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By comparing the robustness of a given model in the
observation space as well as in the management space,
the need of additional data for calibration is assessed.
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In the hydrogeological characterization of sedimen-
tary rocks, hydraulic properties of fault and cap rock
structures are important factors. Although, the cer-
tainty of a hydrogeological model depends on the
amount of geological or hydrogeological data, mainly
obtained from boreholes, it is indispensable to make
a preliminary model from a small amount of data ob-
tained in the early stage of field investigation, and im-
prove the details of the model as the number of observa-
tions increases. In sedimentary rocks, several aquifers
often have different hydraulic heads, caused by various
reasons such as surface topography, long-term change of
sea level, or cap rock structures that were not explicitly
observed during geological investigations in boreholes.
In this study, we used the steady-state hydraulic head
distribution obtained in the pressure monitoring (or the
water level monitoring) during the drilling of boreholes
as the observed data, and applied numerical inversion
code iTOUGH2 to construct alternative hydrogeologi-
cal models for the Horonobe underground research lab-
oratory site of Japan Nuclear Cycle Development In-
stitute. We applied random sampling for the coverage
of an assumed cap rock, and two models for the hy-
drogeological structure of faults in the study area. The
following are the main results of this study. 1. It is nec-
essary to assume a low permeability cap rock structure
that was not clearly observed in boreholes, to recon-
struct the deep high-pressure zone as a characteristic
hydraulic feature in this site. 2. The numerical inver-
sion with random sampling of cap rock shows that if the
cap rock coverage is larger than 75%, the observed hy-
draulic head profile can be reproduced. 3. The hydro-
geological structure of the fault dominates the vertical
groundwater flow in the vicinity of the fault. 4. The
hydraulic head profile of the deeper zone is controlled
by the hydrogeological structure of a steep fault in this
area. Thus, the increase of hydraulic head in the deeper
zone, and numerical inversion can determine the hydro-
geological structure of the fault. From these results,
numerical inversion using the steady state head distri-
bution has proven to be a useful method to construct
a preliminary but quantitative hydrogeological model
from a small amount of data obtained in the early in-
vestigation stage.
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Most hydrologic systems are inherently heteroge-
neous and are characterized by parameters that can
be sampled at a few selected locations. Yet, numerical
simulations of system behavior require that the system
parameters be specified at every point of a computa-
tional domain. Traditionally, this is done by means
of statistical interpolation schemes, such as kriging,
that produce the system parameter fields that are much
smoother than their true counterparts. This yields
predictions of the system states that provide little, if
any, insight into the likelihood of a system failure (the
so-called rare events). This problem arises in a vari-
ety of applications that range from flood prediction,
to contaminant transport in groundwater, to oil and
gas extraction or water supply. To resolve this issue,
we present a new paradigm for parameter estimation.
It is based on risk-based optimization, thus providing
decision-makers with best and worst case scenarios of
the system behavior.
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In this research, we propose a coupled zonation-
kriging method for parameter heterogeneity character-
ization as well as parameter structure identification.
With a set of distinct point measurements over a field,
on one hand, a zonation structure for the field can be
created based on a Voronoi tessellation method. Each
Voronoi cell contains one sampled point and has the
corresponding measured value. On the other hand, a
kriging method can be used to characterize a continu-
ous parameter distribution. In this study, we only use
local information for the kriging method to estimate
the parameter value at an unsampled site. First, we
apply Voronoi tessellation and Delaunay triangulation
to define a set of natural neighbors among the sam-
pled points for an unsampled site. Each site has its
unique natural neighbors. Then the kriging method
uses the local information provided from these natu-
ral neighbors for the estimation. This is called the
natural neighbor kriging (NNK) method. We combine
the zonation method and the NNK method together
as one parameterization method by introducing a set
of weighting coefficients to the measurement points.
The zonation-NNK method unifies zonation and kriging
methods and generates a distribution between a pure
zone structure and a continuous structure over a set
of weighting coefficients. It shows greater flexibility
in manipulating spatial distribution and spatial opti-
mization. When a non-smooth field is investigated, the
zonation-NNK outperforms all other parameterization
schemes. For the inverse problem, we identify param-
eter heterogeneity with the zonation-NNK method by
seeking the optimal weighting coefficients while mini-
mizing the fitting residual of observations. We demon-
strate the developed methodology by a case study of the
Alamitos barrier for the seawater intrusion problem in
Southern California Coastal Plain. The unknown dis-
tributed parameter is the hydraulic conductivity of five
aquifers. We adopted the FEMWATER as a model to
simulate the density-dependent coupled flow and trans-
port in the coastal aquifers. For the given set of head
and salinity concentration observations, we have iden-
tified the hydraulic conductivity field in three dimen-
sions.
