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Capability-Class Computing
The use of the most powerful supercomputers to solve the largest and
most demanding problems (Graham et al., 2004).

Leadership-Class Systems
Leading edge, high-capability computers. Over the next decade, these systems will attain peak speeds of one petaflop (1015 floating-point operations
per second), with memory capacities of order one petabyte (1015 bytes of
information). Systems of this size are described as petascale (High-End
Computing Revitalization Task Force, 2004).

Collaboratory
A collaboratory refers to a community-specific computational environment
for research and education that provides high-performance computing services; data, information, and knowledge management services; human interface and visualization services; and collaboration services.

EXECUTIVE SUMMARY
One of the most compelling and challenging intellectual frontiers facing humankind is the comprehensive and predictive
understanding of Earth’s structure, dynamics, and metabolism. The Earth is a complex nonlinear system that is dynamically coupled across a vast range of spatial and temporal
scales. In addition, Earth system processes are coupled across
its physical, chemical, and biological components, all of which
interact with human society. Recent progress in understanding the atmosphere, ocean, solid Earth, and geospace environment, and the rapid expansion in our ability to observe
our planet, present the geosciences community with new
and expanded opportunities to advance understanding of the
Earth as a coupled system. This improved understanding will
provide a basis for meeting urgent needs to reduce the uncertainty in predictions of Earth system processes, provide more
accurate and comprehensive tools to decision-makers, and
foster technological development in the geosciences-related
spheres of the public and private sectors.

of the geosciences in the United States is being impeded by
an acute shortage of high-end capability-class computing
resources. In this report we recommend an additional, complementary strategy for NSF investment in computational
resources: deployment of the most powerful leadership-class
systems available in the form of a collaboratory with a disciplinary focus (see box at left).
This report is the outcome of research and deliberations of
an ad hoc committee of scientists working on behalf of the
atmospheric, solid Earth, ocean, and space science communities, which was formed to address this gap between the scientific requirements for, and the availability of, high-end computational resources. The committee was formed with NSF’s
encouragement. The report presents an overview of the scientific frontiers that would be opened by a national investment
in leadership-class computing systems dedicated to geosciences research. A companion report (Technical Working
Group and Ad Hoc Committee for a Petascale Collaboratory
for the Geosciences, 2005) describes a technical and budgetary prospectus for one possible implementation scenario for
a Petascale Collaboratory for the Geosciences.

Along with theory and observation, computational simulation
has become established as a cornerstone of this progress in
Earth system science. Increasingly, numerical simulations are
not only tested by observations, but provide the first glimpses
of new phenomena and quantitative characterization of complex processes. In turn, these simulations inspire new theoretical investigations and observational strategies.

A PETASCALE COLLABORATORY
FOR THE GEOSCIENCES
Overarching Recommendation: Establish a Petascale
Collaboratory for the Geosciences with the mission to provide
leadership-class computational resources that will make it
possible to address, and minimize the time to solution of, the
most challenging problems facing the geosciences.

Over the last two decades, many reports (Graham et al.,
2004, and references therein) have called for investment in
supercomputing resources in support of the U.S. science
and engineering research enterprise. The National Science
Foundation (NSF) has responded by establishing a network
of supercomputing centers and associated infrastructure that
is open to the broad academic research community. Despite
this investment, recent assessments of cyberinfrastructure
requirements (OITI Steering Committee, 2002; Ad Hoc
Committee for Cyberinfrastructure Research, Development
and Education in the Atmospheric Sciences, 2004; High-End
Computing Revitalization Task Force, 2004; Cohen, 2005)
have indicated that, in particular, research at the frontiers

The establishment of a Petascale Collaboratory for the Geosciences (PCG) will provide the opportunity to conduct
transformative research on the fundamental processes operating in the Earth system, their interactions across scales, and
the feedbacks among them. It will allow the exploration of
new phenomena that are inaccessible with currently available
computing resources, permit researchers to investigate a large
number of fundamental questions about the Earth system,
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and reduce the uncertainty in predictions of variability of the
Earth system and its response to human activity. Developments in data assimilation techniques that will be made possible by the PCG will advance understanding of the elements
of the Earth system and their interactions by synthesizing the
diverse set of measurements delivered by modern observing
systems and by improving our capability for designing and
optimizing the cost effectiveness of the next generation of
satellite and ground-based observing systems. Specifically:

events that impact satellite systems, terrestrial power grids,
and aircraft operations.
• Global seismology. A petascale capability will facilitate
the simulation of global seismic wave propagation at periods of one second and longer. Observational seismologists
routinely analyze signals in this period range. Reaching
this parameter regime numerically will finally enable us
to probe Earth’s deep interior with sufficient resolution
to analyze the complex three-dimensional properties and
structure of the core-mantle interface (the D’’ layer) and
the enigmatic inner core.

A PCG will permit the computational geosciences
community to dramatically expand the range of processes
and spatial and temporal scales represented in simulations,

• Multi-scale modeling in mineral and rock physics. A
petascale facility will allow integration of spatial information from the atomic scale (10-10 m) to the Earth process

making it possible to understand how the many Earthsystem elements interact to produce the complex
phenomena that shape Earth’s past, present, and future.

scale (103 m), and time scales from femtoseconds (10-15)
for molecular dynamics to millions of years by coupling
simulations of the properties of minerals to geodynamics
simulations through multi-scale modeling frameworks.

• Cloud-resolving atmospheric models. Petascale computing power will make it possible to simulate individual
cloud systems within a global atmospheric model. This will
revolutionize atmospheric science by making it possible,
for the first time, to numerically simulate the myriad dynamical, microphysical, and radiative processes the make
up the interactions of clouds with weather systems, thereby
eliminating the need to use crude and inaccurate parameterizations of cloud processes in Earth system models.

A PCG will enable exploration of new phenomena and
more accurate formulations that are inaccessible with
current computational resources.

• Geodynamo. A petascale facility would permit
geodynamo simulations to explore the turbulent regime of
Earth’s core, which has not yet been possible. These new
simulations would provide new insights into the variability
of Earth’s magnetic field.

• Ocean turbulence. Turbulent mixing in seawater is crucial
to CO2 uptake and sequestration, vertical heat transfer, and
the large-scale effects of polar ice cap melting. Despite this,
existing direct numerical simulations of ocean turbulence
have neglected salinity due to our inability to resolve the
extremely small spatial scales characteristic of the salinity
field. A petascale facility will allow the first direct computations of turbulent mixing in salt water, improving our
ability to predict the vertical transport of heat, salt, nutrients, CO2, and other solutes through the water column.

• Sea Ice. Because sea ice is a highly fractured material
floating in its own liquid phase, modeling its dynamics presents special difficulties. A petascale collaboratory
would open the opportunity to test new approaches to
modeling sea ice within climate models and to investigate
the role of important processes such as lead formation and
ridging in the maintenance and variability of the ice pack.

• “Sun-to-Mud” models. Petascale computing power will
make it possible to carry out self-consistent, coupled
simulations of the geospace environment, including the
interaction of processes from the solar corona through
the interplanetary medium, to Earth’s magnetosphere and
ionosphere. This will greatly enhance our ability to understand the genesis and evolution of the space weather

• Advanced accurate methods for first-principles mineral
properties. Empirical models of mineral properties fit to
laboratory measurements are not useful for applications
outside the range of the experimental data, such as the
pressures and temperatures of the deep Earth. First-principles techniques based on density functional theory have
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allowed predictions independent of experimental data, but
lack the accuracy needed for direct input into Earth models. Quantum Monte Carlo methods can, in principle, provide accuracy as good or better than laboratory measurements, and can simulate the pressures and temperatures
of the deep Earth, but require prodigious computational
power for complex materials such as minerals. Developments in computational techniques, as well as access to a
petascale facility, will make such computations tractable.

and climate models in order to extract the maximum
information from these data. Furthermore, the merging
of new observational data with the historical record of atmospheric and oceanic measurements and the design and
implementation of new generations of observing systems,
requires sophisticated methods for the synthesis of models
and observations as well as enormous computational capability to manipulate the unprecedented volumes of data.
• Seismic tomography. The challenge in modern seismic
tomography lies in harnessing new found three-dimensional modeling capabilities to enhance the quality of tomographic images of the Earth’s interior in conjunction
with improving models of the rupture process during an
earthquake. Using modern data-assimilation techniques,
a petascale facility would finally enable seismologists to
tackle this fundamental problem.

• Marine ecosystems. The most common approach to
modeling marine ecosystems represents biota in terms of
spatial and temporal variations of bulk biomass; however,
such representations cannot account for the different dynamics of individuals that have different ages, weights,
and histories. A petascale facility would allow individualbased models of plankton bioenergetics, which track each
zooplankton organism through the physical domain, to be
employed in studies of large-scale marine ecosystems. This
will dramatically increase our understanding and ability
to predict the variability and patchiness of marine ecosystems.

A PCG will enable the simulation of the full spectrum of
interactions among physical, chemical, and biological
processes in coupled Earth system models.

• Soil, vegetation, and hydrology. Land-atmosphere property fluxes are forced by surface ecosystem heterogeneity
on scales of 1 m or less. The forcing is the result of a huge
array of interacting biological, chemical, and geological
processes. Modeling these effects requires incorporating
data at high spatial resolution into models of many interrelated subsystems. Understanding the integrated effects
of these processes is necessary for predicting ecosystem
change and water availability.”

• Magnetic reconnection studies in global space simulations. Magnetic reconnection is a crucial aspect of space
physics simulations. It not only rearranges the magnetic
field topology, but its understanding is crucial for determining the transport of mass, momentum, energy, and
magnetic flux from the Sun to Earth. This is an important
factor in the genesis of geomagnetic substorms. Magnetic
reconnection takes place in very small regions and on very
short time scales. A petascale facility would allow incorporation of this physics into global space physics models,
revolutionizing space science simulation capabilities.

• Space physics. The present generation of space physics
models are primarily based on fluid-type approximations
(including generalized high-order velocity moment equations). However, kinetic simulations are essential for incorporating the effects of microphysical processes (such
as electron magnetization, turbulence, and kinetic reconnection). A petascale capability will allow the coupling of
these two classes of physical processes.

A PCG will challenge and improve understanding of Earth
system processes via synthesis of state-of-the-art models
and modern Earth observations.

• Assimilation of the full-resolution remote-sensing database for the atmosphere and oceans. The volume of
Earth observational data expected to be available in the
next two to five years represents a growth by a factor of
106 over currently available observations. It will be necessary to assimilate these data into state-of-the-art weather

• Multiple earthquakes. The problem of simulating the
complete earthquake sequence is challenging because of
the multiple spatial and temporal scales involved. This difficulty could be overcome through coupling of simulation
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codes for regional mantle convection, quasi-static deformation, and dynamic rupture propagation. A software
framework for accomplishing this coupling is under development; a petascale facility would allow coupled simulations to be undertaken routinely.

ellites, knocking two out of commission, diverted airplane
routes, caused power failures, and disrupted long-distance
radio communications.
• systematically assess seismic hazards by simulating
ground motions caused by hypothetical, but plausible,
earthquakes on faults in and around sedimentary basins.
Simulated ground motions can be coupled with the mechanics of buildings, tunnels, bridges, pipes, and rails to
better constrain how to make such structures more earthquake proof, and to identify hazards and needed warning
and monitoring systems. Similarly, they can be coupled to
tsunami propagation models to estimate inundation risks.
Increased understanding of geophysical processes at many
scales are required to develop more accurate models that
can pinpoint hazards within population centers.

• Carbon and climate. Present Earth system models have
just begun to couple terrestrial and oceanic carbon cycles
with the physical climate system so that atmospheric carbon dioxide and its climate forcing are predicted rather
than specified. Models of land and oceanic carbon cycles
are rudimentary, making the prediction of carbon sequestration or release problematic. A petascale facility
would allow improved predictions of future climate by
increasing resolution of ecosystem types and ecosystem
processes in models, and including interaction with critical macro- and micro-nutrients. Furthermore, model
integrations must be long enough to assess the long-term
ecosystem and other consequences of climate change and
management strategies.

• improve predictive understanding of the Earth system in
the area of long-term climate forecasting. Although the
climate community generally agrees that there is a buildup
of anthropogenic greenhouse gases in the atmosphere,
the mechanisms and feedbacks involved in, and the magnitude and spatial distribution of, climate change are still
very uncertain. Potential mitigation efforts are expensive
and of uncertain value using information from current climate modeling activities. As resource managers and decision-makers have already begun realize, numerical climate
forecasts represent a key tool for designing an optimal
response in the private- and public-policy sectors. Such
forecasts require not only fine spatial resolution but also
a comprehensive and accurate accounting of the myriad
atmospheric, oceanic, and terrestrial processes that affect
climate evolution on multi-year time scales.

A PCG will permit the geosciences research community
to assist in the evaluation of risk and design of mitigation
strategies for natural hazards.

From rapidly evolving phenomena such as earthquakes, volcanic eruptions, severe storms, and tsunamis, to the slow but
potentially large impacts of man-made pollution, advances
in geosciences research can lead to more effective and economical strategies for prediction, adaptation, and mitigation. A PCG will permit the computational geosciences
community to:
• enhance understanding of the processes operating within hurricanes so that they can be more faithfully represented in forecast models. This, along with better observations of the surrounding atmospheric state and sea surface
temperature, will permit operational centers to deliver
more accurate forecasts, thereby saving lives and money.

The PCG will support a very broad portfolio of disciplinary
science that is linked intellectually through common theories
and methodologies, and programmatically through the common and coordinated goal of developing a comprehensive
Earth system modeling capability. A focused deployment of
petascale resources in the form of a collaboratory will more
effectively promote these synergies and programmatic goals
than could either a more broadly directed deployment to
the general science and engineering research community,
or a deployment to the sub-disciplines within geosciences.
The PCG will represent a showcase for the most ambitious

• more accurately forecast the geospace environment
during solar eruptions, allowing operators to take steps
to mitigate impacts. In late October and early November
2003, a series of some of the most powerful solar eruptions
ever registered (“the Halloween storms”) damaged 28 sat-
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supercomputing technology and computational science, providing the impetus and a testbed for advanced computing
technology. The PCG will serve to maintain U.S. leadership
in both the geosciences and supercomputer technology.

the branches of science, represents a unique balance between
the breadth of the disciplinary research and commonality of
purpose to justify and cost-effectively direct a national investment of this order.

FEASIBILITY

Societal Benefits: Our health, security, and nearly every sec-

tor of the economy are impacted in some way by weather, the
geospace environment, availability of water or other natural
resources, and exposure to natural hazards. Rational planning and policy-making depend on a comprehensive and
predictive understanding of these phenomena. Progress at
the research frontiers facilitated by the PCG will allow us to
quantify and substantially reduce the uncertainties in predictions of Earth system processes. This knowledge can be
rapidly transferred into operational practice to provide more
accurate and comprehensive tools to decision-makers. The
benefits conferred by this research will reach every individual
and institution in our nation.

Based on the analysis in the companion report (Technical Working Group and Ad Hoc Committee for a Petascale
Collaboratory for the Geosciences, 2005), it appears to be
technically feasible to construct a highly capable petascale
computing collaboratory that can deliver 200 TFLOPS aggregate peak in 2007 and achieve 1 PFLOPS peak by 2010,
at a six-year total project cost of approximately $390M. PCG
costs are reasonable when considered in the context of a
balanced national investment in the geosciences research
infrastructure including global observing systems. The National Academy of Sciences Committee on the Future of
Supercomputing estimated that a total procurement of highend computing resources of $800M per year is required to
support the national research agenda and to assure a viable
U.S. research and development effort to maintain leadership
in supercomputing technology (Graham et al., 2004). Establishing the PCG would amount to approximately 10% of that
recommended total investment.

REFERENCES
Ad Hoc Committee for Cyberinfrastructure Research, Development and
Education in the Atmospheric Sciences. 2004. Cyberinfrastructure for
Atmospheric Sciences in the 21st Century. 54 pp. [Online] Available at:
http://www.cyrdas.org
Cohen, R.E., ed. 2005. High-Performance Computing Requirements for the
Computational Solid Earth Sciences. 96 pp. [Online] Available at: http://

OUTCOMES

www.geo-prose.com/computational_SES.html.
Graham, S.L., M. Snir, and C.A. Patterson, eds. 2004. Getting Up to

Scientific Discovery: In recent years, the geosciences re-

Speed: The Future of Supercomputing. Committee on the Future of
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poised to make significant breakthroughs in understanding
the system as a whole. Analysis of the scientific applications
described this report indicates that significant breakthroughs
will be made possible by establishing the PCG equipped with
a system capable of sustaining 100-200 TFLOPS.
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terdisciplinary nature of geosciences research, strengthening
existing ties and building new relationships among disciplines, facilitate the sharing of advances in computational
methods, and thereby accelerate progress in the development
of a comprehensive understanding of the Earth system. The
subdisciplines of the geosciences community are prepared to
enter this endeavor collectively. This community, among all
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INTRODUCTION
• Earthquakes: Earthquakes recur on a temporal scale of
decades to centuries, whereas the wave propagation associated with a single earthquake dissipates on a temporal
scale of minutes to hours. The rupture itself is a short-term
process that is highly concentrated in space in or near a
fault zone, whereas the associated transfer of stress occurs
over tens to hundreds of kilometers, and the radiated seismic waves can often be detected across the globe.

In the past decade, the geosciences have progressed beyond
traditional disciplinary organization that focused separately
on atmospheric, oceanic, solid Earth and space science problems. The challenges today demand integration across the
disciplinary science because the individual systems and the
planet’s biota (including humans) interact to form a much
larger system of systems whose components must ultimately
be studied and understood together. The challenges today
also demand interaction among the disciplinary scientists,
because there is a great deal of commonality in the way the
various disciplines approach their respective problems.

Another thread of commonality among the disciplines is the
emergence of model-data synthesis as a central methodology. All the geosciences have become more data-intensive in
the past few decades, primarily through the satellite-based
observing systems and global telecommunications that have
enabled near-continuous and near-global measurement of
the environment. This has naturally led to a requirement for
the synthesis of observational data and models to best utilize
the available measurements and to provide a means for systematically incorporating observations into simulations. In
the atmospheric sciences, the combination of observations
and models has been a standard procedure since the early
1960s when data assimilation was first used to provide initial
conditions for numerical weather prediction. The idea of using data assimilation techniques to estimate the state of the
global ocean and provide initial conditions for ocean predictions was first applied in the 1980s and, due to the relatively
low abundance of observational data, has grown to be a major focus area of ocean modeling research. Inverse methods,
with a long history in the solid Earth sciences (Menke, 1989)
for probing the structure of the interior of the Earth, are
now increasingly applied to oceanography (Wunsch, 1996),
biogeochemical cycles, and atmospheric chemistry (Kasibhatla et al., 2000). The synthesis of observations and time-dependent seismological models is now beginning to emerge as
a potentially powerful tool in the solid Earth sciences and it is
expected to grow in importance in these fields in the coming

A principal commonality is that laws of hydrodynamics,
magneto-hydrodynamics, and thermodynamics govern many
central problems in the geosciences. The phenomena of interest span a very wide range of scales, both temporally and
spatially. Some examples include the following.
• Climate: It has long been known that the climate system
exhibits variability on temporal scales ranging from seconds to hundreds of millions of years. What has come to
light more recently is that phenomena are coupled, both
through nonlinear exchanges of energy and through feedbacks, across that wide range of temporal scales. The evidence for abrupt climate change, in which variations in the
climate that typically take place over many millennia can
occur within the span of a decade or two, is just one manifestation of this interaction.
• Space physics: The goal of space plasma physics is to
predict the properties and complex interactions of components of the Sun-Earth system. The multi-decadal solar
cycle is known to influence the frequency and magnitude
of activity in the solar wind, which varies on temporal
scales as short as seconds.
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decades. In the space sciences, data assimilation is still in its
infancy. Significant progress has been made in recent years in
ionospheric data assimilation, but the complex and disparate
nature of observations of the magnetospheric, deiospheric,
and solar environments represents a major challenge for the
space-sciences community. In all cases, the mathematical and
statistical techniques that can be brought to bear are similar,
and significant synergies can be achieved through the common application of these methods across the geosciences.

nual variability. At centennial and longer time scales, changes
in atmospheric composition, for example, the concentration
of CO2, represent changes in climate forcing, and interactive atmospheric chemistry and biogeochemical cycles must
be integrated into climate models. At time scales of millions
of years, there is intriguing evidence that mountain-building and continental drift through the processes of mantle
convection and plate tectonics can influence the climate and
the evolution of ecosystems, and that the climate, through
erosion, sediment transport, and cryospheric processes can,
in turn, affect the evolution of the landscape. This coupling
across many orders of magnitude in spatial and temporal
scales and across the disciplines of the geosciences illustrates
the way in which our approach to the geosciences is changing
in a fundamental way.

