boundary is assumed to be known, which is midway

between the measurement locations. For a profile containing 10 measurements, there will

be 10 layers in which the phase velocity is calculated. After inversion, lithological

features can be inferred.

The antennae separation is the next piece of information to be entered. After entering the

separation, the first guess velocity profile will be presented in the velocity profile. This

ftrst guess velocity profile assumes strictly that each travel time measurement is from a

direct arrival. In most global optimization routines, an initial guess is needed as a starting

location. From the starting location, a search is performed in which the best fit velocity

that produces a travel time that is close to the measured travel time is found. Since many

of the travel time measurements will be from a direct arrival, the direct arrival starting

location helps in reducing the number of iterations needed.

In this inversion scheme, no other assumptions are made a priori about positions of

refracting boundaries. Although, it is obvious that a boundary exists at the ground

surface, it is not explicitly assumed that critical refraction is occurring there. Refracting

boundaries are found automatically through the inversion process, because the critically

refracted travel time will be less than the direct travel time. Additionally, critical

refraction can occur with any layer within a vicinity of 2m from the measurement

location. The 2m is a cutoff, based on the maximum extent of the refraction termination

depth for realistic phase velocity layer structure of the subsurface plus a margin of error.
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This cutoff allows for a faster computation, because critical refraction is not calculated

for every layer in the profile at each measurement location.

As an example, consider the travel time measurements made in an earth of uniform water

content with 0=0.17 cm3 cm-3 . The phase velocity for the earth is approximately 0.1 m

-1ns . The separation is 3m and measurements are made every 0.25m from 0 to 1.25m

below ground surface. The travel time measurements are:

z={0 0.25 0.5 0.75 1 1•25}T; t- meas— {10 14.71 19.42 24.14 28.85 30} T ns

As the first guess, the modeled velocity profile will consist of direct arrivals (x/t):

vi={0.3, 0.203, 0.154, 0.124, 0.104, 0.1} m ns -1

Simulated Annealing Algorithm Control Parameters

The BGPR Reconstruct program was coded to run after the antennae separation was

entered. The run button starts the inverse procedure. However, the defaults values for

many of the parameters may not be suitable for every simulation. To effectively control

the velocity model during optimization, several parameters can be changed within the

external graphical user interface, including the amount by which the velocity can be

randomly perturbed, minimum and maximum velocity for the model, and model

smoothing. In addition to controlling the velocity model, parameters are needed to adjust
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the optimization algorithm and fitting the modeled first arrival travel time to the

measured travel time, which include the travel time misfit allowance, maximum number

of iterations, starting temperature, and cooling rate. Lastly, the simulated annealing code

has been outfitted with the ability to model the system deterministically or stochastically.

The user can chose the number of Monte Carlo realizations to perform in a stochastic

simulation, and the mean outcome of either velocity or volumetric water content can be

displayed along with error bars associated with one standard deviation.

Velocity Model Control

The maximum range by which the velocity in the stack can be perturbed is controlled by

the parameter perturb. A random number is generated from a uniform distribution over a

range from —perturb12 to perturb/2. The random number is added to the first velocity

value in the stack and the forward simulation is rerun to test whether the new velocity

value helps in achieving the goal of finding a global minimum of the error surface. The

maximum (v.) and minimum (v,nin) velocity values in any layer is also a parameter that

can be altered. The default values are 0.03 and 0.17 m ns -1 based on a possible

volumetric water content of 1 and 0.02 cm3 cm-3 , respectively. If, during the course of

perturbing the velocity, the velocity value exceeds the range defined vrnin or v,na,,, it is

replaced by iimin or vniax .

Regularization through model smoothing is controlled by minimizing the first and second

derivative of the velocity with respect to depth. The second derivative is aimed at
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minimizing the curvature in the velocity model between vk_i , vk, and vk+i , where vk is the

current velocity undergoing perturbation and positions k-1 and k+1 are directly above and

below the perturbed velocity pulled from the entire velocity profile. The minimization

occurs by ensuring

vA+I —2vk + V4-1 < deriv2

and
	

(1)

vA+1 - 2vk + VA-1 > —deriv 2

where deriv2 is the controlling parameter for minimization and the two equations together

control positive or negative curvature. The maximum value of deriv2 is 2v.-2vmin,

which prevents any smoothing The minimum value of deriv2 is zero, and forces the

three velocities to lie on a straight line. Similarly, the goal in minimizing the first

derivative is to reduce the absolute difference between vk-1 and vk+] through

vk,—vk,< deriv t

and
	

(2)

vk,—vk,>

where derivi is the controlling parameter for the first derivative. Values of deny greater

than vmacvnun prevents smoothing from occurring. A minimum value of zero forces vk-/

to be equal to vk-Fi.
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Optimization Algorithm and Fitting Control