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Macropore flow is a key factor for determining
chemical transport in unsaturated soils, but the de-

scription of the complex processes involved in macro-
pore flow requires several parameters that cannot be
easily measured. Inverse modeling procedures are in-
creasingly used for model calibration, because they
are objective and reproducible. But this is only true
when the problem is well-posed: an ill-posed prob-
lem leads to parameter nonuniqueness, and thus con-
tributes to poor model performance, like error and/or
uncertainty in model predictions. Factors linked to
nonuniqueness are most often related to sensitivity is-
sues and/or correlation among two or several param-
eters. This study focused on the use of inverse tech-
niques to estimate parameters controlling macropore
flow, transport, and transformation processes in the
dual porosity/dual-permeability model of water flow
and solute transport MACRO. MACRO was used to-
gether with the inverse modeling package SUFI. The
Bayesian (global) approach followed by SUFI is sta-
ble, converging, and robust. Moreover, the procedure
also predicts a posterior uncertainty domain for the es-
timated parameters. A theoretical study was carried
out to test the inverse modeling tool SUFI/MACRO.
Generated “dummy” data set were used for this pur-
pose, representing transient leaching experiment for
tracers and reactive solutes in small soil columns (20
cm height). General issues related to inverse modeling
such as internal correlation and sensitivity were inves-
tigated, with the help of response surface analysis, as
well as the influence of the choice of the goal function
Attention was also fo-
cused on the most appropriate experimental design nec-
essary for a reliable parameter estimation. The proce-
dure was then applied to real data, obtained from tracer
leaching experiments carried out on microlysimeters.
Based on calculated model efficiencies, MACRO /SUFI
gave good predictions of water movement and tracer
transport. This is an encouraging first step prior to
application against real data on reactive transport.

used in the inverse procedure.
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The objective of this research is to determine mul-
tiscale fluid and solute transport parameters in sup-
port of a site characterization effort at the Waste Area
Grouping 5 (WAG 5) at ORNL (Oak Ridge National
Laboratory) in eastern Tennessee, USA. The study site
is located within the top 10 m of the subsurface, in
which groundwater flow dynamics is influenced by both
infiltration and recharge events. The soil and rock for-
mations are macroporous and/or highly fractured at
WAG 5. A natural gradient, multiple tracer injection
experiment (bromide, helium and neon), was conducted
to quantify the solute transport and mass transfer pro-
cesses in the highly fractured shale bedrock. The field
site is intensively instrumented with arrays of drive
point and multi-level sampling wells. Field observa-
tions of hydraulic head and bromide solute movement
dynamics are used in this study to calibrate a two-
pore-domain, fracture-matrix flow and non-reactive so-
lute transport model. We use a nested Latin hyper-
cube (NLH) sampling technique to determine the near-
optimal combinations of model parameters. As a result
of the sampling technique, empirical probability distri-
butions of model parameters are derived. Heterogene-
ity in two scales, field and matrix block, are quantified
in terms of field scale distribution of hydraulic and so-
lute transport properties and fracture spacing between
matrix blocks. Uncertainties arising from tracer source
density effect are also addressed through model pre-
diction uncertainty analysis. It is also concluded that
NLH is a relatively effective optimization technique, of-
ten capable of locating the near-optimal combination of
model parameters in a few iterations.