Tackling these disciplinary problems in geosciences involves
numerical algorithms for solving similar sets of coupled partial differential equations over the spherical geometry of the
Earth. As computation takes its place as one of the cornerstones of geosciences investigation, many of the numerical
algorithms used to solve problems are increasingly common
across disciplines. Numerical weather prediction, climate
simulation, ocean modeling, space weather modeling, computational seismology, mantle convection, and geodynamo
simulations are all employing cutting-edge algorithms to represent the variation of geophysical fields, including spectral
techniques, finite elements, and finite volume representations
of the spatial variations and a variety of explicit and implicit
time-stepping schemes. Given the vast range of temporal
scales that must be represented, the development of fast,
parallel implicit solvers and adaptive mesh refinement techniques is a high priority in most geosciences simulations.

In the following sections we describe a different way of classifying the problems of the geosciences that cuts across disciplinary boundaries. We divide the domain extending from
the Sun to the Earth’s core into the Sun-Earth, the FluidEarth and the Solid-Earth systems. There are even interactions across these divisions, but we have chosen to represent
the challenges in this way to illustrate the commonalities
mentioned above.

REFERENCES
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Beyond the ways in which observations and models are used
and solved, it has become apparent that the separate disciplines of the geosciences are linked in more fundamental
ways. It has been recognized for at least 30 years that to go
beyond numerical weather prediction to make forecasts of
the short-range climate, the variations of the upper ocean
must also be predicted because the ocean-atmosphere system
has coupled modes of variability that dominate the interan-
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Wunsch, C. 1996. The Ocean Circulation Inverse Problem, Cambridge University Press, Cambridge, UK. 442 pp.
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THE SUN-EARTH SYSTEM
The Sun-Earth system involves many interacting elements.
Today, space plasma physics has matured to the level of being
able to describe and model many of these complex interactions. A major goal in solar-terrestrial science is to unify understanding into a more comprehensive framework that can
predict Sun-Earth system properties.

ation over time of the electric current systems and energetic
particle populations can impact human activity in a variety
of ways and is consequently the source of what we refer to as
space weather.
Time scales important to space weather range from minutes
to decades. The longest time scales that are considered important to space weather are the 11-year solar activity cycle
and the 22-year solar magnetic cycle. Near the minimum of

Space storms potentially threaten human life, property, and
technology. Developing the ability to assess these threats
through computationally intensive simulations and the use
of global, real-time data is a grand-challenge problem of national importance. To be useful, a forecast model must run
faster than real time. Because taking action to protect human
or hardware assets is often expensive, forecasts must be reliable or they will not be used.

the solar activity cycle, the solar wind is nearly completely
dominated by a quasi-steady outflow, although there are occasional ejections of plasma and magnetic field from the
near-equatorial sun. These so-called coronal mass ejections
(CMEs) expand into interplanetary space and can produce
severe magnetic storms if they encounter the Earth’s magnetosphere. The CME and its interaction with the Earth is
illustrated by output from simulations shown in Figure 1.
In the left frame, the magnetic cloud generated by the CME
is shown near the sun soon after the initiation of the CME.
In the right frame the cloud is shown interacting with the
magnetosphere. This interaction results in stronger current
systems and larger, more energetic magnetospheric particle
populations—a phenomenon which is called a geomagnetic
storm. As solar activity increases, the frequency of CMEs is
substantially increased, with a corresponding increase in the
severity of space weather.

THE SOLAR-TERRESTRIAL ENVIRONMENT
The Sun’s atmosphere (the solar corona) is so hot (more than
a million degrees Kelvin) that it expands, filling all of interplanetary space with a supersonic magnetized plasma flowing radially outward from the Sun. As this flowing plasma,
called the solar wind, passes the Earth, it interacts strongly
with the geomagnetic field, severely compressing the field on
the Earth’s dayside, and drawing it out into a long, comet-like
tail on the night side. The confined geomagnetic field region
is called the Earth’s magnetosphere.

PREDICTING SPACE WEATHER
The solar wind not only confines the geomagnetic field within the magnetospheric cavity, but it also transfers significant
mass, momentum, and energy to the magnetosphere, as well
as to the ionosphere and upper atmosphere. Consequences
of this interaction are the generation of aurora at high latitudes in both polar regions, the production of a complex
set of electrical current systems flowing through the magnetosphere and ionosphere, and the energizing of charged
particles that can be stored in the radiation belts of the inner
magnetosphere or precipitated into the atmosphere. The vari-

In order to deal with the adverse effects caused by space
weather, several U. S. government agencies have launched
the National Space Weather Program (NSWP) and documented the goals of the program in a Strategic Plan (see National Space Weather Program Strategic Plan, 1995; web site:
http://www.ofcm.gov/nswp-sp/text/a-cover.htm and National
Space Weather Program Implementation Plan, 2000; web
site: http://www.ofcm.gov/nswp-ip/tableofcontents.htm).
“Space Weather” has been used to refer to the conditions on
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Figure 1. (Left) Simulated CME three hours after initiation at the Sun using the BATS-R-US adaptive magnetohydrodynamics (MHD) code of the
University of Michigan. As the CME moves through the ambient solar wind, it compresses the field and plasma in front of the CME and a magnetic
cloud is formed behind the compression. The grid resolution is increased to resolve these features. (Right) 3-D view of CME pressure front hitting
the magnetosphere. White lines show the magnetic field in the front and in the tail of the magnetosphere, the color scale shows plasma density.
The front is just hitting the magnetopause and beginning to compress the magnetosphere. The solution adaptive computational grid is shown as
thin black lines. (University of Michigan.)

the Sun and in the solar wind, magnetosphere, ionosphere,
and thermosphere that can influence the performance and
reliability of space-borne and ground-based technological
systems or can endanger human life or health. For example,
satellites experience the disruptive effects of energetic particles and differential electrical charging during various conditions; astronauts are vulnerable to energetic radiation that
may occur at Space Station altitudes; navigation signals from
global positioning satellites are affected by irregularities in
the ionosphere that occur under some conditions; and massive disruptions in electric power distribution systems can be
triggered by geomagnetic storms.

The highly coupled, multi-scale nature of the solar-terrestrial
environment presents a formidable challenge for numerical simulations. Structures that must be resolved range from
full system size (1 AU= 150 Mkm), to several hundred Earth
radii (1 Earth radius = 6,378 km), to dissipation regions of a
few kilometers.
The solar-terrestrial environment is also broad in scope. For
example, the structure and evolution of the solar atmosphere
and the heliosphere is largely determined by the emergence of
magnetic flux thought to be generated at the base of the convection zone. These intense loops of magnetic flux form active
regions (~200,000 km) that contain the bulk of magnetic flux
in the photosphere and corona; the release of part of this magnetic energy results in flares and CMEs on kinetic scales.

A fundamental need of the NSWP, and one in which NSF
plays a crucial role, is that of promoting research to advance
understanding of fundamental processes, numerical modeling, data processing and analysis, and the integration of this
understanding into physics-based, first-principle models capable of predicting when and where the above phenomena
may occur.

In addition, the magnetosphere’s global plasma and magnetic
field structure spans hundreds of Earth radii (~106 km). It is
determined by the flow of momentum and energy (particle
and magnetic field from the solar wind), which in turn is
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determined in thin boundary layers (~100 km) such as the
bow shock, magnetopause, and downstream current sheet.
The very fast wave speeds along field lines couple dissipation
in these thin current layers almost instantaneously across the
magnetosphere to the ionosphere.

of the code, perhaps including a change in programming
language. Most scientists do not have the luxury of doing
such a rewrite with only the prospect of a long-term gain.
• Most modern software frameworks are based on objectoriented programming (OOP) technology, which can
be difficult for many scientists to use and often does not
produce efficient code. OOP, with features such as inheritance, data hiding, and function name overloading, makes
the production of modular software systems, such as a
comprehensive magnetosphere-ionosphere model, relatively easy to write and maintain. The drawback is that this
flexibility makes it much more difficult for current compilers to produce highly optimized code. The compiler must
be conservative in its assumptions much more often than
in more traditional scientific languages.
• The handling of large and diverse data sets produced by
such complex simulations and comparison with large observational data sets is expensive and time consuming.

In the coupled ionosphere-thermosphere system, chemical reactions and finite electrical conductivity are important
where collisions among ions, electrons, and atoms are frequent. Complex models are needed to describe the physical regime, which incorporate information that span a wide
range of spatial and temporal scales. Fluid descriptions
such as MHD can address the global structure of the magnetosphere, while particle drifts not described by MHD are
important near the Earth; kinetic physics is required to understand the boundary and dissipation regions. In the face
of these challenges, researchers generally rely on simulation
codes specialized to limited regions of the magnetosphere
and ionosphere. A limited scope of the full physics is involved as well.

Taken together, these issues suggest the most productive
path is to couple the existing solar terrestrial codes with as
little modification of the codes as possible. Several groups are
working on this issue, including the Space Weather Modeling Framework (SWMF) project at the Center for Space Environment Modeling at the University of Michigan, and the
NSF Center for Integrated Space Weather Modeling centered
at Boston University.

If we want to understand and eventually predict physical
conditions in the solar-terrestrial environment we need to
perform numerical simulations covering the entire system.
Clearly, this requires enormous computational resources.
Even though currently focused on specific regions, simulation projects addressing separately solar structure, the corona
and heliosphere, the magnetosphere, and the ionospherethermosphere-mesosphere system use on the order of ten
million processor hours per year of physical simulation time.
This use could easily increase by several orders of magnitude
by improving physics descriptions and through increases in
spatial and temporal resolution.

The most straightforward method of coupling the simulation codes is to allow them to execute separately while
asynchronously communicating through files or more sophisticated communication libraries such as InterComm or
MPI. The combination of job scheduling and priority policies typical of NSF centers make production computing
with this execution model cumbersome and inefficient in
terms of job turnaround. Despite goals of new systems such
as the NSF Teragrid, it remains almost impossible to schedule resources concurrently for execution of multiple codes.
A dedicated SWMF has been recently developed at the University of Michigan that is highly portable and efficient. Next
we briefly describe this framework.

There are, however, several technical hurdles that inhibit the
development of high-performance space weather codes simulating the entire solar-terrestrial environment:
• For codes that have been developed over a long period of
time (commonly known as legacy codes in computational
circles), which are the rule in space science, parallelization or changes in code structure to permit interoperation
with other codes usually requires a major restructuring
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THE SPACE WEATHER MODELING
FRAMEWORK

• A Solar Corona Model (SC) that covers the near-solar region, using solar observation data. It includes an eruptive
event generator based on current understanding of the
initiation of CMEs. This model is driven by solar magnetograms measured by different observations. A global
MHD code with adaptive mesh refinement (AMR) is used
as this model.
• An Eruptive Events Generator (EE) that inputs a coronal
mass ejection into the initial conditions of the simulation.
The CME then propagates outward through the SC and IH
models self-consistently. The EE creates an unstable magnetic flux rope at a predetermined time, which is achieved
using several different methods.
• A Solar Energetic Particles Model (SP) describing their
transport, acceleration, and scattering from the solar event

The SWMF has been developed by the Center for Space
Environment Modeling (CSEM) at the University of Michigan. It provides the modeling community with a high-performance computational tool with “plug-and-play” capabilities. The SWMF is made up of a series of interoperating
models of physics domains, ranging from the Sun’s surface
to the Earth’s upper atmosphere. Tying the models together
gives a self-consistent whole in which each region is described by a different model, and those models exchange
data with each other. In the existing implementation of the
SWMF, as depicted in Figure 2, the following modules (scientific models) are included:

IM
RB
SP
Radiation Belt Model

Inner Magnetosphere
Drift Physics Model

EE

Solar Energetic Particle Model
Solar Eruption
Generator

Global Magnetosphere Model

GM

Space
Weather
Modeling
Framework

SC

Magnetogram Driven
Solar Coronal Model

Ionospheric
Electrodynamics
Model

UA
IE

IH

Upper Atmosphere
& Ionosphere Model

Inner Heliosphere Model

Figure 2. Schematic representation of SWMF and the coupled models.
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at which they originate to the Earth’s atmosphere. Based
on the well-established energetic particle transport code
developed at the University of Arizona, SP solves for the
acceleration and transport of particles associated with solar eruptions.
• An Inner Heliosphere Model (IH) that models the solar
wind from the outer boundary of the solar corona to the
Earth’s magnetosphere and beyond. It is based on magnetohydrodynamics. A global AMR MHD code is used as
this model.
• A Global Magnetosphere Model (GM) describing the
connection between the inner heliosphere and the outer
portion of the Earth’s magnetosphere, based on magnetohydrodynamics. A global AMR MHD code is used as this
model.
• A Radiation Belt Model (RB) that tracks trapped particles.

In the coming years SWMF, will be extended to include a
broader range of physics and more regions. In particular, the
following models will be added:
• A Polar Wind (PW) Model describing the ion outflow
from the ionosphere to the magnetosphere . This will be
gyration dominated high-order plasma transport model.
• A Plasmasphere (PS) Model to describe the cold plasma
on co-rotating magnetic field lines. This will be gyration
dominated high-order plasma transport model.
• A Global Heliosphere (GH) Model to describe the outer
heliosphere and its interaction with the local interstellar
medium. This will be a global AMR MHD model.
• A Galactic Cosmic Ray (CR) Model
• An Anomalous Cosmic Ray (AC) Model
• A Reconnection Physics (RP) Model to improve the
physical description of the magnetic field reconnection at
the Sun, at the magnetopause, and in the magnetotail. This
model will be either an AMR Hall-MHD code or a plasma
kinetic simulation code.

This is a simple model being developed at Rice University.
As the model matures, it will be regularly updated to provide more accurate descriptions of the dynamics of radiation belts.
• An Inner Magnetosphere Model (IM) that calculates the
dynamic behavior of particles and the electric fields and
currents in the Earth’s inner magnetosphere and computes
the effects on the inner magnetosphere and upper atmosphere. The IM code is a high-performance version of
the Rice Convection model developed at Rice University.
The advection algorithm has been significantly improved,
enabling the simulation of the time evolution of particle
drifts more accurately.
• An Upper Atmosphere (UA) and Ionosphere Model that
calculates the dynamics of the Earth’s thermosphere and
ionosphere. This model is the Global Ionosphere-Thermosphere Model (GITM) recently developed at the University of Michigan. This non-hydrostatic code extends from
90 km to 800 km and uses a block-adaptive grid structure
on a sphere.
• An Ionospheric Electrodynamics Model (IE) that calculates the electric potential in the Earth’s ionosphere.
IE solves the electric potential using a height-integrated
ionosphere model. It was developed at the University of
Michigan.

In addition, significant work is being done to incorporate
data assimilation into space weather models. These efforts are
just now maturing and they are extremely computationally
intensive. These methods will be incorporated into SWMF in
the next decade or so.

MODELS AND METHODS
The physics modules used in modeling the Sun-Earth system
fall into three broad categories:
• Global MHD Models that use Navier-Stokes type equations for conducting fluids to describe large spatial regions. These models typically are used for the SC, IH, GM,
and GH modules.
• Fluid Models that solve the Navier-Stokes equations for
partially ionized gases. These models are used for UA
module.
• Generalized Moment Models that are based on higherorder moments of the kinetic equation to describe particle
transport along magnetic field lines. These methods are
typically used for SP, CR, IM, RB, PS, and PW modules.
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• Kinetic Models that solve the kinetic equation for ions
and/or electrons. These methods are very expensive and
they are mainly used for reconnection simulations.

scheme, although only of first-order accuracy, was Godunov’s
conservative formulation of the upwind scheme. However, it
selects upwind information using an exact Riemann solver,
making the method too expensive for most applications.

All these methods are very computationally expensive and
they need petascale resources for the next generation of realistic physics simulations. Here we focus on the fluid-type
methods because they exhibit significant level of commonality with simulation methods in solid Earth, ocean, and atmosphere simulations.

Research into limited reconstruction (MUSCL, ENO) provided a way to extend the accuracy of hyperbolic schemes to
second order or higher without creating oscillations in the
solution. Research into approximate Riemann solvers has
led to robust, low-dissipation, and economical methods for
gas dynamics, like Roe’s solver, Osher’s solver, and the HLLE
solver, and their extension to other systems of conservation
laws such as magnetohydrodynamics. Modern codes take
advantage of these advances in limited reconstruction and
approximate Riemann solvers.

Modern space physics codes are based on a new paradigm
for numerical simulations of physical systems governed
by partial differential equations. The main elements of this
paradigm are:
• the advent of truly massively parallel computers;
• the evolution of solution-adaptive techniques from research topic to practical tool;
• advances in basic numerical methods, particularly for hyperbolic conservation laws.

Solution adaptation is a powerful tool for resolving a problem
with disparate length scales. By using a solution-adaptive grid,
one can avoid under-resolving high-gradient regions, or, conversely, over-resolving low-gradient regions at the expense of
more critical regions, and thereby save several orders of magnitude in computing resources for many problems. Length
scales in space-weather simulations range from a few kilometers in the ionosphere to the Earth-Sun; time scales range
from a few seconds near the Sun to the expansion time of the
solar wind from the Sun to the edge of the heliosphere.

The new generation of space weather codes capitalizes on all
of these advances. They are:
• based on modern numerical methods for systems with
advection, reaction, diffusion and dispersion physics;
• inherently solution-adaptive;
• scale well enough to take advantage of modern massively
parallel machines.

These problems need solution-adaptive schemes—a simple
Cartesian mesh would grossly under-resolve much of the
problem, while over-resolving relatively uninteresting regions. The approach to adaptation taken in the only adaptive
space physics code (BATS-R-US) is one of self-similar adaptive blocks. This approach was designed with performance on
massively parallel machines in mind. The basic unit of data
is a three-dimensional block of grid cells. A block has a size
that is set at run-time; a typical block might have 10 x 10 x
10 cells. The data in the block are stored in i, j, k-indexed arrays—a data structure that is conducive to high cache performance, due to a high degree of locality with no indirect addressing. The extents in each dimension are based on simple
measurements of the code on single processors of the target
machine, and are designed to optimize serial performance,
while the overall adaptive block scheme also reduces communication to provide high parallel performance.

