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Abstract

A numerica modd is being congtructed to Smulate the movement of water and
condtituents within a coupled groundwater and surface water syssem. The model is designed to
runon al DoD HPC platforms. Loca mesh refinement and coarsening and domain-
decomposition preconditioners have been integrated into the model. The model has been
exercised successfully on severd test problems. Presently, the model is being gpplied to an
instrumented watershed.

Scientific Problem

The Department of Defense (DoD) is required to assess the environmental impact of its
activities at both present and formerly used facilities. When warranted, the DoD must enact
remedia measures to address environmenta problems. The potential costs associated with
environmentd remediation a DoD Stesis staggering. In addition to the cost of remediation, the
DoD risks reduced or prohibited accessto its training facilities unless environmental concerns
are addressed adequately. For these reasons, accurate environmental assessments and effective
remedia designs are essentid.

Thorough environmental assessment requires that the ecosystem be examined in amore
holigtic fashion than is customary. Traditiondly, each part of a hydrologic system (groundweter,
wetland, drainage basin, etc.) has been modeled individudly, tregting the other parts of the
hydrologic system as sources or Snks that are assumed to be constant or described with smple
empirica functions. Often, the disparate tempora or spatial scales among these systems justify
this uncoupled trestment. However, in some cases, the degree of interaction or the uncertainty
in the magnitude of sources or sinks requires that multiple components of the hydrologic system
be conddered smultaneoudy. Examples include groundwater-driven hydrology in wetlands,
contaminant exchange between surface and subsurface systems, and heterogeneous, transient
infiltration. In many locations, such as south Florida, the groundwater and surface water
systems are S0 tightly coupled that they are virtudly inseparable. Figure 1 isa schematic
showing severd typicd points of interaction between groundwater and surface water systems.



Technica Approach

The ADH (ADaptive Hydrology) groundwater model, consiructed at the Engineering
Research Development Center (ERDC), is being extended for use as the model foundation.
Knowledge gained through the creation of the HIVEL 2D surface-water mode, dso a the
ERDC, is hdping develop anew surface water modeling capability within the ADH framework.
The new mode is named SWGW.

SWGW couples three-dimensiond, unsaturated groundwater moddling to two-
dimensiond, shallow water moddling at the surface. Previous attempts to account for the
interaction of groundwater and surface water have linked a saturated groundwater flow model
with an overland flow mode through a one-dimensiond (vertical) representation of the
unsaturated zone. Such a one-dimensond unsaturated flow interface typicaly usesasmplified
depiction of the unsaturated flow as wet-dry interface propagation or, even smpler, asa
homogenized-volume represented by a condtitutive equation. The SWGW modd is atechnical
advance because it maintains full three-dimengondity in the unsaturated zone, permitting the
amulation of perched aquifers, inter-formation flow (laterd flow in the unsaturated zone), and
infiltration processes in heterogeneous systems. The drawback in taking this gpproach isthe
large computationa effort required.

Brief Modd Description

SWGW approximates the solution to the Richards equation for groundweter flow and
the diffusve wave equation for surface water flow. The Richards equation is a combined water
balance and momentum equation for saturated and partially saturated soil. This equation is non-
linear because some of the coefficients (saturation and relative permesbility) depend on the
unknown head. The diffusve wave equation for overland flow arises by neglecting the
accderation termsin the full S. Venant equations (for example, Singh, 1996).

Finite dements are used to discretize the domain. The gpproximation is piecewise linear
in space and piecewise condant in time. Groundwater flow is solved in three dimensions using
tetrahedra. The diffusive wave equation is gpproximated on triangles that comprise a surface of
the three-dimensiona groundwater flow mesh. Nodes located on the overland flow face are
dua vaued, with an overland flow head and a groundwater head. The two flow regimes
communicate through boundary fluxes computed at the surface of the groundweater system. By
communicating only through fluxes, the modd avoids a problem found in other mode's coupling
groundwater and surface water. Many of these mode s switch boundary conditions, usng
Dirichlet (head) boundaries when the depth in the surface water is non-zero, and Neumann
(flux) boundaries for recharge when the surface water has zero depth. Presently, the two flow
regimes update their fluxes only a each time step. As modd testing proceeds, it may be
necessary to enforce this communication at each non-linear iteration.