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Knowledge of the spatial distribution of soil hy-
draulic properties (SHPs) is critical for a broad range
of earth system problems, from predicting the hydro-
logic implications of climate variability to understand-
ing how land cover and land use change modify wa-
ter, energy, and carbon cycling at the earth’s land sur-
face. SHPs strongly control how water and energy flow
through soils, and therefore influence infiltration at the
soil surface, redistribution of water within the soil col-
umn, and the loss of water from soil via evaporation
and transpiration. Soil hydraulic properties define two
fundamental relationships: (1) the water characteristic
function or water retention curve, which describes how
the water content of soil varies with the potential of the
medium; and (2) the unsaturated conductivity curve of
the medium, which shows how conductivity varies with
water content. We have developed a method to deter-
mine SHPs from remotely sensed surface temperature
(Ts) via inverse modeling. Model simulations of Tg
are compared to observed values. If the observed and
modeled values do not match, the SHPs are modified,
and the forward model run is repeated. This process
continues until the observed and modeled Tg values
are minimized. This method uniquely determines the
SHP for some soil types, but is much less accurate for
others. We will discuss the limitations of this method
with respect to soil type. We present an example based
partially on applying the inverse procedure to forward
model output for bare soil. We used a modified version
of the NOAH land surface model with observed weather
forcing data and a variety of soil types. The Ts out-
put from these forward model runs were used as input
to the MOSCEM-UA inverse modeling framework. The
accuracy with which the inverse procedure is able to
determine the soil hydraulic properties is controlled in
part by the original soil type itself. For example, when
one assumes a 1K RMS sensor error, the van Genuchten
”n” parameter for silt can only be determined to fall
within a range of values from 1.2 to 3, but for sand
it can be determined to fall between 3 and 3.5. Addi-
tionally, certain parameters are easier to estimate then
others, the van Genuchten “alpha” parameter is less
identifiable than the ”"n” parameter for instance.
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Sensitivity analysis can be used for both uncertainty
quantification and model simplification. Presented
here is a thermal-hydrologic example with a first-order
sensitivity analysis addressing the response of tem-
perature to uncertainty in heat-transfer and hydro-
logic parameters. The Multi-Scale Thermal-Hydrologic
Model (MSTHM) employs LLNL’s Non-isothermal Un-
saturated/saturated Flow and Transport (NUFT) code
to simulate mountain and drift-scale heat transfer
and hydrology for the proposed waste repository at
Yucca Mountain. For MSTHM predictions of thermal-
hydrologic conditions within the emplacement drifts
and in the adjoining host rock, the key uncertain
parameters include thermal-conductivity and percola-
tion flux. Discussed here is a first-order sensitiv-
ity analysis of temperature response to the uncer-
tainty of these two parameters. To address the im-
pact of percolation-flux uncertainty, MSTHM simula-
tions are run for three (mean, upper-bound, and lower-
bound) infiltration-flux cases; to address the impact
of thermal-conductivity uncertainty, MSTHM simula-
tions are run for three (mean, +1 standard deviation, -1
standard deviation) cases. The sensitivity analysis an-
ticipates the combined impact of thermal-conductivity
and percolation uncertainty for the temperature re-
sponse. MSTHM simulation illustrates that the first-
order approach yields accurate prediction; the predic-
tion is more accurate for perturbations in thermal-
conductivity than for perturbations in percolation flux.
It is anticipated that contours of predictive accuracy
could be determined by such a sensitivity analysis as
both parameters are monotonic with respect to tem-
perature.
be useful in reducing the overall number of simulations

Such contours of predictive accuracy may

necessary for bracketing the effect of parameter uncer-
tainty. This work was performed under the auspices of
the U.S. Department of Energy by University of Cali-
fornia Lawrence Livermore National Laboratory under
contract No. W-7405-Eng-48.
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The inverse methodology developped by Dai and
Samper (2003) is applied to the interpretation of a
long-term permeation test performed on a sample of
nearly-saturated FEBEX compacted bentonite. Hydro-
geochemical modelling of porewaters indicate that the
main geochemical processes controlling the chemistry
of the bentonite are: acid-base reactions, aqueous com-
plexation, cation exchange, dissolution/ex-solution of
CO2 and dissolution and precipitation of highly solu-
ble minerals such as calcite, dolomite, chalcedony and
gypsum/anhydrite. All these processes are assumed to
take place under equilibrium conditions. The initial
saline porewater of the bentonite is flushed with a fresh
water with a chemical composition typical of granite
formation. Water flux and chemical data of efluent
waters were measured during the experiment. Direct
and inverse modelling of this experiment has been car-
ried out using the code CORE (Samper et al., 2000).