The main set of controls for optimization is the choice of iterative improvement or

simulated annealing. Iterative improvement is a simplified version of simulated

annealing, where hill-climbing along the error surface is prohibited and only velocity

values that that reduce the total energy of the system are accepted. If simulated annealing

is chosen, then a starting temperature (co) and cooling rate (a) is needed. A large starting

temperature would allow a greater ability to escape local minima, but may hamper the

search for a global minima as the hill-climbing function would be indiscriminant of the

type of minima that was encountered. A starting temperature too small resembles the

iterative improvement method, as the probability of accepting a higher energy state

decreases with temperature. The default values for co and a are 1 and 0.95, respectively.

The travel time misfit allowance (t	 _si the absolute difference between the measured

and modeled travel time. In order for a velocity to be removed from the stack, the

modeled travel time must be less than tallow. An example of a possible misfit allowance

would be the BGPR instrument error, which could be within 0.5 ns. Once all modeled

travel times values are within the allowance, the simulation stops and produces a

successful velocity model that represents the measured travel time. Another stopping

criteria is the maximum number of allowable iterations (maxiter). An iteration is defined

as one cycle in which a decision is made whether to keep the current velocity or to accept

the new perturbed velocity. If the number iterations exceed the maxiter, then the

simulation will stop and will be deemed unsuccessful.
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Stochastic Control

The velocity value chosen during each iteration is derived from a random value. This

random velocity is not unique to the solution, and many such velocity values could have

been used. A large travel time misfit allowance will allow the solution possibilities to

take a larger range. The stochastic feature allows the user to run the simulation for a

large number of trials and take the average of the final set of possible velocity models.

Averaging also produces a smooth velocity function, but can be strongly affected by an

extreme velocity model. An extreme velocity model would be one that oscillates from

high to low velocity throughout the layers. Regularization aims to minimize the

possibility of extreme solutions in each realization.

Running the program

After hitting the run button, the search for a velocity profile that will fit the travel time

profile begins The direct velocity profile from the first guess is used in a forward model

to determine a travel time profile that considers critical refraction. This occurs by

computing both the direct travel time and the critically refracted travel time within each

layer. The algorithm establishes a travel time matrix, whereby the direct travel time of

layer i is located at (i,i) in the travel time matrix and the refracted travel time through j

layers above and below layer i is located in columns (i,i±j). Impossible arrangements of

critically refracted travel times, such as the critical refraction from a high velocity layer

into a low velocity layer, are given arbitrarily large values (e.g., 99999). The modeled

travel time profile is calculated by taking the minimum of each row.



Returning to our uniform earth example, the modeled vi was used in the forward

algorithm to compute a modeled travel time matrix T:

T=

10 99999 99999 99999 99999 99999
11.8 14.8 99999 99999 99999 99999
14.2 15.8 19.5 99999 99999 99999
17.8 18.6 20.7 24.2 99999 99999
22.1 22.5 23.8 25.5 26.8 99999
26.8 26.9 27.6 28.3 29.5 30

which produces a direct travel time and a critically refracted travel time for each layer

through all other layers. The minimum of each row is the first arrival travel time:

tj={10, 11.8, 14.2, 17.8, 22.1, 26.8} T ns

The modeled travel time is compared to the measured travel time by taking the difference

between the two profiles. If the absolute value of the difference between the two travel

time values at any depth are less than a travel time error allowance, say 0.5 ns, then the

velocity is considered in fact to be a direct velocity. Where the two velocity values differ

by more than the allowance, the measured travel time is postulated to be derived from a

critically refracted wave. Each incorrect velocity is then placed on the stack for random

walk perturbation.

276
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From the Example The difference between ti and tmeas is:

At= {0, 2.89, 5.21, 7.27, 6.79, 3.21 }
T ns,

indicating that the first measurement is a direct arrival (in air) and the others are possibly

critically refracted because the difference at each measurement depth is greater than our

travel time allowance of 0.5 ns. The velocity values from I)/ from 0.25 to 1.25 m are

placed on the stack for perturbation.

The simulated annealing algorithm works by perturbing one velocity layer at a time. This

differs from other global optimization methods, for example genetic algorithms, where all

modeled velocity values may be perturbed at once. Simulated annealing was chosen over

a genetic algorithm because it is simpler to systematically work through the stack one

velocity value at a time, starting from the top (nearest the surface) and working

downward. Since the velocity of air is known, its value is used to help constrain the

optimization problem.