Mesh Refinement/Coarsening

Many of the physical problems to be addressed with the SWGW modd contain steep
and moving spatid gradientsin the solution varigbles. Examples of these gradientsinclude a
moving saturation front or intermittent well in the groundwater system, atraveling wavein the
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surface water system, or a contamination front in either system, for example. Capturing these
phenomena with a fixed-mesh modd would require extremely fine mesh resolution throughout
the domain. Such resolution is not practica for many problems and is not efficient use of
resources for most problems.  For these reasons, the SWGW model uses local mesh
refinement and coarsening to add and delete resol ution, as needed, to capture steep gradients.

Solitting or merging dements is based on an explicit error indicator. Presently, the
model uses an inexpensive, gradient-based indicator, but more accurate (and costly) indicators
(Schmidt, 1997) are available in the model. Elements dated for refinement are divided usng the
edge bisection scheme by Liu and Joe (1995) (Figure 2). Edges are ranked by the refinement
leve of its nodes and by ther length. The ‘oldest” edge in an dement is split firdt. If dl eements
arethe same ‘age, the longest edgeis split firdt.

Pardldization

SWGW has been congtructed to take advantage of paralel computer architectures. The
domain is subdivided in adata pardlel scheme shown by asmple examplein Figure 3. Nodes
are distributed to processors uniquely. Elementsthat fall on processor boundaries are shared.
Ghost nodes are created for those nodes that reside off processor, but contribute to a shared
element. Border nodes are on-processor, but are seen as ghost nodes by another processor.
Thus, border nodes must communicate information with other processors.

Processor partitions generaly will contain eements that are patialy adjacent to each
other because this tends to minimize inter-processor communicetion. Therefore, asthe meshis
refined locally near alarge gradient, amgority of the additional elements and nodes can be
created on only afew processors. Thus, local mesh adaption creates an inherent workload
imbalance among the processors. Periodic repartitioning is needed to maintain the load balance
for the dynamic system. Mesh refinement occurring on one processor must be communicated
to other affected processors.

I nter-processor communication is handled with the slandard Message Passing Interface
(MP1) libraries to ensure the model=s portability anong many HPC machines. Thusfar, the
model has been run on the Cray T3E, IBM SP, and SGI Origin 2000 at the Mgor Shared
Resource Center in Vicksburg.

Matrix Preconditioners

Recent research indicates that for many problems, including groundweter transport in
naturdly heterogeneous soils, significant resolution is necessary to produce quditatively correct
answers (Tompson and Gelhar, 1990, Howington et d, 1997). Thisrevelation comes asthe
trend in physical problem dimension and complexity continuesto increase rapidly. In tandem,
the trend toward larger physical dimension and finer resolution is leading to enormous increases
in the number of nodes and dementsin atypicd amulaiion. The SWGW modd isimplicit in
time, requiring the smultaneous solution of large non-linear dgebraic systems. The number of
nodes and the degrees of freedom per node determined the size of this system of equations. An
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inexact Newton’s method is used to linearize the problem. Thus, alinear sysem must be solved
for each Newton iteration and several Newton iterations may be required for each time step.

A generd concern exigts with the solution of these large linear syssems. The number of
iterations required to solve the system grows with problem size for most schemes. Therefore,
the work required for matrix assembly, etc. increases linearly with the number of processors,
but the work required to solve the system can grow more rapidly. With clever preconditioning
of the linear system, this growth in the number of iterations can be dramatically reduced
(Tompson et a, 1994).

A domain-decomposition approach was chosen to precondition the linear system
because these are well suited for pardld implementation. When these subdomains are
overlapping, these are known as Schwarz preconditioners. The preconditioner optionsin
SWGW are:

Point Jacobi

One-level Additive Schwarz

Two-level Additive Schwarz

Two-level Hybrid Schwarz
Point Jacobi preconditioning makes no use of domain decompostion. The remaining
preconditioners divide the domain into overlapping subdomains. Figure 4 shows a samplefine
mesh and four subdomains.