WE address the uncertainties in mobile and immobile
porosities as well as on the underlying geochemical con-
ceptual model. Models of chloride breakhrough curves
indicate that bentonite exhibits a double porosity be-
havior. The model reproduces the trends of measured
data except for bicarbonate and pH which are affected
by uncertainties in the evolution of CO2(g) pressures.
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Much attention has been given to the possibility of
vibratory mobilization of residual oil as a method of
enhanced recovery. The common features of the rele-
vant applications have nonetheless been inconsistency
in the results of field tests and the lack of understand-
ing of a physical mechanism that would explain vari-
able experiences. Such a mechanism can be found in
the physics of capillary trapping of oil ganglia, driven
through the pore channels by an external pressure gra-
dient. Entrapping of ganglia occurs due to the cap-
illary pressure building on the downstream meniscus
entering a narrow pore throat. The resulting internal-
pressure imbalance acts against the external gradient,
which needs to exceed a certain threshold to carry the
ganglion through. The ganglion flow thus exhibits the
properties of the Bingham (yield-stress) flow, not the
Darcy flow. The application of vibrations is equivalent
to the addition of an oscillatory forcing to the constant
gradient. When this extra forcing acts along the gra-
dient, an instant "unplugging” occurs, while, when the
vibration reverses direction, the flow is plugged. This
asymmetry results in an average non-zero flow over one
period of vibration, which explains the mobilization ef-
fect. The minimum-amplitude and maximum-frequency
thresholds apply for the mobilization to occur. When
the vibration amplitude exceeds a certain ”saturation”
level, the flow returns to the Darcy regime. The cri-
terion of the mobilization of a particular ganglion in-
volves the parameters of both the medium (pore ge-
ometry, interfacial and wetting properties, fluid viscos-
ity) and the oscillatory field (amplitude and frequency).
The medium parameters vary widely under natural con-
ditions. It follows that an elastic wave with a given
amplitude and frequency will always produce a certain
mobilization effect, mobilizing some ganglia and leav-
ing others intact. The exact macroscopic effect is hard
to predict, as it will represent a response of the popula-
tions of ganglia with unknown parameter distributions.
The variability of responses to vibratory stimulation
should thus be expected.
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Dripping of water into underground openings is sig-
nificantly affected by the heterogeneity of the geologic
formation. Calibration of numerical models against
field seepage data is a method for estimating effec-
tive, seepage-related properties of the geologic forma-
tion surrounding the openings. The van Genuchten
a parameter is considered the primary seepage-related
parameter of a three-dimensional, heterogeneous (with
respect to permeability) continuum model. Bach seep-
age data set is obtained from a certain test bed that
can be considered one realization from a number of sta-
tistically similar geologic systems. The lack of knowl-
edge regarding the details of this specific realization
makes the inversely determined a parameter estimate
uncertain. This uncertainty is analyzed by performing
multiple inversions of the same data set using differ-
ent realizations of the underlying heterogeneous per-
meability field, which generates a probabilistic distri-
bution of the estimated a parameter. Knowledge of how
the heterogeneity structure affects the estimation un-
certainty is very important, because permeability data
are usually sparse and multiple inversions are compu-
tationally intensive. The objective of this study was to
analyze how the geostatistical parameters of the per-
meability field affect the distribution of the estimated
a parameter. We calibrated a seepage model with a cir-
cular tunnel against synthetic seepage data, assuming
uniform percolation flux at the upper end. Inversions
were performed for wide ranges of geostatistical param-
eter values. This work was supported by the Director,
Office of Science, Office of Basic Energy Sciences, Divi-
sion of Chemical Sciences, Geosciences, & Biosciences,
of the U.S. Department of Energy under Contract No.
DE-AC03-76SF00098.
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Coupled heat and mass transfer observations and
measurements from heater tests conducted at two
scales, laboratory and field, provide a basis to evalu-
ate thermohydrological conceptual models. The U.S.
