include cloud cleared radiances, sea surface temper-
atures, cloud fraction, cloud top pressures and tem-
peratures, and profiles of temperature and water va-
por. We describe here case studies of retrieved quan-
tities for several atmospheric regimes observed by the
AIRS instrument suite over ocean during the month
of January 2003 in the latitude band 40 S to 40 N.
These regimes include shallow and deep tropical con-
vection, regions of temperature inversions with associ-
ated low-level clouds, and conditions near the midlat-
itude storm tracks. These studies are intended to es-
tablish the foundation for more detailed examinations
of atmospheric phenomena observed by AIRS. We also
present initial results of a multiparameter analysis of
AIRS retrieved products using a statistical clustering
method.
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A progress report on the development of the ground-
water section of the Arc Hydro data model is presented.
The Arc Hydro surface water data model is a synthesis
of geospatial and temporal information that character-
ize a “hydrologic information system” which supports
hydrologic analysis and modeling in the ArcGIS envi-
ronment. In order to better describe the full hydrologic
cycle a groundwater section is developed to be incorpo-
rated into Arc Hydro. The integration of the ground-
water data model will enable the characterization of
surface water and groundwater simultaneously within
ArcGIS. Representing the 3-dimensional nature of the
subsurface and describing the hydrogeologic architec-
ture of groundwater systems in a GIS framework is an
important aspect of this study. The data model is de-
signed to be scalable and will support the management
of regional scale data as well as site scale information.
The model will also describe surface water - ground-
water connectivity by connecting the existing surface
water data model with the groundwater section devel-
oped. The representation of groundwater systems will
be utilized to develop interfaces between the ArcGIS
environment and groundwater models such as MOD-
FLOW.
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Numerical modeling of the Death Valley regional
ground-water flow system, Nevada and California, in-
volves the conceptualization and simulation of a com-
plex and heterogeneous geologic and hydrologic sys-
tem. The hydrogeologic characteristics of the region
result from an arid climate and complex geology. In-
terbasin regional ground-water flow occurs through
a thick Paleozoic carbonate-rock sequence, a locally
thick Tertiary volcanic-rock sequence, and basin-fill
alluvium. Throughout the system, deep and shallow
ground-water flow may be controlled by extensive and
pervasive faults and fractures. Understanding ground-
water flow requires the formulation of conceptual and
digital models that characterize the three-dimensional

(3D) hydrogeologic framework within which the water
moves. Part of this study includes the construction of
a digital 3D geologic model that provides a descrip-
tion of the geometry and composition of the hydroge-
ologic units and structures that control ground-water
flow. These hydrogeologic units and structures are then
simulated in the hydrologic model using the Hydroge-
ologic Unit Flow (HUF) Package and the Horizontal-
Flow Barrier (HFB) Package of the ground-water mod-
eling code MODFLOW-2000. The HUF Package allows
the geometry of the hydrogeologic units to be defined
explicitly using hydrogeologic units that can be dif-
ferent from the defined flow-model layers. The HFB
Package allows the simulation of features that retard
flow. Likewise, zone and multiplication arrays can be
utilized to incorporate hydraulic property detail, such
Utilizing
these capabilities significantly contributes to the abil-

as facies changes within a particular unit.

