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Resear ch Objective

Moisture content is a critical parameter affecting both liquid-phase and vapor-phase
contaminant transport in the vadose zone. The objective of our three-year research project isto
determine the optimal way to use of radar methods - both surface and borehole - as a non-
invasive means of determining in Situ moisture content. 1n our research we focus on two specific
aspects of the link between radar images and moisture content. The first question we address is:
Can we use a measure of the diglectric constant of a volume of the subsurface to determine the
moisture content of that volume? The second question we addressis. Can we use the radar data
to characterize the spatial variability in moisture content?

Resear ch Progress and I mplications

This report describes the progress that has been made in the second year of our 3-year
research project. Both of our defined research questions require, as a starting point, awell-
focused radar image of the subsurface. Over the past year, we have developed an effective
methodology for the estimation and correction of wavelet dispersion in ground penetrating radar
(GPR) data. Wavelet dispersion results from the frequency-dependent attenuation of
electromagnetic (EM) waves and causes a characteristic "blurriness' in the GPR image that
increases with depth. Correcting for wavelet dispersion allows us to obtain the highest resolution
radar images possible and is a necessary step for the determination of subsurface electrical
properties.

In examining attenuation versus frequency curves for awide range of geological
materials, we have found that, over the bandwidth of a GPR pulse, the attenuation can be
reasonably approximated by alinear function of frequency. Asaresult, wavelet dispersionin
these materia's can be adequately described using a single parameter, Q*, related to the dope of
the linear region. To estimate subsurface Q* from GPR data, we have developed atechnique
that builds on the frequency shift method of Quan and Harris (1997). We compute Q* from the
downshift in the dominant frequency of the radar signal with time using arelatively new time-
frequency analysistool called the S-transform (Stockwell et al., 1996). Once Q* has been
obtained, we correct for wavelet dispersion in GPR data by inverse Q filtering. Our filtering
algorithm, which we developed using a Bayesian approach to inversion, allows for the recovery
of absorption-free models that are both sparsely distributed and temporally correlated. In the first
year of this project we had tested a similar methodology using the wavelet transform. We have
found that the S-transform is superior for Q* estimation because it yields a true measure of
frequency, rather than scale, and it avoids the challenge of choosing a mother wavelet function
for the analysis.

The construction of rock physics models for relating measured dielectric constant and
water content has been another focus of our research over the past year. One of the centra
objectivesin this aspect of our research isto develop areliable means of quantifying the
uncertainty in the estimates of water content that arise due to the heterogeneous nature of the



subsurface, sampled materials. Our recent work has included the development of a methodology
for making unbiased estimates of water content given directionally dependent measurements of
dielectric constant when arandom field can describe soil water retention properties.

Much of our research effort over the past year has focused on the use of radar imagesto
obtain information about the spatial variability in moisture content. We have developed Matlab
code that can be used for geostatistical analysis of GPR images and outcrop photographs. This
analysis uses a spectra method allowing for the fast computation of the autocorrelation function
from which we then cal cul ate the experimental semivariogram. Correlation lengths are
determined from the experimental semivariogram using Varfit, amodeling program which we
have also developed. We used this method to analyze GPR data collected at Hanford in May
2001, and found excellent agreement between the correlation length determined for the radar
image and that determined for moisture content, based on neutron probe data; the variograms
from both data sets, over the same length scale, are best fit with a correlation length of 7 m. The
encouraging results from this field test, carried out in collaboration with Eugene Freeman of
PNNL, suggest that the spatial variability captured in aradar image contains useful information
about spatial variability in moisture content. We have also used this spectral method to compare
the correlation structure of digital photographs of outcrops as the resolution of the imageis
varied. Thiswork, which is ongoing, allows usto investigate the scale-dependent nature of
heterogeneity in natural systems.
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Planned Activities

In the time period June-August 2001 we will conduct cliff face experiments where we
will obtain GPR data and digital photographs of the same 2-D section. The GPR datawill be
acquired along the top of the cliff at three frequencies, 50MHz, 100 MHz and 200 MHz. Digital
photographs of the cliff face will be taken using an Olympus C3000 digital camera after the face
has been excavated back to the location of the GPR line. Both the GPR data and the digital
photographs will be analyzed using spectral methods to investigate the way in which the scale-
dependent heterogeneity in the cliff face is recorded in, and can be extracted from, the radar
image. Other field work in July and August will include the collection of surface and borehole
radar data. These datawill be the basis for investigating, over the next year, the use of borehole
radar datato (i) better process surface-based GPR data, and (ii) constrain the inversion of
surface-based GPR data for the recovery of subsurface electrical properties.

Over the next year we will continue the rock physics part of this project by evaluating the
impact of non-uniform distributions of water (caused by flow) on our interpretations. We will
also use the collected field data and build on the work involved with the inversion of GPR data to
consder the impact of the measurement scale of GPR on our ability to extract reliable estimates
of water content from radar data.
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