An example is the BATS-R-US (Block Adaptive-Tree Solarwind Roe-type Upwind Scheme) code developed at the University of Michigan that has been designed from the ground
up to capitalize on the three advances listed above.
Before the development of modern high-resolution upwind
schemes, researchers solving hyperbolic systems of conservation laws had a choice between low-accuracy schemes such
as Lax-Friedrichs or Rusanov, which were extremely dissipative, or high-accuracy schemes such as Lax-Wendroff, which
were much less dissipative but could not capture discontinuous solutions (notably shock waves) without non-physical and
potentially de-stabilizing oscillations in the solutions. The best
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CASE STUDY: THE HALLOWEEN SPACE
STORMS

An initial grid is composed of a number of blocks, all at the
same level of refinement. Then, in regions that appear underresolved (as defined by suitable adaptation criteria), a block
is refined—each of its eight octants becomes a block with the
same number of cells as the original block. In regions that
appear over-resolved (again, as defined by suitable adaptation
criteria), eight blocks can be coalesced into one. Each level of
refinement in the grid introduces cells that are smaller by a
factor two in each dimension from those one level higher in
the grid. Typical calculations have 10-15 levels of refinement;
some calculations have more than 20 levels of refinement.
In the case of 20 levels of refinement, the finest cells on the
mesh are more than one million times smaller in each dimension than the coarsest cells on a mesh.

In late October and early November 2003, a series of some of
the most powerful solar eruptions ever registered shook the
heliosphere. Dubbed “the Halloween storms,” the blasts damaged 28 satellites, knocking two out of commission, diverted
airplane routes and caused power failures in Sweden, among
other problems. Long-distance radio communications were
disrupted because of the effects on the ionosphere, and northern lights (aurora borealis) were seen as far south as Florida.
The Halloween storms followed a two-month quiet period
with the emergence of active region 10484 producing an X1.1
flare on October 19. During the next five weeks, two additional active regions, 10486 and 10488, produced some of the
most intense flare activity and associated geomagnetic storms
during Solar Cycle 23. While each of these regions was remarkable in size and magnetic complexity, Region 10486
was by far the most significant. With a size exceeding 2600
millionths of the solar disk (over 13 times the size of Earth),
Region 10486 was the largest sunspot group observed since
November 1990. It maintained its extreme size and complex
magnetic structure, and thus, great eruption potential, during its entire transit across the visible solar disk. Twelve of the
seventeen major eruptions that occurred during this period
came from Region 10486. Of the twelve major events, three
stand out as defining events: the X17 on October 28, X10 on
October 29, and X28e on November 4, 2003.

A similar data structure is used in the GITM model simulating the upper atmosphere and ionosphere. In the GITM, the
base grid is a spherical one, with higher resolution in the vertical direction than in the horizontal directions.

DATA ASSIMILATION
The application of data assimilation techniques in space
physics is just beginning to shape the future of the science.
The conventional isolated numerical simulation using sophisticated physical models is no longer adequate to make
the major leaps forward in our discipline. The future requires
optimal combination of a multitude of diverse data sources
with the physical models, utilizing Kalman filters or four-dimensional variational techniques. The unique character of
the solar-terrestrial environment is the strongly driven nature
of the system. The computation task requires not only assimilating the data but also being able to follow the changes in the
poorly described and quantified drivers of the system. The
task requires ensemble data assimilation techniques where
the number of members is likely to approach a few hundred.

The simulation of the Halloween storms (e.g., Figures 3 and
4) is carried out in two steps. First, the “quiet” solar wind
solution based on the solar magnetograms observed during
Carrington rotations 2008 (September 26 - October 23) and
2009 (October 23 - November 19) must be obtained. This
solution involves the SC and IH models. The global 3D SC
model extends from the low corona (r = 1 Rsun) to beyond
the Alfvén point (r = 20 Rsun). Near the current sheets the
grid resolution is 1/512 Rsun (~1500 km) with a total number
of cells of approximately 2 million. The 3D IH model extends from 20 Rsun to beyond Earth’s orbit (250 Rsun). It contains a total of ~4 million cells with resolution varying from
1/8 Rsun (87,000 km) to 8 Rsun (5.57 Mkm). The high resolution is focused near the heliospheric current sheet and the

The single domain ensemble assimilation task is barely
within the range of current computational capabilities, but
physical models which couple domains, such as the thermosphere-ionosphere, lower-upper atmosphere, or magnetosphere-ionosphere-thermosphere, far exceed current resources. It is the application of techniques such as ensemble
Kalman filters applied to coupled geophysical regions that is
one of the challenges for the future.
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Figure 3. The simulated “quiet solar
wind” for Carrington rotation 2009. One
can see the complicated magnetic field
structures surrounding of the active regions. This magnetic field configuration
eventually resulted in some of the largest
solar eruptions ever observed. (I. Roussev, University of Michigan)

Figure 4. Magnetospheric configuration
at 07:30 UT on October 29, 2003 following an X17.2 solar eruption. Shown
are the last closed magnetic field lines
color coded with pressure. The gray
sphere is located at 3 Earth radii, while
the red band on that sphere is the 100
nPa iso-surface. (D. De Zeeuw, University of Michigan)

15

Sun-Earth line. The vicinity of the Sun-Earth line needs to
be resolved to achieve high temporal and spatial accuracy in
predicting the effects of the eruptive solar events on the geospace environment. This resolution is the absolute minimum
needed to resolve the complicated magnetic structure. It
takes about 100,000 CPU hours (on the SGI Altix) to obtain
the initial condition.
In the second step, solar eruptions are launched at the observed times and locations using the EE. Since the first geoeffective eruption took place on October 19 at around 16:30
UT, while the last (and biggest) eruption happened on November 4 at 19:30 UT, the time-accurate simulation needs to
run for about 20 days (480 hours). This simulation includes
eight geoeffective events.
The time-accurate simulation requires very significant computational resources. Several modules (SC, IH, and GM)
use adaptive mesh refinement (AMR), thus the number of
computational grid points vary during the simulation. On
the average, the full SWMF uses about 15-20 million cells.
Again, this is the absolute minimum for simulating these
events. The smallest cells in the magnetosphere are 1/8 RE
(Earth radii) (~800 km), while the smallest cells in the ionosphere and upper atmosphere are about 200 km. The fastest
machines available to the CSEM to run the simulations are
512 processor Altix machines at NASA Ames Research Center (Columbia machines). SWMF with all nine modules and
about 15 million cells runs about 10 times slower than real
time on 128 processors. It is estimated to run the Halloween
storms from the Sun to the ionosphere on the SGI Altix will
take about 600,000 processor hours. For SWMF runs the SGI
Altix is about four times faster than the SGI Origin 3K series,
therefore nearly 2.5 million processor hours on an SGI Origin would be needed for the same runs.
Adding additional physics modules and higher resolution
will increase the size of the simulation by about a factor 100.
This means that one needs the equivalent of about 108 Altix CPU hours to carry out a realistic “Sun-to-mud” space
weather simulation. Assuming that we want to make a predictive model and run a 500 hour-long event faster than
real time, we need machines with the equivalent of 106 Altix
nodes. Needless to say, this extrapolation assumes that the
SWMF and its modules scale well to millions of processors.
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THE FLUID EARTH SYSTEM
The goal of the Earth sciences is to advance the state of
knowledge about Earth, including its atmosphere, continents,
oceans, interior, and the processes that modify them as well
as link them together. One fundamental aspect of the Earth’s
components and processes is their fluid nature. The world’s
oceans, atmosphere, and cryosphere, the various reservoirs
and transports in the global hydrologic cycle, and portions of
the sub-surface Earth are fluids that behave according to the
well-known laws of fluid dynamics and thermodynamics.

The range of spatial scales represented in the dynamical
variations of the fluid Earth is equally impressive. The microscopic stomata in the leaves of individual plants regulate
the flow of CO2 and water to support photosynthesis and
therefore life itself. Cloud microphysics that contribute to the
Earth’s energy balance, and chemical reactions that determine Earth’s oxidative capacity take place at the scale of individual molecules. Turbulent dust devils, breezes, and individual clouds of a few meters to a few hundreds of meters in
size transfer energy from the Sun to the Earth and from the
smallest scales to the largest and vice versa. Severe weather
such as tornadoes and hurricanes are intermediate in scale,
but first-order in terms of their impact on human societies
and terrestrial ecosystems. Eddies and fronts in the coastal
ocean control productivity and thus fisheries. At the largest
scales, globally connected fluid systems like the thermohaline
circulation in the oceans and the Hadley and Walker circulations in the atmosphere are the fundamental processes regulating the climate system.

The fluid nature of much of the Earth leads to variability and
dynamical changes that occur on temporal scales ranging
from microseconds to millennia, and spatial scales ranging from micrometers to the entire planet. At time scales of
minutes and shorter, transformations among solid-liquid-gas
phases of water alter the density and energy balance of the
atmosphere and ocean. At time scales of hours to months,
clouds, storms and large-scale weather systems form, propagate, and evolve in the atmosphere and modify the atmospheric circulation; while eddies with distinct water properties form and migrate through the world oceans, thereby
mixing and redistributing heat, salt and other trace species.
At time scales of seasons to decades, the atmosphere and
oceans exchange momentum, energy, freshwater, and trace
constituents, giving rise to major climatic phenomena, such
as the Hadley circulation in the tropical atmosphere, the Gulf
Stream and the circulation gyres in the Atlantic, and the winter polar vortex over the Antarctic continent. Interannual,
interdecadal, and longer-term variations of the fluid Earth ,
such as the El Niño Southern Oscillation (ENSO), the Arctic
Oscillation, and global warming, have tremendous impacts
on agriculture, fisheries, energy, hazardous weather phenomena, and other aspects of human welfare. At even longer
time scales, the interactions among fluid components of the
Earth are more profound, involving all aspects of the climate
system, including variations in the hydrologic cycle, the ecosystems that depend on water and nutrients, and the advance
and retreat of the glaciers and ice sheets.

The unifying theme in all these complex interactions is that
the component behavior and individual processes can be
described by means of known laws of fluid dynamics, thermodynamics, and chemical and biochemical reactions. Coupling them to predict the planet’s evolution in toto presents
a formidable scientific and technical challenge. First, the
interactions among system components and among spatial
and temporal scales are extremely complex and nonlinear,
so that models of individual system components serve only
to provide the most elementary understanding. Component
models need to be enhanced and improved for applications
related to the coupled system. Second, the huge range of
scales and the sheer vastness of the planet make direct observation of the fully coupled system very difficult and direct
experimentation impossible. The direct consequence is that
numerical modeling and simulation is perforce a necessary
methodology for understanding and predicting Earth system
evolution. Forward integrations of these models must be fast
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enough to permit numerical experimentation, case studies,
and sensitivity testing. Furthermore, inverse models and data
assimilation techniques are required for synthesizing the increasingly vast volume of observations within each component as well as for optimal estimation of model parameters,
especially those that couple the components. The problem of
understanding the fluid Earth, then, is one that immediately
lends itself to computer simulation, but it requires a tremendous capability for computation.

among them present unprecedented computational challenges. The critical processes encompass the entire spectrum
of temporal and spatial scales, and the smallest and briefest
processes impact those on the planetary and millennial scales
and vice-versa. Among the key questions facing climate scientists is the need to reduce the uncertainty in current model
predictions of global climate change and to understanding
the factors that determine the sensitivity of the climate system to the projected increase in greenhouse gases, changes in
aerosol load in the atmosphere and changes in land use. Improved climate models are essential tools for gaining a more
complete understanding of climate and impacts. To be truly
useful, climate models must make credible predictions on a
regional spatial scale (e.g., within a state). In order to make
reliable region-scale predictions, climate models need greatly

The urgent questions that the community is poised to address
with a PCG include:
• What is the range in 21st century climates given the projected range of human activities?
• How may atmospheric composition be modified by human activity and how may these modifications feedback
on the climate?
• How would terrestrial and oceanic ecosystems respond to
changing climate and human activities, and how do these
changes feedback on the climate?
• How would freshwater availability be altered in a changing
climate?
• What would be the oxidative capability of the atmosphere
and air quality be like in the 21st century?

increased spatial resolution as well as improved treatments of
sub-grid-scale physical phenomena (e.g., clouds). The need
to project Earth System changes into the 21st century and beyond demands also the development and enhancement of a
predictive capability that lies at the nexus of the physical climate system and biogeochemical cycles, including variability
and changes to marine and terrestrial ecosystems.
Examples of the move toward coupled system approaches
to climate research are provided by recent history and near
term plans of the international climate research community.
During the 1980s, the Tropical Ocean Global Atmosphere
(TOGA) program brought together meteorologists and
oceanographers to advance understanding of the coupled
ENSO problem (Figure 5). Both discipline-based communities gained an appreciation for each other’s science without
which progress could not be made. As a result, a new breed
of climate scientist, neither oceanographer nor meteorologist,
was created. An overarching and common goal was seasonal
to interannual prediction based on atmosphere-ocean coupling. In the 1990s, in programs such as Global Energy and
Water Experiment (GEWEX), meteorologists and hydrologists came together to advance understanding of land-atmosphere coupling. Similar to TOGA, GEWEX helped create a
new breed of land-atmosphere scientist. Once again, prediction was a common goal, but during GEWEX, the goal was to
advance predictions of the global water and energy cycles on
time scales from days to weeks. The World Climate Research
Programme (WCRP) has embarked on a new project called
the Coordinated Observation and Prediction of the Earth

In the following sections we provide an overview of the processes and phenomena of the fluid Earth, and demonstrate
that further advances in the state of knowledge will demand
computing resources far beyond what is available today. We
begin by describing efforts to predict large-scale features of
climate, weather, and ocean circulation. We then describe
various subsidiary processes whose effects must be parameterized (and hence understood) before large-scale forecasts
can become fully realistic. In the final section we discuss
some representative problems in the biology and chemistry
of the fluid Earth.

PREDICTION MODELING
Earth System Modeling
Climate system models simulate and predict the states of the
coupled stratosphere, troposphere, ocean, land and cryosphere system on daily to millennial time scales. The complexity of these systems and their interactions within and
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Figure 5. ENSO simulation: A composite La Niña event averaged for June through September taken
from a 150-year integration of the low-resolution version of the NCAR Climate System Model (Paleo-CSM). The figure shows three slices through the Indo-Pacific region. The first slice is a vertical
cross-section of the ocean temperature anomaly along the equator, with blue shades showing temperatures below normal and yellow-red shades showing temperatures above normal. The distribution of temperature with depth in the Pacific Ocean is representative of the mature phase of a La
Niña event. The second slice is a horizontal map of the sea surface temperature anomaly (shown
with shading similar to the first slice) and surface wind stress anomaly (shown as vectors whose direction is the same as the sense of the wind stress anomaly and whose length is proportional to the
magnitude of the wind stress anomaly) at each model grid point. The third slice is a horizontal map
of the precipitation anomaly (with green shades indicating above normal rainfall and pink shades
indicating below normal rainfall) and surface wind anomaly (shown as vectors whose direction is
the same as the wind anomaly and whose length is proportional to the wind speed anomaly). The
figure shows that the model simulates the broad-scale distribution of ocean temperature with depth
that, like the sea surface temperature, exhibits a characteristic east-west gradient during a La Niña
event, and the surface atmospheric wind and precipitation patterns that are typically associated
with such an event. Also shown on the figure are bold arrows labeled WWC and EWC, schematically representing the western and eastern branches of the anomalous equatorial Walker circulation associated with the La Niña event. As is observed, the model Walker circulation is displaced
to the west of its normal position, with anomalous easterly surface winds over most of the equatorial Pacific Ocean and anomalous westerly surface winds over the equatorial Indian Ocean. (G.
Meehl and J. Arblaster, NCAR)
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System (COPES) in which the seamless prediction problem
of weeks-seasons-years-decades-centuries and the problem
of viewing weather and climate in a broader Earth system
context will be addressed.

tors, single model ensembles and multi-model ensembles are
required. Hence the problem scales geometrically and not
linearly. A data assimilation component for synthesis, integration, and initialization adds another layer of significant
requirements. Because the fluid Earth is inherently nonlinear
and chaotic, any such approach would need to be in the context of ensemble modeling to assess system predictability and
the significance of the predictions.

Components of an Earth System modeling and prediction
system will:
• Provide a predictive capability for the Earth system on
time scales from seasons to decades.
• Go beyond the physical climate system to include a predictive capability for marine and terrestrial ecosystems.
• Require development of an assimilative approach to the
coupled Earth system. This extends beyond the physical
climate system and includes assimilation of/for carbon,
chemistry, and ecosystems both marine and terrestrial.
• Include an assessment of today’s suite of Earth system observations within a predictive context and identify those
observations that should be sustained routinely.
• Identify new observations and algorithms needed to advance prediction skill.
• Include a predictive capability for disease vectors such as
malaria, dengue, cholera, Rift Valley fever, encephalitis,
and other pathogens whose virulence and propagation are
environmentally dependent.
• Include prediction of a range of agricultural products, including what-if scenarios for variations in crop management.
• Education and training in the development and use of
such components.

There are many ways in which increased computational resources could be used to improve climate-system simulations. Efforts to model biogeochemical cycles and their relationship to climate require development of comprehensive
coupled models on a scale unprecedented in any computational science discipline. To develop models sufficient for
addressing these questions and issues will require changes to
the current state of the art in the following ways:
1. Increase the spatial resolution of the grids of the
coupled model components. At present, the “standard”
atmospheric (oceanic) simulations uses a grid with 300
(100) km resolution and 26 (40) vertical levels. The resolution targets are about 1 km in the atmosphere and 10 km
in the ocean, but for different reasons. It has been demonstrated that 10 km resolution is needed to resolve oceanic
mesoscale eddies. A similar resolution is needed in the
atmospheric component to obtain predictions of surface
temperature and precipitation in sufficient detail to analyze the regional and local implications of climate change.
More importantly, because the assumptions that are made
in the development of parameterizations of convective
clouds and the planetary boundary layer are seldom satisfied, the atmospheric component model must have sufficient resolution to dispense with these parameterizations.
This would require a horizontal resolution of 1 km.
2. Increase the completeness of the coupled model by
adding to each component model important, interactive
physical, chemical and biological processes that heretofore have been omitted due to their computational complexity. Inclusion of atmospheric chemistry, both tropospheric and stratospheric, and biogeochemistry in the
ocean are essential to understand the ecological implications of climate change.