ity of the modeler to better simulate the hydrogeologic
conceptual model of the flow system. As geologic and
hydrologic modeling software increase in complexity,
modelers have the ability to better visualize and inter-
act with the simulated hydrogeologic system and flow-
model results. Post-processing utilities such as MOD-
PATH and ZONEBUDGET allow the calculation of in-
formation helpful for analyzing the vast quantities of
data. New and existing geographic information system
(GIS) techniques can be used to visualize these results,
such as flow paths and water-budget data, as well as
water-level altitudes, hydrogeologic units, zone arrays,
and flow-model layers. For example, three-dimensional
views of particle paths along with the geometry of hy-
drogeologic units and structures provide insight into
which features may be controlling ground-water flow
paths. Employing GIS to develop maps of flux in and
out of particular parts of the system aids in the visual-
ization of the water budget. In addition, with the ad-
vent of the newer techniques and modeling tools the sci-
entist can better explore the links between the hydro-
geologic framework and the flow system. For instance,
the scientist may conduct hypothesis testing regarding
the hydraulic parameters associated with specific units
or features based on visualizations analyses performed
with the aid of GIS. Thus, the power of combining the
GIS techniques and modeling packages is that, in addi-
tion to helping the scientist calibrate the ground-water
model, it allows the scientist to test the degree to which
the flow-model results match the conceptual model.
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The principal advantage of utilizing GIS technol-
ogy for regional ground water modeling is that it al-
lows the model development to occur on the concep-
tual model level. The principal model features can be
defined using points, arcs, and polygons. For exam-
ple, production and observation wells can be input as
points. Rivers, drains, and head-dependent boundary
conditions can be defined using arcs. Lakes, recharge
zones, seepage faces, and hydraulic conductivity zones
can be represented using polygons. Once the concep-
tual model has been defined, the model can be dis-
cretized to the model grid. The feature objects are
intersected with the model grid to determine which
cells coincide with each model feature. The cell-by-
cell model input can then be automatically extracted
from the feature object data. This conceptual model
approach has numerous advantages: 1. Model devel-
opment much is more efficient since the tedious dis-
cretization process can be automated. 2. Since the
conceptual model is defined independent of the model
grid, the modeler can quickly test various grid resolu-
tions. 3. Existing GIS data can be integrated into a
modeling project with minimal effort. When building
a GIS-based ground water modeling tool, one of two
approaches is typically used: 1) the tools be built en-
tirely within an existing GIS such as ArcGIS, or 2) the
tools can be built in a stand-alone program that im-
ports data provided by a GIS. There are several advan-
tages/disadvantages to each of these methods. We have
chosen to build our system in a stand-alone program
called the Groundwater Modeling System (GMS). The
Map Module in GMS provides an interface for building
conceptual models and converting conceptual models to
a variety of models including MODFLOW & MT3DMS.
One important component of a GIS-based modeling sys-
tem is the capability to import GIS data. Traditionally,
we have used the “shapefile” format for importing and
exporting GIS data. The shapefile format is a fairly
simple file format designed for exchanging GIS data.
The main drawback of the shapefile approach is that
not all GIS data are available in shapefile format. Re-
cently, we have developed an entirely new method for
importing GIS data for ground water modeling. This
method is based on the new ArcObjects software library
provided with the ArcGIS software. With ArcObjects,
it is possible to embed a large portion of the ArcGIS
functionality directly within your own application, pro-
vided that ArcGIS has been installed on the computer
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running the software. In GMS, we have developed a
new “GIS Module” that incorporates the ArcObjects
technology. With the ArcObjects tools, we can use the
native ArcGIS “Add Data” dialog box to open virtu-
ally any GIS database supported by ArcGIS. We can
then plot the imported database using the ArcObjects
code, resulting in high quality map displays. In many
cases, a GIS database contains substantially more in-
formation than is required by a modeling study. Us-
ing the ArcObjects code, we can select a subset of the
database either by a graphical selection or by an SQL
query. The selected data are then transformed to the
format used by GMS for defining the conceptual mod-
els. When GIS data are initially developed, the format
and naming conventions used are often non-standard.
During this transformation process, the user is allowed
to identify a filter for the attribute table that controls
how the feature object attributes are to be mapped to
the corresponding conceptual model attributes.
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The basic principle of the Analytic Element Method
(AEM) is the superposition: complex regional-scale
flows are simulated by adding the influences of indi-
vidual analytic elements. Each analytic element con-
tains geographic information and mathematical func-
tions that describe its influence on regional ground-
water flow. The main AEM advantage, relevant to
GIS-based modeling, is a direct correspondence of an-
alytic elements and hydrologic aquifer features (such
as lakes, rivers, water-supply wells). The flow solution
(water table elevation and fluxes) is created without
discretization by including all relevant elements (or fea-
tures). Several regional-scale groundwater models have
been developed using the AEM include NAGROM (the
National Groundwater Model of The Netherlands) and
the Twin Cities Metropolitan Area Groundwater Model
(Metro Model). The one-to-one correspondence of ele-
ments to hydrologic features allows for elegant integra-
tion of groundwater modeling and GIS software. This
simplifies both model development and management.
In contrast to finite-difference and finite-element based
methods, the AEM does not require any grid-based
data; all input data are vector-based. This represen-
tational style coincides well with the strengths of Ge-
ographic Information Systems. This presentation will
focus on both the practical aspects of the AEM relevant
to GIS-based modeling and the development of a new
GIS-based user interface for AEM modeling. Recent
computational advances related to regional-scale mod-
eling using AEM will be discussed and demonstrated.
These advances include (1) development of solution al-
gorithms designed for massively parallel supercomput-
ers where the same advantage (one-to-one correspon-

dence of analytic elements and hydrologic features) is
responsible for efficient implementation in parallel en-
vironments, and (2) algorithm enhancements designed
for single-processor machines. Groundwater models
with thousands of elements can hence be solved. A pub-
lic domain GIS graphical user interface has been devel-
oped to aid in model construction and output visualiza-
tion within the ArcGIS® software program ArcMap.
The ArcGIS platform can handle multiple formats of
geographically referenced field data in conjunction with
input and output of the numerical model itself. The
user interface, using many extensions available in Ar-
cGIS, provides advanced functionality for analysis of
model output and simplification of user input. The ap-
plication is currently being used to develop a regional
scale model of the Trout Lake area in northeastern Wis-
consin.

