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[1] In this opinion paper we contend that high-resolution characterization, monitoring,
and prediction are the key elements to advancing and reducing uncertainty in our
understanding and prediction of subsurface processes at basin scales. First, we advocate
that recently developed tomographic surveying is an effective and high-resolution
approach for characterizing the field-scale subsurface. Fusion of different types of
tomographic surveys further enhances the characterization. A basin is an appropriate scale
for many water resources management purposes. We thereby propose the expansion of the
tomographic surveying and data fusion concept to basin-scale characterization. In order
to facilitate basin-scale tomographic surveys, different types of passive, basin-scale, CAT
scan technologies are suggested that exploit recurrent natural stimuli (e.g., lightning,
earthquakes, storm events, barometric variations, river-stage variations, etc.) as sources of
excitations, along with implementation of sensor networks that provide long-term and
spatially distributed monitoring of excitation as well as response signals on the land
surface and in the subsurface. This vision for basin-scale subsurface characterization faces
many significant technological challenges and requires interdisciplinary collaborations
(e.g., surface and subsurface hydrology, geophysics, geology, geochemistry, information
and sensor technology, applied mathematics, atmospheric science, etc.). We nevertheless

contend that this should be a future direction for subsurface science research.
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1. Introduction

[2] A basin is the appropriate geologic and geographic
delimiter for water resources management. Spatial and
temporal variations of subsurface hydrologic and other
processes within a basin are the rule rather than the
exception. Groundwater inflow (infiltration, recharge, river
seepage, regional inflows, etc.) and outflow (evapotranspi-
ration, spring discharge, regional groundwater flows, etc.)
are sporadic and localized, with temporal and spatial varia-
tions controlled in part by the characteristics of basins that
are heterogeneous at many scales. Proper management of
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groundwater resources requires accurate knowledge of the
water balance (i.e., storage, inflow, and outflow) and spatial
and temporal distributions of water bodies with different
chemistries (e.g., contaminants or salinity). As a result,
three-dimensional (3-D) subsurface information (high-
resolution in space and time for basin scale) is needed
about key hydrologic and geological stratigraphy, structure,
and properties and state distributions in a basin.

[3] Existing monitoring and characterization technologies
can cover only a small fraction of the subsurface. The
collected information is not sufficient to support effective
management of increasing and competing demands for
water, current and future drought, and other water-related
problems that occur at the basin scale. Subsurface science
needs breakthrough technologies to greatly expand and
deepen our ability to “see into the groundwater basin.”
As its key scientific focus, this paper promotes a vision and
ambition to develop capabilities for subsurface imaging at
basin scales. Here, field scale refers to areas of tens to
thousands of square meters, and areas over several to tens of
thousands of square kilometers or more are considered to be
basin scale (e.g., a groundwater basin).

2. Data Fusion for Field-Scale Problems

[4] Acquiring data that satisfy the sufficient and neces-
sary conditions for a groundwater inverse problem to be
well posed [see Yeh et al., 2007] is generally intractable for

1 0of9



Wo03301

field-scale problems. Viable alternatives have emerged
recently, though, in which data from direct characterization
and monitoring methods are supplemented with coverage of
greater density from indirect, less invasive hydrologic and
geophysical tomographic surveys. More specifically, tomo-
graphic surveys have emerged as a key component of in situ
analysis at the field scale [see Vereecken et al., 2006]. The
concepts behind these tomographic surveys are analogous to
that of computerized axial tomography (CAT) scan technol-
ogy that yields a 3-D image of an object that is more
detailed than a standard X ray. Unlike traditional hydrologic
tests and geophysical surveys or traditional inverse model-
ing (i.e., model calibration), active tomographic surveys
sequentially excite the subsurface using well-characterized
artificial stimuli (e.g., injection of water, air, tracers, elec-
tricity, electromagnetic wave, etc.) at different locations.
During each excitation, responses of the subsurface at a
large number of locations are collected (i.e., collect the
same type of information from many different perspectives).
An inverse model then synthesizes all the responses (fusion
of the same type of information) to generate a 3-D model of
the distribution of hydraulic or geophysical parameters in
the subsurface. These active tomographic surveys provide
multiple sets of nonredundant information that constrain
the parameter search space and cross-validate parameter
estimates during the inverse modeling process. The tomo-
graphic surveys thereby reveal more detailed and reliable
information about the subsurface than traditional model
calibration efforts.