The Earth science community recognizes that time has come
to take this next giant leap toward a predictive capability for
the Earth system as a whole. Each component of the Earth
System has grand challenge research areas that need to be addressed (as described in subsequent sections of this report),
while the system as a whole has additional requirements.
Limited access to leadership-class computing has been a
major impediment to progress. At each level or interface
between coupled atmosphere-ocean-land-ice models of the
physical climate system with biogeochemical, marine, and
terrestrial ecosystem models with various trophic levels, to
more application oriented models for crops and disease vec-
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3. Increase the fidelity of the model by replacing parameterizations of sub-grid physical processes by more realistic and accurate treatments as our understanding of
the underlying physical processes improves, often as the
result of observations field programs.
4. Increase the length of both control and climatechange-scenario runs. Longer control runs will reveal
any tendency for the coupled model to drift, and will also
improve our estimates of model variability. Longer climate-change-scenario runs will permit examination of
critical issues such as the potential collapse of the global
thermohaline circulation that may occur on time-scales
of centuries in global warming scenarios. Model integrations of thousands of years in length are also needed to
simulate the salient features of the paleoclimate record
such as the abrupt changes found in ice core records.
5. Increase the number of simulations in each ensemble of

goals in a timely way. A significant role will be played by
scientists finding better ways to model the climate and by
continued vigilance in validating model predictions against
the best observational records available. History has shown
that development of new algorithms and numerical methods
can reduce computing requirements by orders of magnitude.
Similarly, new ways of formulating models and approximating physical, biological, and chemical processes can lead to
substantial reductions in cost and/or improved fidelity of the
models. Such improvements are harder to forecast than the
technological improvements in computer hardware, like that
embodied in Moore’s Law, but when they do occur they enable major breakthroughs in understanding and predictive
capability.
The climate community expresses simulation throughput
in simulated years per wall clock day. It has been a goal to
achieve overnight turnaround of a “standard” 20-year atmospheric run in support model development. This is roughly
equivalent to 15,000 times real time. Even for the standard
low-resolution runs, we don’t achieve better than 1,000 times
real time. These metrics assume that the science drives the
resolution and complexity requirements. The U.S. climate
modeling community is currently failing to achieve its scientific objectives because it cannot attain the needed throughput rate with high-resolution models

control runs or climate-change-scenario runs. Increase
the number of climate-change scenarios investigated.

These issues are both examples of perfectly parallel extensions of present-day simulations: each instance of another
scenario or ensemble member is completely independent
of every other instance. Ensemble members are distinguished by small perturbations in their initial conditions,
which are quickly amplified by the nonlinearity of the
equations. The use of ensembles provides an important
measure of the range of variability of the climate system. It
also makes it possible to represent the effects of uncertainties in cloud microphysical parameters in the simulations.

Another measure of success is the U.S. climate community’s
ability to support climate-change simulations of scenarios
suggested by the IPCC Assessment (http://www.ipcc.ch/activity/ar.htm) and the U.S. National Assessment of Climate
Change (http://www.usgcrp.gov/usgcrp/nacc/default.htm).
Adequate computing capacity and networking infrastructure
are crucial to meet these commitments.

An assessment of computational resources required to address a subset of these targets is provided in the Community
Climate System Model Strategic Business Plan (http://www.
ccsm.ucar.edu/management/busplan2004-2008.pdf). A 144fold increase in computational capability relative to what was
available to the project on the NCAR Climate Simulation
Laboratory in 2003 was projected to be needed to meet the
CCSM scientific objectives over the five year period considered. There is no reason to expect that the rate of increase
of required computational capability would lighten over the
following five year period that would overlap with the proposed PCG implementation. This rate of increase in demand
far outpaces Moore’s Law. Clearly we cannot rely solely on
increases in brute computer power if we are to attain our

Ocean Circulation and Climate
The transport of heat, salt, and biogeochemical properties
such as carbon and nutrients through the ocean by western
boundary currents, the Antarctic Circumpolar Current, and
their associated turbulent eddy fields are key processes in the
Earth’s climate system. Accurate knowledge of how oceanic
mesoscale eddies, in particular, contribute to mixing and
transport processes in the ocean is critical for understanding
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the ocean’s role in climate change. These currents and eddies have horizontal scales of 10-100 km. Current generation
ocean climate models with horizontal grid spacing of 100
km or more are far too coarse to resolve these structures. So,
while the real ocean is a turbulent fluid, the ocean circulation
in these models is represented as laminar flow in which narrow boundary currents and jets are severely smoothed and
distorted, and it is necessary to parameterize the key process
of mixing by mesoscale eddies.

of mesoscale eddies in driving new production and hence
CO2 uptake in the subtropical oceans (McGullicuddy et al.,
2003). A global eddy resolving ocean model will allow us to
determine the importance of this process in the carbon budget of the Earth system. Over the coming decade, we want
to push the horizontal resolution down into the 5-km range,
and increase vertical resolution to between 100 and 200 levels (from the current 30 to 50) to better represent the interactions of the mesoscale eddies with near surface fronts and
other small scale ageostrophic motions.

While there has been some progress in improving the parameterization of the effects of ocean eddies in climate models in
the last decade (Gent and McWilliams, 1990), the geographical inhomogeneity and anisotropy of the eddy field and the
complexity of the nonlinear physical processes involved will
continue to pose difficulties. For example, due to misrepresentations of processes in the boundary current and shortcomings of the parameterizations themselves, jets such as the
Gulf Stream and Kuroshio, which are the energy sources for
the eddies, may be misplaced by several hundred kilometers,
with the consequence that the parameterized mixing of climatically important properties is misplaced and misdirected.
Also, because current-generation parameterizations are local in nature (i.e., the eddy fluxes are determined from local
gradients of the resolved scale flow) they cannot represent
long-range transport in coherent structures such as Agulhas
Rings in the South Atlantic (Figure 6) or meddies (coherent,
clockwise-rotating lenses of warm, salty water that flow from
the Mediterranean into the North Atlantic).

To conduct climate research with routine simulations of a
century or more, it is necessary to be able to complete approximately five simulated years per day. Currently available platforms at NSF computing facilities are a factor of 10 to 20 too
slow to achieve this throughput, even if they were entirely devoted to this one problem. It is just barely possible to achieve
this level of throughput using the Earth Simulator. The ocean
circulation and climate problem therefore demands a system
with approximately two orders of magnitude improvement in
capability beyond currently available U.S. resources.

Atmospheric Predictability and Data
Assimilation
Prediction and projections of climate variability and change
are necessarily probabilistic—uncertainty in the forecast must
be part of the forecast. Indeed, it is arguable that a quantification of forecast uncertainty is the most important component
of the forecast. Quantifying this uncertainty is a grand challenge in climate sciences that requires computing resources
that are not currently available, but are, perhaps, achievable
in a petascale computing environment. The problem involves
assessing uncertainty in observational estimates of climate
variability and change, accounting for how uncertainty in
these observational estimates are used to initialize climate
models, and quantifying the uncertainty within the climate
models themselves. There has been, and continues to be, substantial progress in quantifying uncertainty in observational
estimates of climate variability and change, and even in developing methodologies for probing the uncertainties in how
we initialize climate models (e.g., singular vectors, bred vectors, [ensemble] Kalman filters), and these activities could be
greatly enhanced with the availability of petascale computing.

Petascale computing capability opens the possibility of circumventing these problems by allowing us to explicitly resolve mesoscale eddies and western boundary currents in
global ocean models, obviating the need for parameterization, and to conduct simulations of sufficient duration to address climate change issues. Experience with regional ocean
models and process-oriented studies suggests that a horizontal resolution of 10 km or better will be required. In addition
to improving the representation of boundary currents, jets,
and eddy mixing processes, a global ocean model with resolution in this range will allow us to address a number of new
types of problems. For example, experiments with relatively
simple nutrient models have demonstrated the importance
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Figure 6. High-Resolution Global
Ocean Simulation. Sea surface temperature (color) and sea surface height
(elevation) in the South Atlantic and
Indian Oceans illustrating the migration of Agulhas rings into the South
Atlantic from the Agulhas retroflection
region near the Cape of Good Hope.
These coherent structures carry warm
salty water over long distances before
dissipating, a process that is not parameterized or resolved in current ocean
climate models. The ocean component
of future coupled climate models will
require resolution similar to or better
than used in this brief (approximately
10-year) exploratory simulation with a
0.1° ocean general circulation model
conducted using the Earth Simulator in
Japan by the CRIEPI/NCAR/LANL/Kysushu consortium. (F. Bryan, NCAR)

On the other hand, models that are currently used to understand climate variability and predict climate change are woefully inadequate in their assessment of uncertainty. Current
multi-model strategies, while computationally intensive, are
ad hoc at best. They underestimate uncertainty and fail to
resolve the probability distribution even with very large ensemble sizes. Part of the problem in quantifying uncertainty
is “cultural” in that model developers do not include error
bars or measures of uncertainty when they develop physical
parameterizations of, for example, clouds, convection, radiation, and boundary-layer processes. A deterministic approach is used to tune the physical parameters to best match
the observations, again in a purely deterministic manner.
A “best practices” approach to climate-model development
would focus on a probabilistic development and verification
strategy. The fundamental roadblock to the best practices approach is the availability of computing resources. The availability of petascale computing makes it possible to develop a

true Probabilistic Climate Model (PCM). The development a
PCM will also necessarily require significant human resources in design, construction, and verification.
Our ability to predict atmospheric state is limited, in part due
to the inherent uncertainty in estimating its initial state, and
also by the chaotic nature of the atmosphere. This chaotic
behavior leads to an exponential growth of the magnitude of
the uncertainties in the initial state. This growth continues
until the error is saturated and the predictability time limit is
reached, typically in 10-15 days for a global model. Because
the predictability time limit and the speed of error growth
strongly depend on atmospheric state, estimating spatiotemporal changes in predictability has great theoretical and
practical value.
The probabilistic nature of the atmospheric component of
the climate system has already received a great deal of attention in the area of numerical weather prediction (NWP). The
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practice of NWP, which is a routine component of producing
the daily weather forecast at meteorological centers around
the world, involves making a best estimate of the current
state of the global atmosphere. These estimates are based on
measurements taken from a variety of observing systems
(ground-based, aircraft-based, and satellite-based), and integrating forward in time from that initial condition using
a computer-based formulation of the physical and dynamical laws that govern the evolution of the atmosphere. Box 1
provides a more detailed description of the process of determining atmospheric state—called data assimilation—and
weather prediction. To evaluate the probabilistic nature of
the atmosphere, NWP is done with an ensemble of model
integrations intended to provide a robust sample of atmospheric states that could occur subsequent to the initial time.
This ensemble represents a set of equiprobable states whose
statistical properties are analyzed to quantify the uncertainty
in a given weather forecast.

To fully realize the advances in atmospheric prediction that
may transpire, new scientific and computational methods
will be required. One intriguing possibility is the unification
of data assimilation and numerical forecasting. Preliminary
work already has been done using the ensemble approach,
but the work to date is restricted to transforming a highly
nonlinear problem into a linear one using mean values and
covariances. An extension of this should contain a more
comprehensive description and forecasting of probability
density functions (pdf), which can be used, for example, in
a Bayesian framework in data assimilation. In other words,
a pdf of atmospheric states should be available at any moment in time and should be ready for modification by pdf ’s
of observations. Forecasting pdf ’s is one of the most challenging problems in hydrodynamics, turbulence theory, and
NWP. One possible scenario is to forecast probability densities, which satisfy the Fokker-Planck equation. Assuming an
appropriate observational process, this will require solving a
stochastic differential equation, sometimes called the WongZakai equation. The solution of this coupled problem requires enormous computational resources.

In the next 10-15 years, we expect the practice of NWP to
progress to include:

Ocean Data Assimilation

• horizontal spatial resolution of 1-2 km;
• an increase in the sophistication of physical processes, including non-hydrostatic processes; and
• ensembles of several hundred members.

Ocean data assimilation needs to be brought from its current
experimental status to that of a practical and quasi-operational tool for studying large-scale ocean dynamics, designing observational strategies, and examining the ocean’s role
in climate variability. To this end, data assimilation seeks
a weighted least squares best fit of the equations of motion to observations by estimating the state of the ocean, its
initial conditions, boundary conditions, and other sources
of model uncertainties. The technical goal is the sustained
production and evaluation of physically consistent, timecontinuing, three-dimensional estimates of the global state
of the ocean in support of programs such as GODAE and
CLIVAR. A current program, Estimating the Circulation and
Climate of the Ocean (ECCO), supported by ONR, NASA,
NOAA, and NSF has these objectives (see http://www.eccogroup.org/). Their main task is to bring together a global
general circulations model (GCM) with existing global data
streams—including TOPEX/POSEIDON and JASON altimeter observations and in situ hydrographic and flow mea-

and in data assimilation:
• an increase in the volume of satellite data by a factor of 106;
• an increase in the volume of radar data (both radial wind
and reflectivity) over the continents;
• new (e.g., satellite LIDAR) and possibly unanticipated
forms of remotely sensed data;
• more sophisticated and highly nonlinear forward models
for assimilation of remotely sensed information;
• adaptive (geography- and flow-dependent) background
and observation-representativeness covariance terms; and
• sophisticated ensemble data assimilation methods that are
currently in development being put into routine operation
at many centers.
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Box 1. Numerical Weather Prediction and Data Assimilation
Models used in NWP are built by transforming the system of
partial differential equations that represent the relevant dynamics and physics into a numerical initial value problem—a
system of ordinary differential equations that can be solved
computationally.
Since the pioneering work by Epstein (1969), probabilistic
numerical weather forecasting has evolved into the present
ensemble forecasting techniques in which an ensemble of
forecasts is started from an ensemble of initial conditions that
reflect the probability distribution of the uncertainties in the
initial state. Epstein’s original idea was to specify uncertainties
in the initial and boundary conditions, and a stochastic-dynamic model was developed to predict the temporal evolution
of probability densities. Leith (1974) approached the problem
with a Monte Carlo method proposing to perturb the initial
conditions (to create an ensemble of initial conditions) and
propagate the perturbations in time with a numerical forecast
model. In this way, a sample of forecast ensemble distributions
might be achieved. In the 1990s, different perturbation methods were introduced into operational forecasting, including the
breeding of growing modes (Toth and Kalnay, 1993) at the U.S.
National Centers for Environmental Prediction (NCEP), singular
vector decomposition (Molteni et al., 1996) at the European
Centre for Medium Range Weather Forecasts (ECMWF), and an
observation perturbation method at the Meteorological Service
of Canada. These approaches use a limited number (< 100)
of ensemble members and use the forecast model to develop
unstable modes. Further details are available in Kalnay (2003).
For weather forecasting purposes, ensembles based on different
forecast models and different perturbation techniques show
high promise because the ensemble mean usually outperforms
individual models.
Initial conditions are obtained by the process of data assimilation, which provides an estimate of the initial state of the
atmosphere by combining observations (which are noisy and
incompletely describe the system state) with a short-term forecast from an imperfect model. Observations of the atmosphere
are obtained using surface monitoring stations, rawinsondes,
aircraft-mounted sensors, ship-launched sensors, and satelliteborne sensors. The observational data are collected in real-time
and transmitted via worldwide communications systems to several meteorology centers throughout the world. Data assimilation schemes are statistical interpolation techniques that combine the information from the noisy, incomplete observations
and the imperfect models, taking into account the uncertainties in both (cf. inverse modeling of ocean circulation). Data

assimilation techniques have come a long way from the early
optimal interpolation technique (Gandin, 1963) to the present
state-of-the-art operational three-dimensional or four-dimensional variational (3DVAR and 4DVAR, respectively) methods.
Recently, more advanced methods that employ the Kalman
filter have been developed. The original idea of Kalman (or
Kalman-Bucy) filtering lies in developing in time the forecast
error covariance, which consists of errors from the model and
its initial conditions. This progressively determined error covariance is used as background error covariance in data assimilation. The Kalman filter in its original formulation is restricted
to linear (or linearizable) models and, because of the lack of
information and the required large amount of computation, it
is not currently feasible for meteorological applications. The
Ensemble Kalman Filter (EnKF) overcomes this difficulty by
using covariances computed from ensembles. The EnKF is an
efficient and theoretically consistent method of estimating the
uncertainty in short-term forecasts and the initial conditions.
Various research versions of EnKF show promise (Tippett et al.,
2003). The main steps of this approach are: (i) an ensemble of
short term forecasts is carried out; (ii) a prior estimate of the
probability distribution of the state is inferred from the ensemble of forecasts; (iii) this information is combined with the
observational information to update the probability distribution
of the state estimate; and (iv) an ensemble of initial conditions
is generated to sample the updated probability distribution. The
resulting initial conditions are used for running the short-term
forecasts that are needed for the next data assimilation cycle,
and they are also used to generate longer-term forecasts, which
are needed for assessing the predictability of the atmosphere
and the quality of the data assimilation scheme.
The two computationally expensive components of the EnKF
method are the generation of the ensemble forecasts by running multiple copies of the model and the generation of the
updated ensemble of initial conditions. The latter step consists
of collecting the short-term forecast information, processing
the observations, and solving a series of linear algebraic problems. One particular implementation of the EnKF approach
is the local ensemble Kalman filter (LEKF) (Ott et al. 2004),
a scheme that was designed to run efficiently in a massively
parallel computational environment. The LEKF takes advantage
of the massively parallel environment by making a sequence
of independent estimates of the atmospheric state for each
model grid point using information from a small neighborhood
around the particular grid point.
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The Coastal Ocean

surements such as what will be available from the ARGO
program—to obtain the best possible estimate of time-evolving ocean circulation and related uncertainties. This effort
is important because the resulting dynamical and objective
analysis of ocean circulation can be used for a variety of applications to understand ocean circulation, analyze model
errors, and assess ocean observing systems.

Realistic, skillful numerical simulations of oceanic physical-ecological-biogeochemical-sedimentological processes
are urgently needed to address many societal concerns (e.g.,
climate change, coastal eutrophication, fisheries, shipping
operations, shoreline erosion). An important modeling requirement for addressing these concerns—as yet rarely satisfied—is the capability for simulating global or basin-scale circulation and the more local flows that respond to larger-scale
change (“downscaling”) and sometimes feedback on its evolution (“upscaling”). This challenge is most acute in coastal
regions where the natural signals are often largest and human
influences and interests are concentrated.

The first steps in performing ocean data assimilation are to
assemble ocean observations, configure a prognostic ocean
circulation model, and carry out a simulation-producing
model equivalent of ocean data. The next step it to derive the
data assimilation module (such as a model adjoint, a Kalman
filter as described in the previous section, or a smoother)
corresponding to the prognostic model. The prior model and
data error covariances are then constructed, and finally, the
observations are assimilated into the model. One of the goals
of ECCO is to have a 1/6° grid with commensurate vertical
resolution, 5 to 10 m near the surface with a total of 75 vertical levels and 15-minute time step. The length of typical runs
(simulation and assimilation) will be 15 model years, the
time frame of altimetric observations. An equivalent of about
500 forward runs is required to obtain the ocean-state estimation. The calculations are costly because it is necessary to
integrate the equations forward and backward in time many
times, it is necessary to store and recompute the ocean state
throughout the ocean basin and for the entire epoch during
the backward integration, and if the uncertainties are spatially and temporally correlated, it is necessary to perform convolutions over space and time. One model-year integration in
3 hours or less is desirable to make the assimilation product
available in real time to the community. While the model and
assimilation system has been shown to scale well on parallel
computers, the problem size is typically selected to maximize
performance and scaling for a given computational resource.
In one application with a global 1° model resolution, the
model/assimilation scales well up to 64 CPUs of an SGI Origin 2000. In another model with 18-km resolution, the same
code scales well up to 256 CPUs of an SGI Altix. The oceanographic community needs to be able to perform ocean data
assimilation on a system that allows resolution of eddies and
boundary current for global applications (10-km resolution
or better) and assimilation down to 1 km on regional scales.