H22F-05 1440h

An Innovative Real-time Environment
for Unified Deterministic and
Stochastic Groundwater Modeling

Shu-Guang Lil (517-432-1929; lishug@egr.msu.edu)

Qun Liu' (liuqu@egr.msu.edu)

IDepartment of Civil and Environmental Engineering,
Michigan State University, A133, RCE, East Lans-
ing, MI 48824, United States
Despite an exponential growth of computational ca-

pability over the last two decadesone that has allowed
computational science and engineering to become a
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unique, powerful tool for scientific discoverythe ex-
treme cost of groundwater modeling continues to limit
its use. This occurs primarily because the modeling
paradigm that has been employed for decades limits our
ability to take full advantage of recent developments in
computer, communication, graphic, and visualization
technologies. In this presentation we introduce an in-
novative and sophisticated computational environment
for groundwater modeling that promises to eliminate
the current bottleneck and greatly expand the utility
of computational tools for scientific discovery related
to groundwater. Based on a set of efficient and robust
computational algorithms, the new software system,
called Interactive Groundwater (IGW), allows simulat-
ing complex flow and transport in aquifers subject to
both systematic and “randomly” varying stresses and
geological and chemical heterogeneity. Adopting a new
paradigm, IGW eliminates a major bottleneck inher-
ent in the traditional fragmented modeling technolo-
gies and enables real-time modeling, real-time visual-
ization, real-time analysis, and real-time presentation.
IGW functions as a “numerical laboratory” in which a
researcher can freely explore in real-time: creating vi-
sually an aquifer of desired configurations, interactively
imposing desired stresses, and then immediately inves-
tigating and visualizing the geology and the processes
of flow and contaminant transport and transformation.
A modeler can pause to edit at any time and interact
on-line with any aspects (e.g., conceptual and numeri-
cal representation, boundary conditions, model solvers,
and ways of visualization and analysis) of the inte-
grated modeling process; he/she can initiate or stop,
whenever needed, particle tracking, plume modeling,
subscale modeling, cross-sectional modeling, stochastic
modeling, monitoring, and mass balance analyses. IGW
continually provides and displays results that are intel-
ligently processed, organized, overlaid, and displayed.
It seamlessly and dynamically merges heterogeneous
geo-spatial data into graphical images - integrating re-
lated data to reveal the complex interplay among the
geology, hydrology and chemistry across multiple spa-
tial and time scales. This unprecedented capability in
real-time modeling, steering, integration, analysis, and
visualization transforms the way we model and pro-
foundly expands the utility of groundwater model as
a tool for research, education, and professional investi-
gation related to groundwater.

URL: http://www.egr.msu.edu/ lishug/igw
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We present in this paper a generalized hierarchi-
cal framework for modeling and visualizing complex
groundwater systems across multiple spatial scales. A
large-scale regional system is converted into a cas-
cade of nested subsystems that are modeled sequen-
tially with finer and finer resolution over a smaller
and smaller domain. Higher levels are used to simu-
late larger scale dynamics whereas nested lower levels
are used to simulate faster and smaller-scale processes.
The upper level exerts constraints (e.g., as boundary
conditions) to the lower level, whereas the rapid dy-
namics at lower level are aggregated (scaled up) and
only manifest as aggregated effective values, provid-
ing initiating conditions to the upper. The subsys-
tems at the same level interact with each other through
their “parent” or “grand parent”, etc. We implement
the generalized hierarchical modeling paradigm in a so-
phisticated object-oriented, interactive software envi-
ronment, called Interactive Groundwater. The system
is designed such that a modeler can initiate on-line,
interactively, and graphically an arbitrary number of
submodels, submodels in a submodel, or most gener-
ally, a hierarchy of dynamically linked models and visu-
alize in real-time multi-scale flow and transport. This
generalized hierarchical paradigm eliminates the infa-
mous “curse of dimensionality” in large-scale modeling
and allows characterizing complex groundwater systems
with unprecedented resolution and efficiency. At the
meeting, we will demonstrate live the innovative soft-
ware environment and the power of real-time hierarchi-
cal groundwater modeling.

