NSF ITR Pre-Proposal

Title:
A Problem Solving Environment and Computing Portal for Coupling Regional Climate Models

Project Summary:

The proposed research effort will create a web-based computing portal/PSE for coupled regional climate models.  In addition to constructing the PSE, algorithms in current application models will be improved to allow them to function as a single multi-block code.

The scientific research problems to be addressed are accurate predictive regional climate models that incorporate the full spectrum of natural phenomena.  Current approaches omit important aspects, especially groundwater hydrology.  The resolution will be sufficient to resolve storms and hazardous events (e.g., severe thunderstorms, tornadoes, etc.) impacting human safety and activities.  These multidisciplinary problems are most easily addressed in an environment (PSE) that allows simple access to a set of diverse computational tools.

The methods to be used include a major expansion of an objected-oriented (Object Request Broker), proof-of-principle PSE that was developed under other funding.  The expanded PSE will include simple interfaces for setting up computational grids, full links via the Internet to national databases, and real time graphical results to allow observation of computational progress by the scientist.  Methods also include significant modifications to application code algorithms in order to allow viable coupled execution in parallel.

The expected outcomes include the Groundwater, Atmospheric, and Surface Water Prediction System (GASP), an operational water basin prediction system for integrated spatially distributed decision making, as the final "product" to be delivered to NSF.  In addition, outcomes include major improvements to regional climate application codes and several case studies of the Lake Erie/Michigan region to demonstrate the success of our approach.

Project Description, Goals and Objectives:
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The collected team of universities proposes to extend an object-oriented, web-based portal or Problem Solving Environment (PSE) to a fully robust state with coupled application codes for performing regional climate and weather prediction.  The current PSE is part of a larger project called "Gateway" that couples a client web browser with Object Request Broker (ORB) middleware on a server, allowing even novice HPC users to execute codes and perform research activities without extensive computer science skills.  Figure 1 shows the web browser screens for the Gateway portal and model selection for computational chemistry, which is the application in the previously funded effort.  To the best of our knowledge, this represents the first time that 

robust, object-oriented middleware has been used for coupling a web browser client to HPC mainframes.  A web browser interface is much preferable to a GUI-type interface because it requires that client hardware contain nothing more than a level 4.0 web browser.  The proposed effort will extend this revolutionary technology even further, creating a portal for a specific multidisciplinary application that addresses important national research topics.

Huge increases in computational power over the last two decades have led to a remarkable proliferation of simulators of physical phenomena.  The vast majority of these simulators are domain-specific; however, they account for a limited subset of relevant phenomena and usually consider only a single scale.  These limitations generally reflect a combination of factors, including lack of understanding of the correct physical description of certain phenomena at various scales; inadequate mathematical formalisms and computational methods for incorporating such phenomena; computational tractability; and inadequate data.

Despite these limitations, such simulators have provided enormous advances in our understanding of natural and engineered processes, at least in terms of the restrictions inherent in the simulators.  One of the insights invariably obtained in these studies is the importance of accounting for a wider range of physical processes in the model.  Regional climate modeling provides an excellent example.  The importance of tracking water fluxes in multiple phases is now apparent, but current approaches omit key aspects of the relevant processes.  Another example is the coupling between geomechanics and fluid flow in the subsurface.  Many highly sophisticated flow simulators have been developed, none of which provide more than a cursory acknowledgement of the stress-strain behavior of rocks, and vice versa. 

How should we address this type of limitation in scientific modeling?  On one hand, we may attempt to derive a more general set of governing equations and construct a new, more representative simulator embodying these equations.  On the other, we may attempt to fuse multiple existing simulators together in a physically and mathematically rigorous way so as to capture the required wider set of processes.  A diagram of the phenomena and models we propose to include is included in Figure 2, which provides an overview of the Groundwater, Atmospheric, and Surface Water Prediction System (GASP) PSE and how it will operate.
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Deriving a more general set of governing equations and constructing a new simulator holds the appeal of intrinsic rigor in the modeling and simulation, but this appeal must be balanced against the cost of ab initio model and code development.  Fusing multiple existing simulators takes advantage of the (often substantial) resources invested in simulators of particular processes, but care must be taken to ensure meaningful coupling.  When done correctly, however, this latter approach can be a powerful means of evaluating the necessity of adopting the most rigorous methods.

This project seeks to demonstrate the advantages of simulator coupling by means of recent advances in computational science.  We will illustrate this approach with the important application of regional climate modeling, specifically addressing the need to account for movement of water in much greater generality than typically done in existing models.  This project will serve as a foundation for an effective approach to modeling CO2 sequestration, an important political and environmental issue that is on the horizon.  Figure 4 shows the physical and quality variables that we expect to include in the fused applications.
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Approach
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In order to develop a fully robust PSE, a combination of skills resident in the participating universities must be brought to bear on this complex, multidisciplinary problem.  First, the continued development of the PSE superstructure by OSC and Syracuse, with assistance from Rutgers, can proceed in parallel with improvements in algorithms and parallel computational approaches.  UT-Austin and OSU will conduct the latter.  The functional approach to these interactions is depicted in Figure 4.  In this figure, the more traditional and geographical ties are overlaid onto the functional duties of each member of the team.

PSE Development

OSC Proposed Work

Algorithm Development and Parallel Computation

The team will investigate and develop parallel numerical algorithms and object-oriented middleware for GASP, suitable for multi-domain and multi-physical modeling of flow and transport in surface/subsurface and air/sea/wave environments.  The GASP PSE will allow for multiple sub-domain simulation of a single physical environment, for example, a body of surface water, as well as the coupling of multi-physical models across domains. Examples of multi-physical models include the coupling of wetlands with rivers, lakes and bays, the interactions of surface water with subsurface soils and aquifers, and modeling of the air-sea-wave interface.  GASP will allow for multi-domain/multi-physics connections with non-matching finite element discretizations through the use of physically motivated boundary conditions. It will provide clients with tremendous flexibility in determining appropriate physical models, regional spatial and temporal discretization strategies, and various domain decomposition based methods for the solution of linear and nonlinear systems of equations arising from these discretizations.