An important particular regime is near the eastern boundary
of the sub-tropical wind gyres, for example, off the continental United States and Chile-Peru coasts. Here the atmosphere
is highly structured by the ocean-desert-mountain-capeisland configurations, with dense stratus cloud decks and
strong equatorward winds. These phenomena are tightly
coupled to coastal upwelling currents, prevailing alongshore
flows, high plankton productivity, rich fisheries, and vigorous mesoscale eddies (Figure 7), all of which are modulated
in response to global climate changes such as the El Niño.
It is plausible that global climate and Earth-system models
have significant biases in, for example, the position of the
Intertropical Convergence Zone or the anthropogenic carbon balance. These biases are likely a direct consequence of
the absence in models of the regional features enumerated
above due to their presently limited spatial resolution and
limited number of included processes. Thus, large computational power is required to simulate coastal regimes for two
reasons: the governing equation sets use multiple variables
to represent the many different processes being modeled and
the range of scales of variability that co-evolve is enormous,
from basins to continental shelves to embayments, and from
decades to hours.
At present, a typical outer grid for the Pacific basin has dimensions of 350 x 350 x 32 (0.5° horizontally). In the near
future, 0.25° and 0.125° grids with similar vertical resolution are anticipated. Typically, integrations run for multiple
decades. The grid for the California Current System is 330
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Figure 7. A simulated instantaneous sea
surface temperature field during the late
summer upwelling season in the California
Current System (Marchesiello et al., 2003).
Note the highly turbulent squirts and jets,
carrying cold upwelled water offshore in
narrow filaments, that arise from the intrinsic instability of the wind-driven alongshore
currents. (J. McWilliams, UCLA)

x 330 x 40 (8-km resolution). To reach grid scales of several hundred meters, embedded nesting is taken down to
smaller coastal subdomains in 1-3 steps with about a factor
of 3 reduction in the horizontal scale per step. This is still too
coarse to represent the littoral surf zone region adequately;
at least another 1-2 nesting steps would be needed (see the
following subsection). Multi-scale modeling systems of the
Peru-Chile and Alaska regional domains are similar in dimension and degree of nesting.

events that last days to months. Over the next five years, the
broad vision is that multi-scale embedded domain computing would become the standard way to do both global, regional, and littoral science. With coastal (or equatorial) strips
of enhanced resolution along the margins, capabilities more
than an order of magnitude larger than available today will
be required. Advances in the computer science of multi-scale
computing can aid in meeting this challenge through embedded sub-domains with higher local resolution and expanded
sets of processes, perhaps chosen adaptively during the simulated evolution. Ultimately, much larger computers will be
needed to go significantly beyond present practices.

At the regional-scale, integrations of at least a decade are
needed to study down-scaled inter-annual variability, but the
finest scale nests are generally run for particular periods or
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PHYSICAL PROCESS MODELING

are currently two approaches to the problem of representing
clouds and convection in atmospheric models used for numerical weather prediction and coupled climate simulation:
superparameterization and explicit resolution of clouds and
cloud processes.

Clouds and Convection
A key factor limiting the reliability of simulations of anthropogenic climate change is our inability to accurately represent the various effects of clouds on climate (e.g., Houghton
et al., 2001). Despite the best efforts of the community of experts, the problem has resisted solution for several decades.
The most important reason for the slow progress is that, due
to limitations of computing power, global atmospheric models today use grid spacings that are too coarse: on the order
of 100 km (Figure 8). It is intrinsically very difficult to formulate the statistical interactions of a population of clouds
with larger-scale weather systems (Randall et al., 2003). There

In the superparameterization approach, atmospheric convection is represented explicitly, thereby mitigating several problems associated with traditional convective parameterization.
This representation is made on a sub-grid structure that can
effectively resolve the scale of convection; however, the subgrid structure covers only a small fraction of the area in each
global model grid box, and the resulting effects of convection
are scaled up to the global grid by means of statistical assumptions. This approach originated at the National Center

Figure 8. T170 simulation: An experimental high-resolution integration of the National Center for Atmospheric Research (NCAR) Community
Climate Model ver. 3 (CCM3) was made for one year of simulated time with specified observed sea surface temperature as lower boundary conditions. The model includes 170 global wave numbers in the horizontal, equivalent to resolving features as small as 75 km across. The figure shows
the instantaneous distribution of total precipitable water (white shading) and precipitation (orange shading). The fine structure evident in the figure,
including the narrow moisture flux convergence zones near the equator and in bands oriented from northwest to southeast in the south Indian,
Pacific, and Atlantic Oceans, is much more representative of the scale of moisture distribution in the real atmosphere than could be achieved with
typical climate models in use today. (NCAR)
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Figure 9. Simulated cloud system for the tropical Atlantic using the Cloud Resolving Model (CRM). Inputs
are the large-scale atmospheric observations from the
experiment GATE. The domain is 400 km x 400 km
in the horizontal and 16 km in the vertical. The white
isosurface represents a .5 g/kg ice water isovalue, the
yellow isosurface represents a .5 g/kg liquid water
isovalue, and the red isosurface represents a .5 g/kg
rain water isovalue. The vertical slice at the rear of the
model domain shows the east-west wind component,
and the horizontal colored slice at the bottom of the
domain shows contours of rain water at the surface.
(Grabowski et al.,1998)

for Atmospheric Research (Grabowski and Smolarkiewicz,
1999; Grabowski, 2001; Smolarkiewicz et al., 2001) and has
been successfully applied in an aquaplanet model as well as
in a more realistic general circulation model of the atmosphere (Ziemianski et al., in press).

vection’s multi-scale organization (Figure 9) plays an important but little investigated role. New ideas on the large-scale
convection organization over tropical oceans are emerging
from analysis of the results of the superparameterized models (Moncrieff, 2004). This objective has a practical as well
as theoretical slant. Without access to petascale computing
capabilities, it will not be possible to use superparameterization in decadal to centuries-long climate simulations, thus
traditional convective parameterization must be improved.
Finding efficient ways to represent organized convection will
be a central challenge (Moncrieff and Liu, 2005).

Climate models are relatively consistent regarding the warming due to CO2, but differ widely in prediction of the hydrological cycle (e.g., some suggest that average precipitation will
increase sharply, others that it will not change much). Quantifying this aspect of the climate system requires knowledge
of scale interactions ranging from cloud (~1 km) to global.
Understanding interactions among convection, radiative
transfer, and surface processes across a wide range of scales
is essential. Cloud-system-resolving models are the approach
of choice for problems of this type because they couple the
physical processes at scales where instabilities and attendant
transports develop spontaneously.

The importance of convective-scale coupling cannot be overemphasized. It is widely acknowledged that convection and its
interactions with other subgrid-scale processes and with the
land-surface and the ocean represent major uncertainties not
only in climate modeling but also in extended-range weather
prediction. Development of advanced superparameterization
methodology is critical (e.g., Grabowski, 2004), as is the scientific interpretation of the vast data sets that models capable
of representing convective-scale coupling will produce.

A related scientific objective is to understand what superparameterization/cloud-system-resolving models tell us about
how the moist atmosphere works as a unified system. Con-
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Petascale computing power will make it possible to cut
through the problem of representing clouds and convection
by creating global atmospheric models with horizontal grid
spacing approaching 1 km or finer so that individual clouds
can be explicitly simulated. By refining the mesh size from
100 km to 1 km, we do much more than simply improve representations of the simulated processes. We enable the simulation of a completely new and extremely important set of processes: those that create and destroy individual clouds. This
capability will be a transformative, qualitative step forward.

The definitive, one-dimensional thermodynamic description of sea ice is given in Maykut and Untersteiner (1971). In
this article they described all of the basic elements needed to
model growth and melting of sea ice, including salinity-dependent thermal conductivity and heat capacity. The computational expense of their model led Semtner (1976) to devise
a simplified version, suitable for use in climate models at that
time. In spite of recent advances (Bitz and Lipscomb, 1999),
sea ice salinity is still not a prognostic quantity, treated either
as a constant or defined in terms of a fixed vertical profile.
Predicting sea ice salinity will require not just another tracer
for each ice layer, but a slew of physical parameterizations to
describe its evolution.

A global atmospheric model that resolves individual clouds
will revolutionize atmospheric science by making it possible,
for the first time, to numerically simulate the myriad dynamical, microphysical, and radiative processes the make up
the interactions of clouds with weather systems. The global
cloud-resolving atmospheric model will have immediate applications in the fields of weather prediction, climate change,
water resources, atmospheric chemistry, and even ecosystem
dynamics. The creation of such a model will be a major landmark in the history of the Earth sciences.

Snow models have advanced a great deal, including such
physical processes as water and vapor flow, compaction, grain
growth, and snow redistribution by wind. These advances
have not yet been incorporated into global climate models,
however. Snow-ice formation, which occurs when an ice floe
is submerged by the weight of the overlying snow cover and
the flooded snow layer refreezes, is usually included in global
models because of its great importance in the Antarctic sea
ice system. However, snow-ice parameterizations typically fail
to take into account its unique salinity properties and seawater percolation through the underlying ice.

Sea Ice
While ice models used for global climate studies have incorporated more physical parameterizations over the past
two decades, much remains to be done. Many small-scale
studies have evaluated and developed parameterizations for
processes important to polar climate, but in many cases the
detail necessary prohibits their inclusion in global climate
models because of computational expense. In some cases, the
added cost is simply for additional tracers, which must be
balanced against their value in the overall climate simulation.
In other cases, limited computing power impedes exploration
of major new physical components in climate simulations. It
is impossible to rank modeling advances in importance, but a
polar climate wish list must include the following: a dynamic
and prognostic salinity profile that includes percolation and
flooding; prognostic ice and snow densities; snow redistribution; melt ponds; biogeochemistry; interaction of sea ice with
ice bergs and ice sheets, especially in under-ice-sheet cavities;
more physical ridging algorithms; and modeling sea ice embedded in the ocean rather than sitting on top of it. Most of
these are discussed below.

Melt ponds are particularly important in the Arctic for their
effect on the radiation balance, but due to their small spatial
scale and physical complexity, they are typically parameterized via the ice albedo. With few layers and only crude melt
pond parameterizations, modern models do not resolve the
penetration and absorption of solar radiation properly.
As a highly fractured material floating in its own liquid
phase, sea ice presents special difficulties for dynamics modelers. Its primary characteristic is a tendency to drift freely
under divergent forcing conditions, but to resist compression under convergence. The current standard is the viscousplastic dynamics model of Hibler (1979). Like Maykut and
Untersteiner’s (1971) thermodynamic model, the viscousplastic model is computationally expensive and, as a result, a
number of simplified models have been suggested, some of
which are still used in GCMs. Another kind of model is un-
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der development for basin-scale modeling, but is too expensive for current climate simulations: the Lagrangian granular
model by Hopkins (1996). Rather than assuming the ice pack
is a continuum, as in the viscous-plastic model, this model
treats it as a granular material where ice floes (or conglomerates of floes) are modeled individually as they interact with
neighboring floes. As grid resolution increases, the validity
of continuum models becomes questionable, but insufficient
computing resources have kept global climate modelers from
testing alternative dynamics formulations.

within a single grid cell, which can have significant consequences for ice-ocean albedo feedback processes. Five thickness categories are currently deemed sufficient, although
some studies indicate the need for categories with other characteristics such as ice age, type (e.g., snow-ice), and ridging
extent. In current models, sea ice is advected as if it were a
single conglomerate. That is, even with numerous thickness
categories, ice velocity is computed for the entire mass in a
grid cell, and it all moves with the same speed. This simplification is necessary mainly because of the computational cost
of the dynamics models discussed above. Advection is itself
fairly expensive; in addition to more ice and snow categories,
modelers will increasingly need to transport quantities such
as biological or chemical tracers.

An ice-thickness distribution is a subgrid-scale parameterization used to help resolve the wide range of ice thicknesses
in polar regions (Figure 10). It enables more accurate simulation of thermodynamic variations in growth and melt rates

Figure 10. Arctic sea ice thickness map from a 0.4° resolution,
global, ice-ocean coupled model
simulation. Thickness represents
an average for the month of September 1998. The simulation was
run on the Cray X1 at Oak Ridge
National Laboratory as part of the
Arctic Ocean Model Intercomparison Project, using coupled ocean
(POP) and sea ice (CICE) models
developed at Los Alamos National
Laboratory. (E. Hunke, Los Alamos
National Laboratory)
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Sea ice also interacts with ice shelves and bergs, altering salinity properties in the ocean and movement of the sea ice.
Both are typically neglected in global climate models. Moreover, ice streams and glaciers can change dramatically over
time scales as short as a century, but their relatively slow time
scales (compared with other climate processes) have prevented them from being incorporated in global climate models.

scale instabilities at the upper interface, and geostrophic instabilities, all of which may lead to mixing with the overlying
fluid. This mixing modifies the volume transport and tracer
properties of the dense water. Because the dense water ultimately forms many of the deep water masses of the ocean
(e.g., North Atlantic Deep Water, Antarctic Bottom Water),
the amount and nature of the mixing plays a vital role in
ocean circulation, and probably also climate.

Increasingly, functions normally included in the sea ice
component of climate models are being moved to the ocean
or atmosphere components. This allows tighter coupling of
physical processes important for climate feedbacks, such
as boundary layer interactions, on shorter time scales than
standard coupling intervals. The price is paid in the amount
of information that must be exchanged among the models. For instance, if turbulent fluxes are computed in the
atmosphere component instead of the ice model, ice areas
and surface temperatures for each thickness category must
be provided, rather than an aggregated quantity. Coupling
techniques that allow the best ice modeling practices while
maintaining close physical interactions among component
models remain a challenge.

To simulate the full evolution of the dense current from
marginal sea to neutral-buoyancy level, a domain of several
hundreds of kilometers across is necessary. Even examination of the interaction between geostrophic eddy processes
and small-scale mixing requires a domain large enough for
several eddies, which are typically about 10-50 km in diameter. However, small-scale mixing takes place through
shear-instability, with horizontal length scales about the
order of the shear-layer thickness, perhaps 100 m. Hence,
to simultaneously resolve small-scale mixing and the full
downstream evolution of the current would require resolutions of about 10,000 x 10,000 (e.g., for a domain of 500 km
x 500 km with a resolution of Delta x = 50 m). Currently, the
largest simulations which have been carried out for rotating
gravity currents (Legg et al., in press) were 888 x 600 x 120,
with minimum horizontal resolutions of 500 m. These simulations used 30,000 CPU hours on 480 CPUs of a SGI Origin.
Despite this enormous expense, even the largest overturning
scale of shear instability is only poorly resolved.

Sea ice is only a thin lamina on the ocean, hence its behavior
reflects biases in the atmosphere and ocean. Higher-resolution ocean modeling is likely to improve the pattern of ocean
circulation and under-ice heat flux, which significantly affects
sea ice extent and associated albedo feedbacks. Higher resolution and better dynamical schemes in atmosphere models
are likely to improve surface winds that presently lead to biases in ice simulations. Progress toward all of these improvements has been made in stand-alone ice and regional, coupled model configurations. Both manpower and increased
computer power will enable their inclusion in global climate
models of the future.

Currently, there is an effort to improve parameterizations
of overflows for use in global ocean circulation models (see
http://www.cpt-gce.org). As part of this effort we would ideally like to calibrate coarse-resolution models and overflow
parameterizations against our best understanding of mixing
in real overflows. While observations are one measure of the
“truth,” they are complicated by many different phenomena
and undersampling. Infinitely high-resolution simulations
of overflows under controlled conditions would be the best
measure of “truth,” but in their absence we are forced to use
the imperfect simulations described above. Increases in CPU
speed and memory size would enable simulations of overflows in which the full interaction between small-scale mixing and mesoscale dynamics is resolved, thereby enhancing
our ability to parameterize these processes in climate models.

Overflows
Bottom boundary currents (or overflows) carry dense water
formed through air-sea exchange in marginal seas (e.g., Mediterranean Sea, Greenland Sea) or on the continental margins
(e.g., the Antarctic shelves) down the continental slope into
the deep ocean. As the dense water descends, it is affected by
hydraulic processes, frictional drag at the topography, small-
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Turbulence in Seawater

salt allows it to develop structure down to extremely small
spatial scales (~ 0.1 mm). A petascale facility will allow the
first DNS of turbulence in seawater.

Understanding and parameterization of small-scale turbulence represents one of the main obstacles to large-scale
ocean and climate modeling. Parameterizations based on
present theories are not adequate for long-range forecasting,
in large part because they do not account for the influence
of salt stratification. For example, the effect of polar ice-cap
melting on the global thermohaline circulation cannot be
predicted without accounting for the interaction between
salinity gradients and turbulence (cf. sea ice). Predictions of
carbon sequestration in the oceans are similarly dependent
on accurate knowledge of salt mixing because near-surface
salinity exerts a dominant control over carbon uptake.

Existing theories of turbulence provide a useful basis for parameterizations, but those theories are for the most part valid
only in the limit of high Reynolds number. That limit is a
good approximation for the most important turbulent flows,
but it is difficult to replicate in DNS. There are now persuasive indications that the high Reynolds number limit is attained when Reb, the Reynolds number appropriate for stratified turbulence, exceeds O(102). That state is accessible with
present-day computers (Figure 11), but only if salt stratification is neglected. This restriction is largely responsible for
our current lack of understanding of saline mixing effects.
Relative to thermally stratified turbulence at a given Reb,

Direct numerical simulation (DNS) of turbulent flow has
represented a “grand challenge” computational problem since
the 1970s. This goal is now being attained for simple fluids
such as dry air and freshwater. The challenge is much greater
in the ocean because the small molecular diffusivity of sea

DNS of salt-stratified turbulence requires 103 times the
memory and 104 times the CPU cycles. Extrapolation from
present-day capabilities indicates that a machine running at a
sustained speed of 100 teraflops could compute salt-stratified

Figure 11. Temperature field
from a DNS of turbulence
in thermally stratified water
with Reb ~102. The warm,
upper layer and the cool
lower layer move in opposite directions, providing the energy source for
turbulence. If salinity were
included, it would exhibit a
range of scales an order of
magnitude wider than that
shown here. (W. Smyth, Oregon State University).
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turbulence with Reb=150. Therefore, a petascale facility will
permit the first direct computation of high Reynolds number
turbulence in salt-stratified water.

energy at a given position and time. The Radiation Balance
Equation (or kinetic equation) (Müller and Olbers, 1975;
Lvov and Tabak, 2004) predicts the time evolution of these
statistical quantities. The equation describes the redistribution of energy in space/momentum space/time via nonlinear
internal wave interactions.

Direct simulations compute the smallest scales of motion
explicitly, but must employ simplified representations of motions on scales larger than ~1 m. In other words, the cascade
of energy from internal waves on scales of 10-100 m into the
turbulent range must be parameterized. Aspects of ocean
mixing unrelated to salinity can be computed efficiently by
assuming purely thermal stratification (e.g., Figure 11). The
resulting increase in the smallest scale that must be resolved
allows an order of magnitude increase in the largest resolved
scale. The petascale facility will therefore allow explicit computation of the energy cascade from small internal waves
(~10 m) to the kinetic energy dissipation scales (~1 cm).

Numerical modeling of the full Radiation Balance Equation
is computationally challenging, as wave action has six spatial arguments: position in physical space (a 3D vector) and
position in the wavenumber space (another 3D wavevector),
in addition to its time dependence. To complicate matters
more, for a single evolution test, one must perform a 2-fold
integration over the complex resonance surfaces. The size of
configuration space is therefore N6 (where N is the number of
modes used to represent the internal wave field), and general
complexity of the numerical algorithm is N8.