[s] Although the tomography concept is straightforward,
its applications to hydrologic and geophysical characteriza-
tion of the subsurface at field scales have only emerged over
the last 20 years due to the large scale and characteristics of the
subsurface. In hydrology, hydraulic, pneumatic, and tracer
tomographic surveys have been developed recently [e.g.,
Gottlieb and Dietrich, 1995; Vasco et al., 2000; Yeh and
Liu, 2000; Vesselinov et al., 2001; Bohling et al., 2002,
Brauchler et al., 2003; Zhu and Yeh, 2005, 2006; Yeh and
Zhu, 2007], while seismic, acoustic, electromagnetic (EM)
and other tomography surveys have emerged in geophysics
over the last few decades [e.g., Romero et al., 1997, Vereecken
et al.,2006]. Robustness of these hydrologic and geophysical
tomographic surveys as well as the fusion of hydrologic and
geophysical tomographic surveys including fusion with other
types of supporting or proxy information (geochemical,
temperature, etc.) has been widely reported (see compendi-
ums by Hyndman et al. [2007] and see also Liu et al. [2002],
Liu et al. [2007], lllman et al. [2007, 2008], Bohling et al.
[2007], Straface et al. [2007], Yeh and Zhu [2007], Hao et al.
[2008], Li et al. [2007], and others).

3. Data Fusion for Basin-Scale Problems

[6] Traditional approaches of mapping the subsurface
with surface geophysics or the recently emerging field-scale
data fusion and tomographic approaches are either too
expensive for basin coverage or provide information that
does not directly address issues related to groundwater.
Reflection seismology is an ideal tool for mapping stratig-
raphy, and magnetotellurics, gravity, and magnetometry
surveys are excellent methods for characterizing the base-
ment morphology and volcanogenic occurrences in a basin,
but they cannot be used on a routine basis to measure
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temporal and spatial variations of hydrologic properties and
states [National Research Council, 2000]. New character-
ization techniques must be developed that can be applied at
the basin scale.

[7] Although data fusion technologies are still evolving
[see Hyndman et al., 2007], the tomographic survey, in
particular, is potentially a key to future basin-scale subsur-
face characterization. In order to apply the tomographic
approach to imaging the subsurface at the basin scale,
strong and spatially varying hydrologic and geophysical
excitations with wide area coverage and/or significant depth
penetration are necessary, as are long-term and spatially
distributed monitoring of signals on the land surface and in
the subsurface. Naturally recurrent stimuli (e.g., lightning,
earthquakes, storm events, barometric variations, precipi-
tation loading, etc.) with frequent and spatially varying
occurrences are readily available energy sources for
“illuminating” the subsurface throughout a basin, providing
the opportunity for progressive and perennial passive 3-D
tomographic surveys of the basin as long as the sources are
characterized.

[s] Below, we first present several numerical examples to
illustrate and discuss the feasibility of exploiting naturally
recurrent stimuli for a passive groundwater basin “CAT
scan.” In contrast to traditional long-term monitoring and
model calibration efforts, these passive basin-wide tomog-
raphy techniques advocate the characterization of spatially
and temporally varying natural sources, monitoring of
corresponding subsurface responses, and effective fusion
of the information collected from different perspectives.
Subsequently, fusion of different types of information at
different scales is discussed to complement the basin-scale
“CAT scan.” Challenges associated with our vision are
presented, and strategies to take on these challenges are
then suggested.

3.1.

[9] In this category of data fusion for basin-scale charac-
terization, for the sake of stimulating discussion, we will
focus on the possibility of taking advantage of river stage
fluctuations, cloud-to-ground lightning strikes, earthquakes,
and large-scale barometric variations as potential energy
sources for basin-scale tomographic surveys.

3.1.1. River-Stage Tomography

[10] The example given below illustrates the potential of
using river stage fluctuations for basin-scale tomographic
surveys. The influence of stage fluctuation of rivers on the
groundwater table and piezometric surfaces has been rec-
ognized for decades, as has been the exploitation of the
relation between the temporal fluctuation of a river stage
and that of the well hydrograph to estimate hydraulic
properties of aquifers as an alternative to aquifer tests
[e.g., Duffy, 1978; Nevulis et al., 1989]. However, these
conventional analyses of the relation between river stage
and the well hydrograph have relied on the assumption of
aquifer homogeneity. The potential of using temporal and
spatial variations in the river stage as an excitation source
for basin-scale aquifer characterization was not recognized
until the development of hydraulic tomography. Yeh et al.
[2004] postulated that when a flood wave migrates down-
stream at any given time, it creates a set of pressure
responses at wells located at different locations along the
river. As the flood wave moves downstream, it produces
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