IPARS: A PSE for Subsurface Flow

The UT-Austin team has employed a similar PSE strategy in their development of IPARS, the Integrated Parallel Accurate Reservoir Simulator, which models multiphase flow in the subsurface.  IPARS  (I will fill in some stuff here.  SLB) 

Coupling of Surface/Subsurface Models

The coupling of the surface and subsurface environments will be handled through appropriate matching of water and chemical specie fluxes across interfaces between different regimes.  The subsurface environments of interest include unsaturated soils and aquifers.  Through the development of IPARS, the UT-Austin team has extensive experience in this area.  The surface water environments of interest cover a wide spectrum – wetlands, river channels, lakes, bays and deeper bodies of water.  Within each environment, an appropriate physical model and suitable discretization strategy must be chosen.  For example, flow in wetlands may be suitably modeled by Manning's equation, while the depth integrated Navier-Stokes equations are more appropriate in a bay or estuary.  These equations solve for similar physical quantities – for example, water flux and elevation, which must be matched across interfaces.  We will investigate parallel iterative strategies for the coupling of these different physical models over the course of the project.  The time-scales upon which physical processes occur within each environment will also be considered when developing our solution techniques.  Thus, we will study the effects of taking different sized time steps and using different time-stepping procedures across domains. 

 The coupling of the air/sea/wave interface is even more complex...... (OSU???)

Efficiency of Domain Solvers

Within each physical domain, accurate and efficient parallel algorithms will be investigated for the solution of the appropriate physical model.  Here we will build upon the large technology base of available methods for these models, and develop novel algorithms suitable for non-matching grids, spatial and temporal adaptivity, and large-scale parallelism.  Over the past several decades, there have been numerous simulators developed for surface and subsurface flow and transport and wave analysis.  For example, CH3D and ADCIRC are well-known and established surface water circulation and sediment/salinity transport models.  While these codes contain quite sophisticated physics, boundary conditions, turbulence closure models, etc., the finite difference and finite element computational framework upon which they are based dates back several decades.  Moreover, the solution strategies employed, for example in CH3D, are not suitable for large-scale parallel computation.  At UT-Austin, we have recently developed a new circulation model called UTBEST (University of Texas Bay and Estuary Simulator), based on a novel discontinuous Galerkin (DG) finite element method.

This new approach uses completely discontinuous finite element spaces, allowing for the use of non-matching finite element grids, and different approximating polynomials in different elements (p-adaptivity).  Wetting and drying of elements, which is a difficulty in many older simulators, is easily handled with the DG method, since all computations are element based with only weak coupling between elements.  The DG method also conserves mass and momentum locally.  However, the flexibility of DG comes at a price; namely, the total number of unknowns can be substantial compared to a low order continuous finite element approach.  Therefore, we shall investigate as part of this project the coupling of different temporal and spatial discretization methods for large-scale surface water simulation.  Of particular interest will be the coupling of the continuous linear finite element, wave continuity based formulation used in ADCIRC, with the discontinuous, primitive continuity formulations used in UTBEST and CH3D.  The wave continuity approach has proven to be accurate for the modeling of deeper waters, while the discontinuous finite element and finite difference approaches are better suited for near-shore environments.  The coupling of these different types of algorithms within a parallel computational framework could substantially enhance the accuracy and efficiency of flow and transport modeling in surface water systems.

Coupling Weather and Water Circulation/Wave/Sediment Models
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Need input from OSU here

Figure 5 illustrates the physical and model interactions anticipated for GASP.  This coupling of surface water, groundwater, weather and circulation models will require significant cooperative efforts among UT-Austin, Ohio State and Rutgers.    more from OSU . . .

Research Goals

The primary goal of the proposed research project include creating a user-friendly, interdisciplinary PSE that allows scientists from many areas to conduct computational research on prediction of regional climate and weather patterns.  In addition, we anticipate that the PSE framework will be applicable to many applications, so that a new computational tool will be created that facilitates simple access to complex models.  And finally, new algorithms will be developed and implemented in practical applications that allow for inclusion of multi-physics and multi-scale phenomena.  We anticipate that this will lay the groundwork for more global weather and climate models of much higher fidelity than is now possible.

. . . more . . .

Research Objectives

The specific objective of this research program is to produce the GASP PSE and to make it available to university research scientists under NSF sponsorship.  In so doing, we will bring together a set of complementary talents at five/six institutions in PSE development, numerical algorithm development, weather/wave/circulation/surface/subsurface modeling, and parallel coupling methods.  This collaboration will provide the truly unique capabilities needed to create an advanced toolkit like GASP.

 . . . more . . .

Anticipated Impact

The impact of the successful completion of this project will be to provide a robust model for many PSEs in many disciplines, to lay the groundwork for truly high fidelity modeling of weather and climate, and to demonstrate advances in computational science that allow accurate representation of multi-physics for complex natural phenomena.

. . . more . . .

Budget Summary:

�





Figure 1. Sample screens from the PSE developed for Computational Chemistry.
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Figure 2.  Overview of proposed GASP applications.
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Figure 3.  Physical and quality variables to be included in GASP.
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Figure 5.  Required Interactions among models in GASP.
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Figure 4.  Functional Interactions among University teams.