Large eddy simulations (LES) use physically based parameterizations of small-scale turbulence to gain access to motions on the scale of, for example, the surface mixed layer. The
subgrid parameterizations are far superior to those used in
larger-scale regional and basin models, but they require that
the smallest resolved scale be in the inertial subrange (i.e., ~1
m). With a petascale facility, LES models could satisfy this
criterion while encompassing outer scales up to ~10 km.

To predict the state of internal waves in some ocean region
requires at least N=200, which leads to the numerical complexity that is outside of our present reach. Progress with present resources requires major simplifications and uncontrolled
approximations and parameterizations. If numerical power
were increased to allow a more comprehensive representation,
our ability to understand, and ultimately predict, the state of
the oceanic internal wave field would be much improved.

Statistics of the Ocean Internal Wave Field
Atmospheric Turbulence and
Boundary Layers

Internal waves are the major physical mechanism for the
transfer of energy from mesoscale eddies (with length scale
~100 km) to three-dimensional turbulence (scales ~10 m and
less, see previous section). Supported by the combination of
buoyancy and planetary rotation, internal waves exhibit a
highly complex dynamical structure and therefore present a
major challenge to the ocean modeling community. Explicit
resolution of internal waves in basin- and global-scale models is not possible, even with a petascale machine. A promising alternative is to represent the complex interactions of internal waves statistically.

We know relatively little about how the moist atmosphere
behaves in the small scale region defined by a -5/3 slope in
the kinetic energy spectrum, particularly where it approaches the transition to a -3 slope at larger scales. This critical
characteristic of atmospheric turbulence, often referred to
as the “knife’s edge,” determines the limit of predictability
of instantaneous atmospheric flows (Lorenz, 1969). New
closure techniques are necessary for the next generation of
NWP model implementations, and proposed stochastic approaches rely on spatially and temporally correlated statistics
of mesoscale flows that are extremely difficult to measure in
the atmosphere. It has been recognized for a decade that cur-

In statistical internal wave modeling, one attempts to compute not the velocity/density of the wave field as a function of
space and time, but rather spectra of waves’ average kinetic
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rent NWP model equation closure schemes are based on assumptions that are not valid at the fine scales of even today’s
forecasts. New approaches are required, and stochastic techniques offer one promising solution, but the relevant statistics of mesoscale flows must be quantified to take even the
first step toward stochastic parameterization.

The PCG will permit development of a model coupling the
air and water at turbulence scales and perhaps with a largewave simulation (e.g., Dimas and Fialkowski, 2000) of the
connecting surface gravity wave field. This model will at first
be pursued in the context of LES over small domains, but
the developed algorithms and parameterizations will eventually transition to global models in order to incorporate large
mesoscale forcings and conditions.

The fluid dynamics and thermodynamics of air-sea interaction at scales characteristic of turbulent motions (i.e., seconds
to hours, and a centimeter to a few kilometers) have important implications for climate predictions, severe weather,
and ocean mixing. In particular, surface gravity waves play
a significant role in turbulent mixing processes in both the
atmospheric and oceanic boundary layers. These effects are
studied using large-eddy and direct numerical simulations.
The structure (spectral distribution and energy content) of
the wave field is critical. For example, in the atmosphere,
swell (i.e., large-scale, fast-traveling waves) can modify the
low-wind marine surface layer in unexpected ways: swell can
induce a collapse of turbulence in the atmospheric boundary
layer over a significant depth. In the oceanic boundary layer,
surface waves generate Langmuir circulations and promote
global mixing through wave breaking. There are LES models
that include both of these physical mechanisms and presently
are generating a suite of ocean-boundary-layer simulations
over a range of high-wind conditions. These atmospheric and
oceanic computations illustrate some of the one-way couplings between planetary boundary layers and water waves.

Submesoscale Processes in the
Coastal Ocean
Increased resolution of coastal ocean observation systems
and models has revealed the rich variability of the coastal
ocean at scales from meters to kilometers. These motions
do not formally fit the definition of turbulence, being more
coherent and often constrained by the bathymetry, stratification, or large-scale flow to be quasi-two-dimensional (Figure 12). Yet these motions are often more important than
turbulence itself in determining the fluxes of momentum
and scalars, and thus in regulating the large-scale dynamics
and properties distributions of the coastal ocean. Estuaries
are particularly rich with submesocale variability due to the
strong density gradients induced by freshwater inflow and
the stirring energy of the tides. They are often manifested by
lines of foam or riffles where coherent eddies produce strong
surface convergences.
Modeling of these processes requires significantly increased
computation power to span the gap in scales between turbulence and the outer dimensions of the flow. LES models and
non-hydrostatic, Reynolds-Averaged Navier Stokes (RANS)
models provide the appropriate physics for these scales, but
the range of temporal and spatial scales have to be extended
by an order of magnitude over present capability. Only with
this a dedicated effort to close this gap in scales will the
submesocale be properly represented in numerical models.
Such a breakthrough in computational power will lead to
an understanding and predictive capability in some of the
most complex and important oceanic environments—the
nearshore waters where human impacts on the ocean are
most intense, and vice versa.

What is needed is the development of a large-eddy simulation that couples the atmosphere and ocean boundary layers
under high-wind conditions with an appropriate model for
the wave field that connects both media. This will require
significant algorithmic developments as well as considerable computer capability because of the wide range of temporal and spatial scales in the different fluids. At the present
time, there are LES of the atmospheric boundary layer with
a specified moving lower boundary (a simple moving gravity
wave) that uses about 107 gridpoints, but requires more than
100,000 time steps to get stable statistics. The limiting factor
in this computation is the high phase speed of the underlying
wave field. In the future, a spectrum of waves must be used,
and hence the spatial requirements will increase dramatically.
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Figure 12. Remotely sensed, multispectral image of the Potomac River, 65 to 80 km up-river
from the Chesapeake Bay, illustrating the range
of features that could be resolved explicitly using
a petascale facility (T. Donato, Naval Research
Laboratory).

BIOGEOCHEMICAL FEEDBACKS

Marine Ecosystems
Individual-Based Biological Modeling of Plankton
Coupled with Ocean Circulation

Biological systems have a richness of species with a diverse
range of characteristics and functions. The physical states
(e.g. temperature, precipitation, salinity, turbulence) of an
environment determine, to a large extent, the distribution
and functioning of terrestrial and marine ecosystems. The
functioning of these ecosystems modify the biogeochemical
and physical states, and in turn, the distribution of the ecosystems themselves. This is of interest because the cycling of
energy, water, and chemical compounds through the ecosystem provides feedbacks to the climate system. Terrestrial and
marine ecosystems and processes, albeit in very simplified
forms, are beginning to be integral components of climate
system models.

The most common approach to modeling marine ecosystems requires that biota be represented in terms of an Eulerian distribution of biomass; however, such representations
cannot account for the different dynamics of individuals that
have different ages, weights, and histories. One large individual is not identical to many smaller individuals, although
the biomass may be identical. They have different behaviors,
different energy demands, and consume different types of
prey resources (e.g., Batchelder et al. 2002). Two examples of
how history and experience influence future responses are:
(1) recent success or failure in encountering and consuming
food (phytoplankton) alter the animals maximum ingestion rate in future encounters with food, and (2) the vertical migration behavior, and motivation to descend at dawn
and ascend at dusk, are functions of recent feeding success,
size, and recent growth of an individual. A more realistic
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full, one-month simulation would require 1.2 x 1015 bytes of
disk storage (1000 terabytes). Even so, a month-long simulation only represents one-quarter to one-half of the generation
time of many small plankters in the coastal ocean and only
one-sixth to one-twentyfourth of the life cycle of some of the
longer-lived plankton, such as euphausiids (krill). Much longer simulations (in time) and larger (in space) are needed to
encompass a full generation of these planktonic organisms.

scenario uses individual-based models of plankton bioenergetics, which track each zooplankton organism individually
through the physical domain.
Present simulations are done using a relatively small cluster
of Linux workstations (10-16 processors). Simulations of 1-2
million individual organisms are feasible with such a system
and provide results in slightly less than real time—for example, a simulation of 10 days requires approximately 8-10 days
to complete. An example simulation of 1.4 million particles
using stored physical fields (velocities, diffusivities and tracer
fields) from an earlier Eulerian physical model for a region of
the Northern California Current (NCC) that spans 100 km
offshore and 900 km alongshore and assuming a mean depth
of 100 m has an effective organism density of (1.4 x 106)/
(9 x 1012), or ca. 1.5 x 10-7 ind m-3. Actual observed densities

A more likely scenario for near term density-dependent
simulations might be 2-D simulations that span strong fronts
(e.g., those created by buoyant flows near shore or by tides
in semi-enclosed basins). For example, a 2-D study of density-dependent processes might consider a domain of 4 km
across the tidal front, a depth of 160 m, and typical plankton
densities of 10-1000 ind m-3. For this 2-D scenario, a density-

of this organism in the NCC are order 1 to 100 ind m-3. Thus,
to date it has been impossible to conduct studies of individual
plankton models that consider density-dependent effects—for
example, individual-individual interactions at nearby scales—
which are known to be important for some populations. Dramatically improved computing performance and significantly
expanded storage and memory are needed to enable research
on density-dependent processes within individual based
models that can account for interindividual variation, which
is neither Gaussian distributed nor straightforward.

dependent simulation might involve 6.4 x 108 individuals,
which would be feasible for the PCG. Assuming a need to
store hourly snapshots for two weeks, and similar output as
described above per individual, the storage output might be
order 8 x 1012 bytes.
The PCG would, therefore, enable research on a fundamentally new class of plankton issues that include not only interindividual variability, but individual-individual interactions
(density dependence), which have been to date unapproachable with current computational facilities. Current bottlenecks for examining density-dependent interactions at the
individual level over geographically interesting ocean domains occur at the computation, memory, access speed, and
storage-volume levels. To include appropriate physics, including diffusivities, into the IBMs requires very short time
steps (typically 120 s). IBM-based models are easily parallelized because most inter-individual interactions within a
single time-step occur locally.

It is unlikely that computational performance will improve
sufficiently in the foreseeable future to examine density-dependent processes within the context of a large domain system like the NCC. A simple calculation for a NCC domain
(50 km E-W; 200 km N-S [alongshore], 100 m vertically =
1 x 1012 m3), which an individual might traverse within a 1
month period and a typical density of 10 ind m-3, suggests
that a model that could include density dependence would
require order 1013 individually tracked plankters, each with
its own history, experiences, and dynamics. At a minimum,
sufficient computer storage capacity to store 30 daily snapshots (for a one month run) is needed; additional capacity to
store snapshots taken more frequently would be even better.
Assuming that each snapshot would need to store X, Y, Z,
and five other characteristics (e.g., weight, starvation level,
reproductive state) that are unique to each individual, there
might be a need to store ca. 40 bytes ind-1 snapshot-1. Thus, a

Terrestrial Ecosystems
Terrestrial ecosystems are increasingly being recognized as
providing significant forcing and feedback in the climate
system. The IPCC Third Assessment Report (http://www.
ipcc.ch/activity/tar.htm) and the U.S. Climate Change Science Plan (http://www.climatescience.gov/Library/stratplan2003/default.htm) both cite changes in land cover as a
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means by which climate has changed and is likely to change
in the future. This recognition grows out of a large body of
work that has demonstrated that conversion of natural vegetation to agricultural land can alter climate by affecting the
energy, water, and carbon balance as well as turbulence and
turbulent exchanges in the atmospheric boundary layer. The
influence of historical land-cover change on climate needs to
be considered as a climate forcing in addition to traditional
forcings such as greenhouse gases, aerosols, solar variability,
and ozone. Future projected land-cover changes due to human land uses are also likely to alter climate, especially in the
tropics, subtropics, and semiarid regions.

the spatial heterogeneity in land-atmosphere interactions,
yet this high resolution is precluded by the long time scale
needed to model vegetation feedback on climate. Indeed,
much of the current development of coupled climate-carbon
cycle models for the CCSM is at a spatial resolution of 3.75°
(T31). Third, sufficient ecosystem complexity is required to
capture critical functioning and processes. The CCSM has
condensed the richness of ecosystem species into fewer than
20 plant functional types with characteristic rooting depths
and canopy architectures. These characteristics are expected
to change with, and in turn, alter the water and light regimes.
Furthermore, ecosystem productivity (and hence CO2 and
water exchange with the atmosphere) is very sensitive also to,
among other things, status of macro- and micro-nutrients,
and microbial populations in the soils. Ecosystem distributions evolve as the result of competition for light, water, and
nutrients. Ecosystems also are sources of carbon monoxide,
methane, reactive nitrogen compounds, volatile organic
carbon compounds, and other atmospheric trace gases that
alter the radiative and oxidative capacity of the atmosphere.
A PCG is needed to include these multi-faceted interactions
between terrestrial ecosystems and atmospheric chemistry
and climate in an Earth system model.

Terrestrial ecosystems also affect climate through
biogeochemical cycles. Deforestation has released carbon to
the atmosphere while forest re-growth stores carbon. Biomass burning in tropical and boreal forest regions releases
carbon dioxide, carbon monoxide, methane, and carbonaceous aerosols to the atmosphere. Overuse of marginal arid
lands may result in significant mobilization and lofting of
mineral aerosols, which impacts the radiative budget, atmospheric chemistry, and terrestrial and ocean biogeochemistry.
Our ability to represent terrestrial ecosystems in the climate
system is limited by current computational capacity in three
respects. First, a wide spectrum of ecosystem time scales
must be resolved. Photosynthesis responds almost instantaneously to changes in cloudiness and rainfall, but decomposition of soil carbon takes decades to centuries, especially at
high latitudes. Climate model simulations must advance on
time steps of minutes and hours, and integrate on the order
of multi-century to millennial, to achieve stability of coupled
climate-carbon cycle models. Second, a sufficiently small spatial scale needs to be used in models to capture the diversity
of terrestrial ecosystems. State-of-the-art climate models such
as the Community Climate System Model (CCSM) represent
the atmosphere and land surface with a spatial resolution of
about 2.8° (T42 spectral truncation) in latitude and longitude
and as high as 1.4° (T85 spectral truncation). However, land
cover change occurs at a much finer spatial scale (e.g., 10100 square kilometers) than the climate model can resolve. A
much higher-resolution model is required to better capture

Further scientific advances in understanding terrestrial ecosystems as a forcing and feedback in the climate system and
atmospheric chemistry require significant increases in computational capacity. To understand the terrestrial carbon
cycle and its feedback on climate and to understand how
natural or human changes in land cover affect climate, we
must first be able to simulate land-atmosphere interactions
at a spatial scale unprecedented for global climate simulation
(e.g., at a higher resolution than T170, or 0.7°) for periods of
up to 1000 model years or more, and for multiple ensembles,
to determine the robustness of the simulation.

Soil, Vegetation, and Hydrology
The response of catchment states (primarily soil moisture)
and fluxes (evapotranspiration, runoff ) to precipitation is
known to be controlled by the spatial variability of soil, topography, and vegetation at sub-meter spatial scales. Because
explicit representation of spatial variability at these spatial
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scales is prohibitively computationally intensive, these effects are almost always parameterized in hydrologic models.
Yet, the physical basis for these parameterizations (i.e., their
relationship to soil grain-water-air interactions, and the role
of fractured porous media) is poorly understood, a situation
that can only be resolved by modeling experiments that explicitly resolve these spatial scales.

as precipitation) that control runoff generation. Models of
the regional water balance generally require high resolution
because they are meant to support analysis of fine-scaled
processes like land-use change, soil moisture distribution, localized groundwater recharge, and soil erosion. Applications
of spatially distributed hydrologic models have been constrained by insufficient computational power and availability
of parameters to populate these models. High-performance
computing and petascale machines provide an opportunity
to enhance spatial and temporal resolutions in hydrologic
models that operate in a stand-alone mode or are coupled
with atmospheric codes to address the societal-relevant question that has been posed.

The landmark work of Alan Freeze in the late 1960s first attempted to represent explicitly, at the hillslope scale, the effects of subgrid scale spatial heterogeneity (Freeze and Harlan, 1969). This work was only possible, even for a simple
hillslope, using IBM’s advanced computing facilities. While
the availability of computing resources to today’s hydrologic
researchers far exceeds the demands of Freeze’s hillslope
model, the requirement to simulate larger domains, for longer periods of time, and to represent the coupled land surface water and energy balances creates a computing demand
that cannot be satisfied given today’s computing resources.
Furthermore, the problems being addressed by hydrologists
today—which have to do, for instance, with the effects of climate variability and change on water resources, and the role
of vegetation and land cover change—have created a need for
models applicable to much larger spatial scales, and longer
temporal scales.

For example, Table 1 presents analyses of high-resolution hydrologic simulations on an SGI Origin 2000 cluster. RAMS is
the Regional Atmosphere Modeling System, which provides
the weather data for coupled simulations. It can be seen from
this table that a surface hydrology model with only two vertical layers requires as many operations per time step as the
atmospheric code. The addition of models that simulate the
subsurface domains (vadose and saturated zones), sediment
transport, and biogeochemical processes will increase the
computational demands for the hydrologic models.
A number of trends are developing in assessing hydrologic
systems that will enhance the need for high-performance
computing. The assimilation of the large data streams that are
becoming available from remote sensing to constrain models
and enhance forecast necessitate fast computing because of
the large data sets and the model inversion step. The incorporation of more social science elements, which is a basic tenant of the NSF Complex Environmental Systems Initiative,
leads to the potential of agent-based models for human response similar to those that have been used in transportation
system studies (see http://www.transims.net/ for an analogous approach). Finally, the complexity of hydrologic and
hydraulic systems means that simulation is one way to obtain
some understanding and measurement approaches. Computational fluid dynamic approaches are being used to simulate
the three-dimensional flow in rivers to understand shear and
turbulence effects under different topography and boundary
conditions found in natural channels.

The community is in need of new tools or facilities that provide (1) increased operational speed (petascale computing
in the range of 1015 operations per second), (2) increased
memory and storage (exabyte storage and shared access
memory provide a billion gigabytes of storage), and (3) increased network speed (terabit networks provide one trillion
bits per second).
Another computing challenge faced by hydrologists to
which petascale computing is applicable is spatially distributed hydrologic modeling, in the context of coupled landatmosphere prediction at the mesoscale (e.g., watersheds
and/or regions with areas 104 km2 and up). Although grid
resolutions of 5 km on a side or less seem necessary for atmospheric simulations to represent the convective storms
and high-relief topography that are common in semi-arid
regions, grid sizes of well less than 100 m are needed to represent the spatial variability of soils and vegetation (as well
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Table 1. Computational complexity details of Rio Grande Basin Hydrology problem.
RAMS

LANL surface
hydrology model

92,000 sq. km

-

One year

-

1 km

100 m

92,000

9.2M

Number of vertical layers and themes

22

80

Floating point operations per grid cell

300

100

Time step

1 second

1 minute

Total number of operations

20 PFlop

40 PFlop

Basin size (upper Rio Grande)
Duration of simulation
Resolution
Number of grid cells

Atmospheric Chemistry

downwind. The global spread of pollutants is likely to worsen
over the next few centuries with the rapid development of
industrializing countries. We do not yet understand how
global warming will affect both regional air pollution and its
long-range transport. In addition, many air pollutants are
radiatively active and can in turn affect climate.