One-leve additive Schwarz is smply ablock Jacobi preconditioner. A fine-mesh solve
on each subdomain is followed by an interpolation back to the full preconditioning matrix. To
extract each subdomain from the larger system, one must assume boundary condtions. Zero
Dirichlet boundary conditions are used on the subdomain boundaries. Two-level additive
Schwarz schemes add a full-domain coarse mesh solve to the subdomain solves. Basis functions
for the fine mesh dements are summed to create a Sngle basis function for that subdomain
(Jenkins et d, in preparation). This summed basis function for one of the four subdomainsin the
sample meshisshown in Figure 5. The coarse problem consgting of a Sngle matrix entry per
subdomain issolved. Pardldizing the coarse mesh is not yet required because each processor
can perform the coarse solve independently. The two-level additive and two-level hybrid
schemes combine the fine and coarse mesh information differently. This domain decomposition
approach is, effectively, asmple, multigrid preconditioner on an unsiructured mesh, without the
complexity of creating, maintaining, and paraldizing multiple, nested, meshes.

Application

The SWGW modd has been gpplied to several example problems and gpplication to a
fidd steisunderway. Among the example problems are drainage through a heterogeneous soil
column and rainfal/runoff in asmple test basin. The column problem isintended to demondrate
the modd’ s cgpabiilities in amulaing drainage in heterogeneous soil. The smpletest basinis
being used to explore the fluxes across the ground surface and eva uate the performance of the
overland flow modd.

A field problem has been constructed to test the model. The Poplar Creek drainage
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basin a Camp Shelby near Hattiesburg, M'S has been studied extensively. The numerica mesh
to be usad in theinitid amulaionsfor thisfield Steis shown in Figure 6. Rain will be gpplied to
the surface and flux in the creek will be compared to measured discharge.

Additiond Benefits

Thiswork was motivated by the need to smulate the interaction between groundwater
and surface water. However, by adopting a strategy that attaches problem-specific routines
(groundweter flow equations and overland flow equations) to asingle, computationa engine,
severd software development and maintenance advantages have become apparent. The
computationa engine contains matrix solvers, mesh adaption routines, generic finite dement
routines, and pardld communication routines. These difficult and time-consuming parts of the
code remain virtualy unaffected by many changes to the groundwater or surface water routines.

Another mgor issue with a development of this magnitude is code maintenance. If
written in amodular fashion, asingle code may perform smulations for groundwater, surface
water, or coupled systems with little overhead pendty. Therefore, this code may circumvent the
need to maintain individua codes, which often contain smilar modules. By sharing related
modules, advancing capabilities are kept in step for each of the potentia gpplications. Our hope
for the future is to extend the mode to include other components of the hydrologic system. The
difficulty liesin keeping the code a a manageable Sze and in keeping the components
aufficiently modular to permit enhancements and maintenance.

Status and Plans

The SWGW modd presently solves coupled groundwater and surface water flow using
adiffusve wave gpproximation for overland flow. The mode is being tested againgt smple
problems for which andytical approximations are possible and againgt data from instrumented
watersheds. Plans exist to upgrade the surface water modd to solve the full shalow water
equations. A method to handle cands efficiently in one dimension will be explored. A
condtituent flux will be added at the boundary between the flow regimes to accommodate
constituent transport between surface and subsurface waters.

Because the mesh partitioning among subdomains (not Ssmply among processors)
defines the coarse mesh for the Schwarz preconditioner, the partitioning scheme deserves
careful sudy. Preiminary smulations indicate that the convergence rate is sendtive to the shape
of these subdomains. Likewise, there is adelicate ba ance when choosing the number of
subdomains. Having too many subdomains creates a very large coarse mesh problem, while
too few subdomains requires the solution of large problems for each subdomain.
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Figure 1. Typicd interaction of groundwater and surface water.
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Figure 2. Schematic showing the refinement and coarsening of asingle tetrahedral eemert,
adding or removing one dement and one node.
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Figure 3. Schemdtic showing the mesh partitioning scheme. On the left, asmple meshis
divided among three processors. Nodes are assigned to processors. Elements may be shared
by processors. On the right isthe view from processor O showing interior nodes, border nodes,
and ghost nodes.



Figure 4. An example fine mesh with eement boundaries shown in black and four
preconditioner subdomains. The light gray dements are the overlapping regions.



Figure 5. The coarse-mesh basis function is produced by summing dl the fine-mesh basis
functions within the subdomain. The resulting coarse-mesh basis function is constant except in
the e ements shared with the other subdomains.
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Figure 6. Theinitid Poplar Cresk watershed computational mesh.