URL: http://www.egr.msu.edu/ lishug/igw
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Assessment of the health risks associated with expo-

sure to elevated levels of arsenic in drinking water has
become the subject of considerable interest and some
controversy in both regulatory and public health com-
munities. The objective of this research is to explore
the factors that have contributed to the observed ge-
ographic co-clustering in bladder cancer mortality and
arsenic concentrations in drinking water in Michigan.
A corner stone is the building of a probabilistic space-
time model of arsenic concentrations, accounting for in-
formation collected at private residential wells and the
hydrogeochemistry of the area. Because of the small
changes in concentration observed in time, the study
has focused on the spatial variability of arsenic, which
can be considerable over very short distances. Various
geostatistical techniques, based either on lognormal or
indicator transforms of the data to accommodate the
highly skewed distribution, have been compared using
a cross validation procedure. The most promising ap-
proach involves a soft indicator coding of arsenic mea-
surements, which allows one to account for data be-
low the detection limit and the magnitude of measure-
ment errors. Prior probabilities of exceeding various
arsenic thresholds are also derived from secondary in-
formation, such as type of bedrock and surficial mate-
rial, well casing depth, using logistic regression. Both
well and secondary data are combined using kriging,
leading to a non-parametric assessment of the uncer-
tainty attached to arsenic concentration at each node
of a 500m grid. This geostatistical model can be used
to map either the expected arsenic concentration, the
probability that it exceeds any giventhreshold, or the
variance of the prediction indicating where supplemen-
tary information should be collected. The accuracy and
precision of these local probability distributions is as-
sessed using cross validation.
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Modern geology needs accurate representation of
underground volumes. Because 3D geological mapping
was so far based on the interpretation of expensive 2D
and 3D seismic surveys, it has not been much used in
water exploration and exploitation. We present a pio-
neering way to generate accurate and efficient 3D ge-
ological maps using already existing and inexpensive
data sets, in a context of fresh water management in
the Beirut watershed (Lebanon). Our approach is based
only on surface information coming from a published
geological map, remotely sensed data, and a Digital El-
evation Model (DEM). In order to generate the 3D geo-
logical map, we used a 3D geological modeler (EarthVi-
sion developed by Dynamic Graphics Inc.) that com-
bines and extrapolates the surface information into a
coherent 3D data set, to represent volumes. Once the
3D map has been calculated, graphical representations
allow the user to examine it from various directions,
slice it to generate cross-sections, or disassemble it to
examine individual geological units. Such 3D geological
map is a powerful tool to understand both the regional
geological settings and the local relationships between
faults, horizons and topographic surface. A major ad-
vantage of our 3D map is that it offers the possibility

to attribute rock properties to each geological volume
unit. In order to illustrate how ground water reserves
can be quantified, we simulate the porosity of one water
reservoir leading to the calculation of rock pore volume.
We also calculated a cellular grid in conjunction with
the porosity model that quantifies the water circulation
within the reservoir. These results are of major signif-
icance when planning future wells or for any water and
reserve management tasks. Any other underground re-
sources could also be described by such a 3D geologic
model. This methodology can be applied to other parts
of the world, using the same kind of input geological
map, complemented with field and remote sensed data
when needed and available.
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The Poisson-Boltzmann equation is a nonlinear or-

dinary differential equation that provides a rather ac-
curate model for the behavior of the diffuse ion swarm
near charged colloidal particles suspended in dilute
Analytical solutions of this equation
are known only for planar charged surfaces (e.g. layer
type clay minerals), but an iterative method of ap-

proximate solution suggested by J.-Y. Parlange in 1972

has enjoyed widespread application to both cylindri-

cal (e.g. polyanions) and spherical (e.g. metal oxides)
charged surfaces. Since the Poisson-Boltzmann equa-
tion is a special case of a generic nonlinear ordinary dif-

aqueous media.

ferential equation whose other realizations include well
known mathematical models in astrophysics, nuclear
engineering, and theoretical ecology, progress in the
analytical solution of the Poisson-Boltzmann equation
also contributes to the elucidation of its mathemati-
cal siblings. In this paper we show that the Poisson-
Boltzmann equation can be derived from a Lagrangian
variational principle and that it can be put into one-
to-one correspondence with a Hamiltonian dynamical
system. This correspondence opens the door to utiliz-
ing the vast array of mathematical results available in
Lagrangian and Hamiltonian dynamics. For example,
Noether’s theorem can be applied to find first integrals
and an exact Hamilton-Jacoby equation can be con-
structed, the solution of which is tantamount to solving
the Poisson-Boltzmann equation. This latter avenue is
explored for planar, cylindrical, and spherical geome-
tries emphasizing the utility of the Parlange approxi-
mation scheme.
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The classical Dupuit-Forchheimer (DF) approxima-
tion for groundwater free surface flow in an unconfined
aquifer assumes that the vertical component of the
seepage velocity is zero. This assumption is expected
to be least accurate when there is non-zero accretion at
the free surface. The DF approximation leads to a non-
linear diffusion equation satisfied by the height of the
free surface. The general principles of integral meth-
ods used by Yves Parlange are to assume some sim-
ple approximate shape for some unknown function, and
then to choose the parameters of this function to satisfy
some known integral relation of the flow system. The
DF approximation is improved by assuming that the
vertical velocity component is zero at the impermeable
horizontal base, and increases linearly to its unknown
value at the free surface. The well known Guirinsky
potential which depends only on the free surface height
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