The first velocity value in the stack (the uppermost velocity layer) is perturbed by a

random value between, say —0.02 to 0.02 m/ns which is dictated by the parameter

perturb. The random value is drawn from a uniform distribution. Several perturbing

schemes were tested and the optimization performed best when the first velocity looped

through 10 possible randomly perturbed values. The forward model is rerun for each



278

inner loop iteration. At any time within this inner looping, the new velocity value

produces a travel time that is closer than that of the current velocity, the new perturbed

velocity value is accepted and the entire stack re-evaluated based on this new

information.

From the Example The velocity values that are on the stack for perturbation include:

Stack={0.203, 0.154, 0.124, 0.104, 01} T ns 1 m

The first value in the stack, vperr=0.203, undergoes perturbation by looping through 10

possible random velocity values derived by adding a random number between —0.02 to

0.02 to vpert.. If the random velocity value is greater than the maximum allowable

velocity, then the random value is set to the maximum value. So, during perturbation of

the first iteration will likely to produce this maximum value: vp„f=0.17. The travel

time matrix and modeled travel time profile are re-evaluated for each of the random

velocity values. If during the course of this inner looping, the new modeled travel time is

closer than the current modeled travel time, then the new velocity is accepted. A

vp„t=0.17 will produce a new t2:

t2={10, 12.42, 15.04, 18.43, 22.69, 27.38} T

and



,t={0, 2.29, 4.38, 6.59, 6.16, 2.61} T .

This demonstrates that a velocity change in one layer affects the travel time values of

other layers around it, because the location of refracting boundaries changes.

The difference in travel time shows that we reduced the error between the modeled travel

time and measured travel time by perturbing the velocity at 0.25m. To quantify the total

error of the profile, we use a root mean square difference between the two profiles:

E (t,neas _tk >2
k=1

where k is the layer number and n is the total number of layers. For the first and second

iterations:

E1=4.91

E2=4.33.
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(3)

Skipping ahead to iteration number 10, suppose that the modeled velocity and travel time

profiles were:
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v10={0.3. 0.104, 0.154, 0.124, 0.104, 0.1} T m ns -1

t10={10, 14.41, 18.43, 20.67, 23.77, 27.57 } T ns

At={0, 0.2, 0.9967, 4.35, 5.08, 2•42} T ns

E1 0=2.93

At this point, the difference in modeled travel time and measured travel time at 0.25m is

less than the error allowance of 0.5ns. This velocity will be removed from the stack and

the stack will now consist of only four velocity values that will undergo perturbation:

Stack={0.154, 0.124, 0.104, 0.1 }
T m ns-1

During the course of searching the parameter space for a velocity model, the simulation

may get stuck in a local minimum on the error surface. In this circumstance, no

perturbed velocity will produce a better fit, yet the modeled travel time is not within our

specified error allowance. The simulated annealing algorithm allows us to escape these

local minima by temporally accepting worse fits of the velocity profile. Simulated

annealing is implemented during the 10-loop iterative perturbation sequence. If at the

end of the 10th inner iteration a better velocity value is not found, then this 10th worse

velocity is accepted or rejected according to the Metropolis criterion:

Prfaccept i + 11=
{

1	 if E(i +1)
I  AE )

c ) 	if E(i +1) > E(i)
(4)
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where LIE is the difference between the new energy state and the current energy state (i.e.,

difference in the error between successive iterations), c is the control parameter, and

	( 		e 	 is called the Metropolis criterion and ranges from 0 to oo. The control parameter

plays the role as the temperature and is reduced during the course of the simulation by a

cooling schedule. A simple cooling schedule is an exponential reduction in the control

parameter by

c i = a l • co 	 (5)

where œusually ranges between 0.9 and 0.99.

The probability is evaluated against a random number generated between 0 and 1. If the

worse velocity value from the 10th iteration is accepted, the travel time matrix and travel

time profile are evaluated, the travel time difference is computed, and the stack

assembled with this information. If the velocity from the 10 th iteration is rejected, the

velocity model returns to the values from the previous outer iteration to undergo

perturbation again. Eventually, all fitted velocities are removed from the stack one at a

time provided enough iterations and sufficiently large error allowance.
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The simulated annealing algorithm works by accepting at first almost any possibility,

which is accomplished by initially setting the control parameter high and allowing the

Metropolis criterion to be close to 1. As the simulation progresses and the control

parameter (temperature) decreases, greater probability is given to the higher energy states

that are closer to the current energy state than those that are far away. Towards the end

of the simulation as icc., the algorithm approaches the method of simple iterative

improvement. These two properties prevent the solution from accepting wild possibilities

that could hamper the search for a global minimum.
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