The ozone hole has highlighted the coupling between atmospheric chemistry and climate. Such coupling is also evident
in the formation and transformation of reactive trace gases
and aerosols in the atmosphere. The lifetimes of methane and
other greenhouse gases are dependent not only on the distribution of water vapor (OH) and sunlight (UV), but also on
the abundance of competitive and reactive species (e.g., carbon monoxide) in the atmosphere. The size, chemical (e.g.,
hygroscopicity) and optical properties of aerosols impact
radiation, cloud formation, and productivity of terrestrial
and marine ecosystems. In addition, atmospheric chemistry
has a strong impact on vegetation through nitrogen deposition and ozone exposure. Modeling of atmospheric chemistry and atmospheric composition is thus fundamental for
understanding global atmospheric change and its relation
to natural and anthropogenic forcings. Current atmospheric
chemistry models carry over 100 chemically reactive species
and reactions in the atmosphere. In addition, with rapidly
increasing anthropogenic pollutants emissions, degradation
of air quality has become a global public health problem. It is
now recognized that gaseous and particulate pollutants from
one country can affect the air quality of other countries far

A recent focus of atmospheric chemistry involves multiphase aerosol mixtures. The aerosol mixing state (i.e., the
phase, composition, and internal vs. externally mixed mass
fractions) determines aerosol direct radiative forcing, indirect effects on clouds, and biogeochemical effects through
nutrient transport. Currently, most comprehensive Earth
System Models (ESMs) neglect aerosol mixing. Instead, they
assume that the major aerosol classes (sulfate, carbonaceous,
sea salt, dust) are externally mixed (i.e., independent of one
another and of the gas phase environment). Emerging chemistry-ESMs provide the required inputs to the aerosol mixing
problem: aerosol precursors (e.g., HOx, NOx, SOx) and primary aerosols themselves. Given these precursors, the problem for next generation ESMs is to predict the resultant aerosol mixing state (i.e., composition and size distribution) by
solving the complex thermodynamic equilibria among many
inorganic and organic compounds.
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Predicting the correct aerosol mixing state would unleash
quantitative scientific modeling in a number of important
areas currently stymied by lack of self-consistent atmospheric
composition-aerosol fields. These include (1) carbon cycle
research, where aerosol composition and pH alters the bioavailable fraction of nutrients delivered to terrestrial and
marine ecosystems; (2) cloud indirect effects and hydrology,
where aerosol mixing state determines which condensation nuclei are viable cloud condensation nuclei (CCN) and
ice nuclei (IN). Together, CCN and IN constrain the cloud
droplet number concentration which determines cloud precipitation efficiency, pH, and radiative properties; (3) direct
radiative forcing, where the aerosol mixing state determines
the aerosol radiative properties. Soot internally mixed within
aerosols, for example, absorbs up to twenty times more solar
energy as externally mixed soot; (4) air quality, where aerosol
mixing state influences the atmosphere’s oxidative capacity,
sulfuric and nitric acid availability, and, ultimately, ozone
formation (Bian and Zender, 2003).

resources available at national high-performance computing
facilities. Coupling the regional and global scales for atmospheric chemistry modeling is prohibitively computationally
expensive and is not currently possible with the resolution
required. Furthermore, it is currently difficult to understand
the feedbacks between global warming and air quality, as it
would require simulating the complexities of atmospheric
chemistry within a climate model. With the PCG, we could
begin to be address both issues.

A petascale computing capability would allow quantitative research on the influence of inorganic aerosol mixing on aerosol-cloud-climate interaction. Significant problems in aerosol-cloud-climate interaction would remain. These include
deterministic parameterizations of aerosol nucleation, formation and effects of organic aerosols and coatings, and chemistry-convection interactions. These remaining problems would
be more tractable if the aerosol mixing state were known.

A petascale capability would enable the community to describe in detail the interaction between aerosols and clouds.
Aerosol formation and composition are key elements related
to the size of cloud condensation nuclei. At the present level
of computational capability, only a very crude treatment of
these processes can be achieved in global climate models. To
improve this treatment, the number of transported constituents will have to be increased by an order of magnitude or
so (it is of the order of 100 at this point) to describe changes
in the size distribution of aerosols and their composition. In
addition, dramatically increasing the horizontal resolution
of the models will enable the explicit representation of the
chemical impact of large cities. The number of large cities is
expected to significantly grow during the next century, with
a very significant chemical impact to the global atmosphere.
Finally, this increase in resolution will enable the climate
models to predict impact of climate change and increased
industrialization on air quality.

Solving the microphysical conditions for gas-liquid-solid
equilibria of the dozen or so chemically and biogeochemically active species increases computational demands over
a pure externally mixed aerosol by a factor of about twenty
(Rodriguez and Dabdub, 2004). Tracking the size-dependent
composition of aerosol mixtures increases memory demands
by a factor of N x M where N is the number of internally
mixed species (about twelve) and M is the number of size
bins or spectral modes (about eight). A representation of
aerosol chemistry with sufficient information to progress in
the four areas outlined above requires about one hundred
times the memory of a single gas phase species such as water vapor. Hence, speed and memory demands of the mixing
state problem far exceed the current geoscience computing

Parallel to the assimilation of physical climate data into atmospheric prediction models is the assimilation of atmospheric chemical data into Earth system models. Significant
advancements have been made in recent years in our ability
to measure and model atmospheric chemistry. Remote sensors mounted on satellites are now providing global coverage in the troposphere and stratosphere for some chemical
species (e.g., CO, O3). Nascent efforts have focused on assimilation of satellite data into chemical transport models,
for example, aerosol optical depths from the Indian Ocean
Experiment (Collins et al., 2001), near-real-time assimilation of ozone from the Total Ozone Mapping Spectrometer
(TOMS) total column ozone and the Solar Backscatter Ultraviolet (SBUV) partial ozone column (Stajner et al., 2001;

41

Riishojgaard et al., 2000). The NCAR assimilation system has
been improved to include an estimate of the error associated
with the assimilated CO distribution (Lamarque et al., 1999).
When chemical transformation and interactions are considered, the complexity of the implementation and the computational costs are highly increased. Progress in chemical data
assimilation thus far has been carried out independent of the
assimilation of physical climate data. A PCG would permit
their integration.

Epstein, E.S. 1969. Stochastic dynamic prediction. Tellus 21:739-759.
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Several facets of the PCG would enable significant progress
in our ability to model atmospheric composition:
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• Increased spatial resolution, allowing investigation of the
coupling between regional and global scales;
• Increased chemical detail including in particular comprehensive suite of interacting trace gases; aerosol composition, mixing states, and size distributions;
• Inclusion of the interaction between atmospheric chemistry and ecosystems;
• More powerful inverse modeling capabilities to exploit the
very large data sets becoming available from satellites in
terms of the constraints that they provide on the forcings
of atmospheric composition.

Part II: Effects of resolution and the third spatial dimension. Journal of
Atmospheric Science, 55:3264-3282.
Grabowski, W.W., and P.K. Smolarkiewicz. 1999. CRCP: A Cloud Resolving
Convection Parameterization for Modeling the Tropical Convecting Atmosphere. Predictability: Quantifying Uncertainty in Models of Complex
Phenomena, 18th Annual Conference of the Center for Nonlinear Studies, Los Alamos, NM, USA, 11-15 May 1998. 133:171-178.
Hibler, W.D. 1979. A dynamic thermodynamic sea ice model. Journal of
Physical Oceanography 9:817-846.
Hopkins, M.A. 1996. On the mesoscale interaction of lead ice and floes.
Journal of Geophysical Research 101:18,315-18,326.
Houghton, J. T., Y. Ding, D.J. Griggs, M. Noguer, P.J. van der Linden, X. Dai,
K. Maskell, and C.A. Johnson. 2001. Climate Change 2001: The Scientific
Basis. Cambridge University Press, 881 pp.

REFERENCES

Kalnay, E. 2003. Atmospheric Modeling, Data Assimilation, and Predictability.

Batchelder, H.P., C.A. Edwards, and T.M. Powell. 2002. Individual-based

Lamarque, J.F., B.V. Khattatov, J.C. Gille, and G.P. Brasseur. 1999. Assimila-

Cambridge University Press, Cambridge, 341 pp.
models of copepod populations in coastal upwelling regions: implications

tion of Measurement of Air Pollution from Space (MAPS) CO in a global

of physiologically and environmentally influenced diel vertical migration

three-dimensional model. Journal of Geophysical Research-Atmospheres
104(D21):26209-26218.

on demographic success and nearshore retention. Progress in Oceanog-

Legg, S., R.W. Hallberg, and J.B. Girton. In press. Comparison of entrain-

raphy 53:207-333. [Online] Available at: http://globec.coas.oregonstate.

ment in overflows simulated by z-coordinate, isopycnal and non-hydro-

edu/~hbatch/docs/po53_207.pdf.

static models. Ocean Modelling. [Online] Available at: www.gfdl.noaa.

Bian, H.S. and C.S. Zender. 2003. Mineral dust and global tropospheric

gov/~rwh/papers/Legg_et_al_05.pdf

chemistry: Relative roles of photolysis and heterogeneous uptake. Jour-

Leith, C.E. 1974. Theoretical skill of Monte Carlo forecasts. Monthly Weather

nal of Geophysical Research-Atmospheres 108(D21):4672, doi:10.1029/

Review 102:409-418.

2002JD003143.

Lorenz, E.N. 1969. The predictability of a flow which contains many scales of

Bitz, C.M., and W.H. Lipscomb. 1999: An energy-conserving thermodynam-

motion. Tellus 21:289-307.

ic sea ice model for climate study. Journal of Geophysical Research Oceans,

Lvov, Y.V. and E.G. Tabak. 2004. A Hamilotonian formulation for internal

104:15669-15677.

waves. Physica D 195:106-122.

Collins, W.D., P.J. Rasch, B.E. Eaton, B.V. Khattatov, J.-F. Lamarque. 2001.
Simulating aerosols using a chemical transport model with assimilation

Marchesiello, P., J.C. McWilliams, and A. Shchepetkin. 2003. Equilibrium

of satellite aerosol retrievals: Methodology for INDOEX. Journal of Geo-

structure and dynamics of the California Current System. Journal of
Physical Oceanography 33:753-783.

physical Research-Atmospheres 106 (D7):7313-7336.

Maykut, G. A. and N. Untersteiner. 1971. Some results from a time depen-

Dimas, A. and L.T. Fialkowski. 2000. Large-wave simulation {(LWS)} of freesurface flows developing weak spilling breaking waves. Journal of Compu-

dent thermodynamic model of sea ice. Journal of Geophysical Research

tational Physics 159:172-196.

76:1550-1575.

42

McGullicuddy, D.J., L.A. Anderson, S.C. Doney and M.E. Maltud. 2003.
Eddy-driven sources and sinks of nutrients in the upper ocean: Results
from a 0.1° resolution model of the North Atlantic. Global Biogeochemical
Cycles 17(2):1035, doi:10.1029/2002GB001987.
Molteni, F., R. Buizza, T.N. Palmer and T. Petroliagis. 1996. The ECMWF
ensemble prediction system: methodology and validation. Quarterly
Journal of the Royal Meteorological Society 122:73-119.
Moncrieff, M.W. 2004. Analytic representation of the large-scale organization of tropical convection. Journal of Atmospheric Science 61:1521-1538.
Moncrieff, M.W., and C. Liu. 2005. On representing mesoscale convective
organization in prediction models. Journal of Atmospheric Science, submitted.
Müller, P. and D.J. Olbers. 1975. On the dynamics of internal waves in the
deep ocean. Journal of Geophysical Research 80(27):3848-3860.
Ott, E., B. R. Hunt, I. Szunyogh, A. V. Zimin, E. J. Kostelich, M. Corazza, E.
Kalnay, D. J. Patil, J. A. Yorke. 2004. A local ensemble Kalman Filter for
atmospheric data assimilation. Tellus Series A-Dynamic Meteorology and
Oceanography 56A:415-428.
Randall, D. A., M. Khairoutdinov, A. Arakawa, and W. Grabowski. 2003.
Breaking the cloud-parameterization deadlock. Bulletin of the American
Meteorological Society 84:1547-1564.
Riishojgaard, L.P., I. Stajner, and G.P. Lou. 2000. The GEOS ozone data assimilation system. Advances in Space Research 25 (5):1063-1072.
Rodriguez, M.S. and D. Dabdub. 2004. A modeling study of size- and chemically resolved aerosol thermodynamics in a global chemical transport
model. Journal of Geophysical Research-Atmospheres 109 (D2):D02203,
doi:10.1029/2003JD003639.
Semtner, A.J. 1976. A model for the thermodynamic growth of sea ice in
numerical investigations of climate. Journal of Physical Oceanography
6:379-389.
Smolarkiewicz, P.K., L.G. Margolin, and A.A., Wyszogrodzki. 2001. A class of
nonhydrostatic global models. Journal of Atmospheric Science 58:349-364.
Stajner I., L.P. Riishojgaard, and R.B. Rood. 2001. The GEOS ozone data assimilation system: Specification of error statistics. Quarterly Journal of the
Royal Meteorological Society 127 (573):1069-1094.
Tippett M.K., J.L. Anderson, C.H. Bishop, T.M. Hamill, and J. S. Whitaker.
2003. Ensemble square root filters. Monthly Weather Review 131(7):14851490.
Toth, Z. and E. Kalnay. 1993. Ensemble forecasting at NMC: the generation
of perturbations. Bulletin of the Americal Meteorological Society 74:23172330.
Ziemianski, M.Z., W.W. Grabowski, and M. W. Moncrieff. In press. Explicit
convection over the Western Pacific warm pool in the Community Atmospheric Model. Journal of Climate.

43

THE SOLID EARTH SYSTEM
The Solid Earth System section is excerpted from the report,
High-Performance Computing Requirements for the Computational Solid Earth Sciences, Cohen, R.E., ed., 2005, www.geoprose.com/computational_SES.html.

All solid Earth science applications highlighted in this
report require sophisticated models, large data sets, and
high-end hardware.

2003). On a modest PC cluster, one can now calculate global
synthetic seismograms at periods of 20 seconds and longer
that account for heterogeneity in the crust and mantle, and
effects of ellipticity, topography, anisotropy, attenuation,
fluid-solid interactions, self-gravitation, rotation, and the
oceans. On the world’s largest and fastest supercomputer (as
of this writing), the Earth Simulator at the Japan Agency for
Marine-Earth Science and Technology (JAMSTEC), one can
reach a shortest period of 3.5 seconds. The largest simulations involve 82 million finite elements, 36.5 billion degrees
of freedom, 7.3 TB of memory, and run at 10.4 TFLOPS—
roughly 33% of the peak performance (Komatitsch et al.,
2004). Such a simulation of the 2002 Denali earthquake (Figures 13 and 14) won the Gordon Bell Peak Performance prize
in 2003 (Komatitsch et al., 2003). The waveforms are generally in good agreement with observations, and better than
those obtained from the spherical, one-dimensional Earth
model PREM. This approach will fundamentally change
global seismology because seismic waveforms are much
more sensitive to details of Earth structure than travel times
alone. Effectively, these 3-D efforts have resolved the forward
problem in long-period global seismology (i.e., for any 3-D
Earth model and a [finite] source model, seismologists can
now accurately predict associated ground motions). Global
seismologists routinely analyze seismic signals with a shortest period of 1 Hz. The simulation of 1-Hz signals would
require access to a petaflop machine; seismologists are well
positioned to take advantage of such hardware as soon as it
becomes available.

COMPUTATIONAL SEISMOLOGY

Seismic Tomography

Seismic Wave Propagation

The challenge now lies in harnessing these new-found computing capabilities to enhance the quality of models of the
Earth’s interior in conjunction with improving models of the
rupture process during an earthquake. On the face of it, this
seems like a Herculean task because hundreds or even thousands of model parameters are involved in such inversions. In

In this section we highlight a number of frontier areas
in computational solid Earth science. For example, in
geodynamics, it is highly desirable to have resolution suitable to study features such as plumes and plates, but models
with such resolution are very computationally intensive, even
when adaptive grids are used. In magnetohydrodynamics of the core, the parameter range appropriate to Earth is
not yet accessible even with the fastest computers, but will
be accessible in the near future using a combination of even
faster machines along with new algorithms and software.
First-principles calculations of materials properties have relied on the local density approximation or its relatives; however, for direct use as geophysical data, greater accuracy is
needed, which will increase computational complexity by
orders of magnitude. The integration of geochemistry into
geodynamics and vice versa will lead to major increases in
our understanding of Earth, but will require high-end resources. In computational seismology, a petascale facility
will facilitate simulations of global seismic wave propagation
at all periods of interest.

Modern parallel computers and numerical algorithms have
facilitated the calculation of broadband synthetic seismograms for fully 3-D Earth models (e.g., Komatitsch and
Tromp, 2002a, 2002b; Chaljub et al., 2003; Capdeville et al.,
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Figure 13. Snapshot of seismic
wave propagation generated by the
magnitude 7.9, November 3, 2002,
Denali, Alaska, earthquake. Shown
is the vertical component of velocity.
Note the large amplification of waves
along the western coast of the United
States. This simulation was performed
on the Earth Simulator. From Komatitsch et al. (in press).
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Figure 14. Observed (black) and
simulated (red) seismograms for the
magnitude 7.9, November 3, 2002,
Denali, Alaska, earthquake (black star)
recorded at stations (black triangles
with 3- or 4-letter labels) in the Global Seismographic Network (GSN).
Top: compressional waves. Bottom:
shear waves. The length of the time
series is 120 seconds. The massively
parallel calculation was performed
on the Earth Simulator. The largest
simulations involve 4056 processors, 82 million finite elements, 35.4
billion degrees of freedom, 7.3 TB
of memory, and run at 10.4 TFLOPS.
From Komatitsch et al. (2003).

Quantitative Seismic Hazard Assessment

principle, the sensitivity of seismograms with respect to model parameters may be calculated numerically, but this would
require a number of forward calculations equal to the number of model parameters. By drawing connections among
waveform tomography, adjoint methods popular in climate
and ocean dynamics, and time-reversal imaging, one iteration
in tomographic and (finite) source inversions may be performed based upon just two calculations for each earthquake:
one calculation for the current model and a second, adjoint,
calculation that uses time-reversed signals at the receivers as
simultaneous, fictitious sources (e.g., Tarantola, 1984, 1987,
1988; Akcelik et al., 2003; Tromp et al., in press). As an example of an adjoint calculation in the context of seismic wave
propagation in sedimentary basins, Figure 15 shows the 3-D
sensitivity kernel for a compressional wave generated by the
September 3, 2002 magnitude 4.2 Yorba Linda earthquake
recorded by station DLA of the Southern California Seismic
Network (Zhao et al., in prep.). Adjoint capabilities have finally opened the door to solving the full 3-D inverse problem
(i.e., the problem of using the remaining differences between
data and predictions to improve source and Earth models).
Because hundreds of earthquakes are involved in such inverse
problems, and a typical forward calculation takes several
hours, abundant, fast processors are required to take on this
revolutionary challenge.