Department of Energy is conducting a long-term drift-
scale heater test (DST) as part of a comprehensive eval-
uation of a proposed geologic high-level nuclear waste
repository at Yucca Mountain, Nevada. Laboratory-
scale heater tests conducted at CNWRA provide results
of similar heat and mass transfer processes, but at a dif-
ferent scale. Comparison of results from tests at differ-
ent scales provides an opportunity to examine different
conceptual models for matrix-fracture interactions ex-
pected at the proposed repository. Conceptual models
used for heat and mass transfer between the fractures
and matrix are evaluated because they have been found
to have a profound effect on simulations of thermohy-
drological processes. In addition, the effects of selected
property (i.e., matrix and fracture permeability, ther-
mal conductivity, and the air-entry pressure) values are
evaluated in terms of their importance to the evolution
of temperature and saturation in the simulations. The
multiphase simulator, MULTIFLO, was used to perform
the conceptual model evaluations. Simulated temper-
ature and fracture saturation were used to compare
the ability of the conceptual models to replicate the
laboratory- and field-scale results and the importance
of the property values assigned to key parameters in
the numerical models. This abstract is an independent
product of the CNWRA and does not necessarily reflect
the views or regulatory position of the NRC.
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The unsaturated hydraulic conductivity function
K(S) is of fundamental importance in understanding
and predicting flow in the vadose zone. However, time
and cost constraints typically require hydrologists to
estimate K(S) rather than measuring it. Existing K(S)
models are empirical; in this work we develop new
theoretical models based upon percolation theory and
effective medium theory. Percolation- and effective-
medium-based theories have been recognized for over 25
years in the physics of transport in disordered systems
as the premier means to "upscale” transport properties,
i.e. to calculate system transport parameters from the
variability at smaller scales. Percolation theory has re-
cently been used to derive pressure-saturation curves,
solute and gas diffusion, and the K(S) of probabilistic
fractal porous media, and the results have given excel-
lent agreement with experiment. An advantage of per-
colation theory vis-a-vis effective medium theory is the
possibility to isolate effects of pore-sizes and the topol-
ogy of the connections of pores on transport phenom-
ena. The disadvantage of this procedure is that it can
require treating different ranges of parameters, such as
the moisture content, differently. The attractive as-
pect of effective-medium theory is its ability to han-
dle all contributions to the physics simultaneously. We
compare effective-medium and percolation theories us-
ing a model porous medium in which the pore radii are
power-law distributed. In both theoretical treatments
we observe a cross-over from critical pore-size domi-
nated hydraulic conductivity at relatively large mois-
ture contents to the dominance of the topological con-
nections of the wetted pore space at moisture contents
near the critical value for percolation.
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The objective of this study was to test the effec-
tiveness of nitrate-rich nutrient solutions and hydrogen
peroxide (H202) to enhance in-situ microbial remedia-
tion of toluene. Three sand filled plots (2 m2 surface
area and 1.5 meters deep) were tested in three phases
(each phase lasting approximately 2 weeks). During
each phase, toluene (21.6 mol as an emulsion in 50L
of water) was applied uniformly via sprinkler irriga-
tion. Passive remediation was allowed to occur during
the first (control) phase. A nutrient solution (modified
Hoagland), concentrated in 40L of water, was tested
during the second phase. The final phase involved ad-
dition of 230 moles of H202 in 50L of water to increase
the available oxygen needed for aerobic biodegradation.
During the first phase, toluene concentrations in soil
gas were reduced from 120 ppm to 25 ppm in 14 days.
After the addition of nutrients during the second phase,
concentrations were reduced from 90 ppm to about 8
ppm within 14 days, and for the third phase (H202),
toluene concentrations were about 1 ppm after only five
days. Initial results suggest that this method could be
an effective means of remediating a contaminated site,
directly after a BTEX spill, without the intrusiveness
and high cost of other abatement technologies such as
bioventing and soil vapor extraction. However, further
tests need to be completed to determine the effect of
each of the BTEX components.
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Estimation of low streamflow statistics at gauged
and ungauged river sites is often a daunting task. This
process is further confounded by the presence of inter-
mittent streamflows, where streamflow is sometimes re-
ported as zero, within a region. Streamflows recorded
as zero may be zero, or may be less than the measure-
ment detection limit. Such data is often referred to as
censored data. Numerous methods have been developed
Logit
regression has been proposed to develop regional mod-

to characterize intermittent streamflow series.

els of the probability annual lowflows series (such as
7-day lowflows) are zero. In addition, Tobit regression,
a method of regression that allows for censored depen-
dent variables, has been proposed for lowflow regional
regression models in regions where the lowflow statistic
of interest estimated as zero at some sites in the region.
‘While these methods have been proposed, their use in
practice has been limited. Here a delete-one jackknife
simulation is presented to examine the performance of
Logit and Tobit models of 7-day annual minimum flows
in 6 USGS water resource regions in the United States.
For the Logit model, an assessment is made of whether
sites are correctly classified as having at least 10% of
7-day annual lowflows equal to zero. In such a situ-
ation, the 7-day, 10-year lowflow (Q710), a commonly
employed low streamflow statistic, would be reported
as zero. For the Tobit model, a comparison is made
between results from the Tobit model, and from per-
forming either ordinary least squares (OLS) or princi-
pal component regression (PCR) after the zero sites are
dropped from the analysis. Initial results for the Logit
model indicate this method to have a high probability
of correctly classifying sites into groups with Q710s as
zero and non-zero. Initial results also indicate the To-
bit model produces better results than PCR and OLS
when more than 5% of the sites in the region have Q710
values calculated as zero.
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Droughts cause significant damages both in natu-
ral environment and human society, especially, in a
transboundary region, where sustainable water use and
water right are one of main issues among countries
and communities during droughts. Nonparametric ap-
proaches allow more flexibility in practice by better ap-
proximating the characteristics of the probability dis-
tribution of the records. This paper presents new de-
velopment in nonparametric methods in which, using a
kernel density estimator, a nonparametric random gen-
eration is proposed for synthetic generation of hydro-
logic time series. Based on the nonparametric prob-
ability density function estimator, comprehensive ap-
proaches for evaluation of drought characteristics at a

site and over a region are presented. The nonparamet-
ric method using a kernel density estimator easily ex-
tends to the estimation of a drought probability den-
sity function in two dimensions. Based on the synthet-
ically generated data from the nonparametric distribu-
tion, a methodology is introduced for estimating the
bivariate characteristics of droughts. The proposed ap-
proach was applied to a catchment in the Lower Rio
Bravo/Grande and the results compared satisfactory
with several parametric approaches.
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The concept of hydrologic similarity has been used
in the past in the field of watershed hydrology to iden-
tify points or units in watersheds to assess their sim-
ilar responses for a specific rainfall event. The sim-
ilarity idea has also helped in identifying hydrologic
response units (HRU) and improved representation of
hydrologic processes in distributed hydrologic models.
In the present study hydrologic similarity at a water-
shed scale is evaluated by using observed hydrologic
time series data. The process involves exploring pat-
terns in data time series and is almost similar to pat-
tern recognition task in which a specific structure is
The motiva-
tion for evaluating these patterns is derived from the
fact that observed data carry information either about
the process generating them or the phenomenon they
represent. Therefore the main objective of this study
is to explore the possibility of establishing similarity
in the hydrologic response of the watersheds based on
geometrical patterns identified from observed stream-
flow time series. If the distribution of geometric pat-
terns is similar, then a hydrologic similarity can be as-
sumed as the response of the watershed is reflected in
the observed streamflow values. Once a hydrologic sim-
ilarity between any two watersheds is established us-
ing the similarity in the geometric patterns, then one
or more of the several watershed physical properties
(landuse, soils or topography) can be used to confirm
the hypothesized similarity. The concept of establish-
ing hydrological similarity using streamflow time series
is tested by analyzing historical streamflow data from
several USGS gaging stations in the state of Kentucky.
The streamflow data is processed using a data-sorting
program developed specifically for analyzing geometric
patterns. Digital Elevation Models (DEMs) are used
to delineate watersheds using the location of the gag-
ing stations as outlets of the watersheds. Similarity in
Land use/Land cover information is used as one of tests
to confirm the possible existence of hydrologic similar-
ity. If hydrological similarity is established based on
the patterns in streamflow time series, transferability

searched in data items or observations.

of streamflow prediction approaches can be evaluated.
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The application of probabilistic forecast evaluation
methods to synthetic hindcasts was demonstrated in
a previous study. The goal of this initial research
was to assess the potential for using specific verifica-
tion methods for National Weather Service Ensemble
Streamflow Predictions (NWS ESP). Results from this
work indicated that the measures studied (ranked prob-
ability skill score, discrimination, and reliability) pro-
vided a comprehensive evaluation of forecast character-
istics. However, it remained unclear whether the statis-
tics could be put into practical application. The sec-
ond phase and current phase of this study highlights
the problems, issues, and obstacles that come to light
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