Using high-resolution, 3-D models of sedimentary basins in
conjunction with modern numerical methods and parallel
computing, seismologists are now able to accurately predict
ground motions that could cause major damage to buildings
(e.g., Graves, 1996; Olsen et al., 1997; Bao et al., 1998; Akcelik et al., 2003; Komatitsch et al., 2004). Such a simulation
won the Gordon Bell Special Achievement prize in 2003 (Akcelik et al., 2003). By simulating hypothetical but plausible
earthquakes on faults in and around sedimentary basins,
seismologists will be able to systematically assess seismic hazard by feeding the results of these simulations into building
response codes for a variety of engineered structures.
Seismic-hazard issues are a primary focus of the Southern
California Earthquake Center (SCEC, http://www.scec.org).
The work of this center (and other seismic hazard research)
will require greater and greater computational resources as
models become more detailed, approximations are relaxed,
and predictions become more specific. Some questions being tackled: Which are the potentially devastating faults?
When and how do certain types of structures fail? How
should buildings be designed to reduce their potential for
earthquake damage or collapse? Seismologists and engineers

Figure 15. 3-D sensitivity kernels (bottom left: P, bottom right: sP) for a vertical-component seismogram (top left and right) recorded at Southern
California Seismic Network (SCSN) station DLA generated by the magnitude 4.2, September 3, 2002, Yorba Linda earthquake. The kernels are
plotted in vertical cross section through the earthquake source and receiver. The reference Earth model is the 3-D Southern California Earthquake
Center (SCEC) Community Velocity Model (CVM). The P-wave arrival is indicated by the red line segment in the top left seismogram, whereas
the surface-converted sP wave is indicated by the red line segment in the top right seismogram. Changes to the CVM within the dark red or blue
regions of the kernels affect the arrival time of P (left) or sP (right). These 3-D sensitivity kernels form the basis of tomographic inversions for improved 3-D velocity models. From Zhao et al. (in prep.).
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Figure 16. Multiple earthquake simulation for the San Francisco Bay Area showing the predicted Coulomb Failure Function (CFF) difference immediately before and after the Loma Prieta earthquake, using the stress state immediately before the 1906 earthquake as a reference. Far-field
velocity boundary conditions were applied and the model was run through several thousand years of simulated earthquakes on the San Andreas
fault. The other faults in the region were not explicitly included in the simulation, although predicted CFF differences were projected onto them.
Maxwell power-law viscoelastic rheology was used to represent time-dependent stress relaxation. From Williams (1994).

are currently collaborating to quantitatively answer some of
these questions. These answers will substantially improve risk
assessment for buildings, dams, pipelines, power lines, nuclear power plants, ocean drilling platforms, overpasses, tunnels, and other structures, and will result in tangible benefits
to corporations, municipalities, and government agencies.
Such simulations will also help in predicting sources for tsunamis and, coupled with oceanographic and hydrodynamic
modeling, will allow better planning.

are typically represented using a quasi-static finite element
model (or a similar technique). These models are able to represent the stress and deformation fields resulting from longterm steady slip as well as time-dependent deformation following abrupt (coseismic) slip. To provide a good simulation
of the stress field, it is necessary to run the model through
many simulated earthquakes, typically over several thousand
years, to represent the cumulative effect of aseismic slip and
postseismic relaxation. An example of one such simulation is
shown in Figure 16.

MULTIPLE EARTHQUAKE SIMULATIONS
Studies such as those depicted in Figure 16 provide important insights into fault system interactions, but there are
some important missing features. The simulations shown in
Figure 16 were driven by far-field velocity boundary conditions, which are unlikely to be a good representation of the
true driving forces for this problem. The true driving forces
are likely to be considerably more complex, and there is undoubtedly a large contribution from mantle convection. The
spatial and temporal scales for a regional mantle convection
model are typically much larger than those for the quasistatic model, which would complicate the representation of

The problem of simulating multiple earthquakes in a seismically active region is of great importance in evaluating seismic
hazards, in understanding the interactions between faults,
and in improving our overall knowledge of fault systems. The
problem is quite difficult, however, because of the multiple
spatial and temporal scales involved. If we consider a region
such as southern California, the spatial scale of interest might
cover a region on the order of 500 km x 500 km. Average recurrence intervals for significant earthquakes can range from
years to hundreds of years. These spatial and temporal scales
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both with the same simulation code. Furthermore, convection models generally use an Eulerian (space-fixed) formulation while quasi-static solid deformation models are usually
based on a Lagrangian (material-fixed) formulation. Another
shortcoming of this model is the lack of realistic fault behavior during an earthquake. For this simulation, the fault was
simply locked and unlocked at the appropriate times and
locations. A more reasonable approach would be to include
static and kinematic frictional behavior; however, this would
still not capture the dynamic effects during earthquake occurrence. Such effects cannot be represented with a quasistatic code.

be coupled to simulate multiple earthquakes. Although much
work remains before these simulations are possible using
GeoFramework, the ability to couple codes has already been
demonstrated, as shown in Figure 18.

Inversions
Although a forward model such as the one described above
should provide important insights into fault system behavior,
the ultimate goal is to use observations to constrain the parameters controlling the simulation. There are a huge number of parameters involved, and detailed sensitivity analyses
will need to be performed prior to any inversion attempts.
There should be sets of observations suitable for constraining each of the models. For example, we might expect the
predicted surface velocity field of the convection model to be
consistent with shear-wave splitting results (Figure 19). The
parameters controlling fault friction are extremely important
when evaluating seismic hazards. These parameters control
both the initiation of seismic rupture (quasi-static model)
as well as the subsequent dynamic rupture process (rupture
propagation model). Constraints on these parameters should
be provided by surface geodetic observations and observed
seismic waveforms, in conjunction with computed source
locations, mechanisms, and moment magnitudes. Projects
such as EarthScope (http://www.earthscope.org) should provide a wealth of such observations. In some cases, sufficient
information is available to determine the spatial and tempo-

Representation of Different Scales Using
Code Coupling
As noted above, it would be difficult to represent the different spatial and temporal scales for this problem using a
single modeling code. This difficulty could be overcome with
a suitable mechanism for coupling simulation codes. Such
an effort is already underway with the development of the
GeoFramework (http://www.geoframework.org)—a framework and a set of modeling tools specifically developed for
problems in Earth sciences. GeoFramework makes use of the
Pyre simulation framework (http://www.cacr.caltech.edu/
projects/pyre), which was designed to solve multi-scale problems in physics. As an example, Figure 17 shows how three
codes presently being integrated into the framework could

Figure 17. Example of how three codes presently being integrated into the GeoFramework could be coupled for multiple earthquake simulations.
Boundary conditions from a regional mantle convection model could be transmitted to a quasi-static deformation modeling code. When the quasistatic code detects conditions indicating earthquake occurrence, the stress and deformation fields are passed to a dynamic rupture propagation
code, which performs the dynamic computations. Once the dynamic computations are completed, the perturbed stress and deformation fields are
passed back to the quasi-static code, which then continues the simulation.
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Figure 18. Example of code coupling using the
GeoFramework (E. Choi, October, 2004). For
this problem, Pyre was used to couple a regional mantle convection code (CitcomS) to
a long-term lithospheric deformation code
(SNAC). Arrows represent the velocity field
from CitcomS and the spherical structure
represents a hot blob. Within the domain
for SNAC (blue mesh), the color field
represents strain rate. The outer core is
shown as an orange globe.

Figure 19. Shear-wave splitting observations used by Silver and Holt
(2002). Bars with a solid circle in the
center were used to infer orientation
of movement between the mantle
and the lithosphere. Observations
such as these could be used to constrain a regional mantle convection
model. Reprinted with permission
from Silver and Holt (2002). Copyright 2002 AAAS.
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ral distribution of slip for an earthquake (e.g., Landers [Wald
and Heaton, 1994]), providing much tighter constraints for a
rupture propagation model.

Mantle convection is recognized now to be the driving mechanism of plate tectonics. It governs the Earth’s thermal and
chemical evolution and involves both thermal and compositional transport. Mantle-convection processes act over multiple scales because of the many nonlinearities in the system,
such as from rheology and sharp compositional gradients.

Figure 20 shows the temperature and streamlines of high
Rayleigh Ra number (Ra =108) convection carried out with
a grid resolution of 400 x 400 x 400 grid points. Going up to
a high-enough Rayleigh number to observe a transition in
convection style is a grand challenge. We need to go to a Rayleigh number between 1010 and 1012 to detect such a transition, as has been found in high-resolution, 2-D simulations.
Such a high Rayleigh number requires a grid of at least 2500
x 2500 x 2500 grid points. Attacking this problem requires
the combined expertise of geophysics, information technology, and fluid dynamics. Visualization and advanced data
analysis is crucial for interpreting the results.

Some grand challenge problems in mantle convection of
immediate relevance are (1) three-dimensional convection
with increasingly high Rayleigh number (Vincent and Yuen,
2000; Yuen et al., 1999; Yuen et al., 2000), (2) thermal-chemical convection with multi-components (Gerya and Yuen,
2003; Gerya et al., 2004), and (3) fault-zone dynamics along
plate margins with realistic rheologies (Regenauer-Lieb and
Yuen, 2003).

Thermal-chemical plumes from subducting slabs or from the
core-mantle boundary must be treated as multi-component
systems. One efficient method for handling this situation is
to employ tracers for describing the evolution of the many
chemical constituents being carried by the convective velocity field. Up to one billion tracers have been employed to
study the dynamics of thermal-chemical plumes at subducting slabs in two dimensions down to resolution of a football

MANTLE CONVECTION

Figure 20. High Rayleigh number (Ra =108) base-heated convection, temperature fields describing hot plumes (yellow) and cold downwellings
(blue) are shown along with the streamlines (white streaks). Computation was carried out with 400 x 400 x 400 regularly spaced grid points. (D.A.
Yuen, F.W. Dubuffett, and E.O.D. Sevre)
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Figure 21. The different plume dynamics showing both mixed and unmixed plumes emerging from the subducting slab in a two-dimensional model. Each color represents a distinct chemical component of the oceanic lithosphere and crust. Over 500 million tracers were
used in portraying the chemical fields. Only a fraction of this is displayed here. A resolution of several hundred meters is attained in this
simulation. For details see Gerya and Yuen (2003). (D.A. Yuen, T. Gerya, and M. Rudolph)

field (Figure 21); at least 100 billion tracers would be needed
to achieve a resolution of several hundred meters in 3-D
configuration. A similar number of tracers are also necessary
for volcanology.

increased spatial resolution and compute power is required.
Undulations of this phase boundary will require a greater fidelity in our ability to track its complicated trajectory. Much
greater computational power than is now available will be
needed to unveil the intricate dynamics associated with this
novel phase transition because of its importance in understanding the thermal-chemical evolution of the mantle and
its coupling to the core. Ten to a hundred billion tracers will
be needed to track all of the thermal-chemical transport processes in the Earth’s upper and lower mantle.

The increase in the degree of nonlinearity and complexity in mantle convection has recently been accelerated by
the discovery of the post-perovskite phase transition at the
base of the lower mantle inside the bottom thermal boundary (Murakami et al., 2004a ). Because of the complexity of
the thermal and chemical influences of this phase transition,

51

3-D Mantle Convection: Examples Based on
Current Codes

Shear zones between plates represent another important
class of problems, which have relevance for a range of times
scales, from plate tectonics to earthquake dynamics. The
strong nonlinear thermal-mechanical feedback along with
the influence of chemistry has made this multi-phase flow
situation into a problem that also requires extremely high
resolution down to a scale of meters over a regional scale of
tens of kilometers. This shear-zone problem involves multiple scales in both time and space, spanning at least five
orders of magnitude in both directions. A successful solution of this problem is still reachable within the next decade
with a grid of 3000 x 3000 x 500 points. Each computation
for each of these problems, conducted with the above resolutions, would require one week of wall clock time on 64 processors (IBM Power4) and many such simulations would be
required to further our understanding.

CitcomS: A Rayleigh number 107 problem, the low end of

the range applicable to the Earth’s mantle, requires a minimum of 128 elements in the radial direction. For uniform
grid spacing at the surface, CitcomS requires 12 spherical
shells of 256 × 256 elements—roughly 100-million elements
for the entire grid. Current experience has been limited to
calculations with approximately 3 million elements, so we
have to extrapolate to get to bigger problems. A 3-million element calculation on a 24-CPU, 2.4-GHz Xeon cluster takes
40 seconds per time step for thermal convection. With the
same number of CPUs, but scaling to the 100-million element grid, the same calculation would take about 30 minutes
for one time step. If we suppose that the code scales linearly
with the number of processors (the solver is based on MultiGrid so this isn’t a bad assumption), the 100-million element grid would still take 1 minute on 720 CPUs. Typically,
models need at least 50,000 time steps, which would require
45 days on a 720 CPU cluster. In general, one run is not sufficient to test a hypothesis; it is not uncommon to consider
5 to 10 computations. For 2-D problems, the results of 50 to
100 computer simulations are often compiled and synthesized in order to understand the process under investigation.

The combination of mantle convection with mobile, dynamically evolving plates has been a grand challenge problem
since at least the 1980s. In many ways the problem is more
computationally difficult today than it appeared to be in the
1980s because researchers are now realizing that they need
to consider complex rheologies with plasticity (e.g., Tackley,
1998; 2000; Bercovici, 2003), which requires enhanced grid
resolution and/or grain-size-dependent rheology (e.g., Solomatov, 2001) or the effect of water on rheology (e.g., Hall and
Parmentier, 2000). Additionally, there is a growing realization that plate motions can couple to the deep mantle, even
on short time scales (Lowman et al., 2001; 2003; 2004). There
are several parallel 3-D mantle convection codes that run on
clusters and are, to a greater or lesser degree, available to the
community (TERRA—Bunge et al., 1997; CitcomS—Zhong
et al., 2000; MC3D—Gable et al., 1991). The recently funded
Computational Infrastructure for Geodynamics effort will
help produce a new set of open, well-documented, tools
based on robust methods that will make use of today’s architectures. In addition, new methodologies are needed which
could be crucial to success on the architectures that are coming online (e.g., BlueGene/L).

MC3D: MC3D is a hybrid spectral-finite difference code that

has been extensively benchmarked (Travis et al., 1990; King
et al., 1992). Although it is not able to solve problems with
large variations in viscosity, the mobile plate formulation and
speed relative to other available methods make it an attractive tool for a certain class of problems. Calculations involving 14 million nodes are performed routinely on 8-32 IBM
Power 2 processors (King et al., 2002; Lowman et al., 2004).
Each calculation, roughly 5000 to 10000 time steps, takes
in excess of 280 hours of wall-clock time on 8 IBM Power 2
processors (i.e., 280 x 8 hours of CPU time). The grid used in
routine problems should be expanded by a factor of three in
each of the horizontal directions and double the radial resolution, giving approximately 250 million nodes. This would
enable the study of plate geometries where one of the model
plates is approximately the size of the Pacific plate relative to
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the depth of the box. This large mesh would require 280 to
400 hours of wall-clock time on 256 Power 2 processors. A
new algorithm under development for evolving plate boundaries in MC3D will triple the number of computations needed for each time step in order to allow the plates to evolve
freely. Significantly more computational power is needed to
resolve these plate-mantle coupling problems.

part by time variations of the Earth’s dynamic topography
in response to mantle convection. African topography is
entirely consistent with a convecting mantle. Important evidence for deep-mantle circulation comes from paleomagnetic observations of so-called “True Polar Wander,” defined
with respect to some global reference frame (e.g., hotspots
or no net lithospheric rotation). In addition to the True Polar Wander problem, there is yet another reason to attempt
to better understand the flow history of the Earth’s mantle.
Recent magnetohydrodynamic simulations of the core suggest the geodynamo is sensitive to variations in core-mantle
boundary (CMB) heterogeneity. It appears plausible that the
great stability of the geodynamo in the mid-Cretaceous occurred in response to heterogeneity variations at the CMB
associated with Mesozoic mantle convection. Although these
examples illustrate the influence of mantle convection on the
evolution of our planet, they also demonstrate clearly that
we cannot hope to investigate these events without a better
knowledge of the temporal character of mantle flow. We can
understand why it is difficult to infer mantle flow at some
previous time by recalling that convection is an initial value
problem in addition to being a boundary value problem, implying that mantle convection is uniquely determined by an
initial condition some time in the past.

Inverse Whole Earth Mantle Convection
Mantle-Plate Coupling

Mantle convection is a time-dependent process as evidenced
by the large-scale reorganizations of plate motions observed
in geological reconstructions of the lithosphere. The breakup
of Gondwanaland, the long-lived southern super-continent
that had been in existence for more than 400 million years
by the time it rifted apart early in the Cretaceous, offers
one of the best examples to study the large-scale dispersal
of continental plates. For oceanic lithosphere, a casual inspection of past plate-motion maps reveals that similarly
dramatic surface velocity variations occurred in the ocean
basins. In fact, even during the late Mesozoic and Cenozoic,
that is, during the past 100 million years, the Earth witnessed such significant events as the creation and destruction of large areas of the ocean floor. This is illustrated by
tectonic reconstructions of the lithosphere over the past 120
million years, a time period for which reliable plate reconstructions are available (Figure 22).

Adjoint Fluid Dynamic Inverse Theory

The generalized inverse of mantle convection is derived from
a variational approach to data assimilation (see Bunge et al.,
2003). The data are from the present state of the Earth’s interior as determined from seismic tomography and plate motions reconstructed for the past 100 million years. The goal
is to recover the initial condition of the Earth’s interior state
(i.e., the Earth’s internal state at 100 million years in the past)
that, when integrated forward in time through the mantle
convection model, best matches present-day seismic data and
plate reconstructions.

Oceanic lithosphere is the upper thermal boundary layer
of mantle convection. Unfortunately, our relatively detailed
reconstructions of past plate motion are not matched by
equivalent knowledge of the flow history in the underlying
mantle. It has long been suspected that changes in surface
plate motion are accompanied by changes in mantle flow.
Although there have been efforts over the past 20 years to
comprehend the flow history of the Earth’s mantle, we still
lack a rigorous understanding of past mantle flow even for
the Cenozoic and Mesozoic.

The conventional least squares process for optimizing parameters of a nonlinear model to fit data involves using a forward
model repeatedly; the number of cycles (forward models)
required for convergence is typically at least 5 to 10 times the
number of parameters. This procedure requires the deriva-

There are numerous important reasons for trying to model
the flow history of the Earth’s mantle. Continental platform
stratigraphy and marine inundations are controlled in large
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Figure 22. A sample reconstruction of
coupled mantle convection and plate
tectonics. As a test case, an assumed
configuration (a) is integrated forward
100 million years. The end state (b) is
assumed to be a true representation of
the Earth’s interior at the present time.
In (c), the reconstructed present-day
plate motions are imposed at the model
the Earth’s surface. The assumed present state (b) plus plate motions (c) drive
the inversion to recover the true initial
state (a), in this test problem. In a future
study, the state of the Earth’s present
interior density-temperature structure
will be taken from seismic tomography,
and the imposed surface tectonic plate
motions will be time-dependent, following reconstructions for the past 100
million years. From Bunge et al. (2003).
Reprinted with permission, Blackwell
Publishing Ltd.

tive of the model with respect to all of the parameters. A forward model is needed for each parameter in order to obtain
the derivative. The number of parameters needed to describe
3-D convection is large, so a very large number of forward
solutions would be needed. Each forward model, however,
is very computationally intensive in itself. The process of fitting effectively forms an inverse of the forward problem. This
generalized inverse presents a formidable computational
challenge and is not easily solved in practice for geodynamics.

In addition to simply matching a set of data, there is the problem of smoothness of the parameter set. The smoothest, most
robust set of parameters that provides a fit of the model to the
data set is desired. Fortunately, a new technique has been developed that uses a set of adjoint equations arising naturally
from the calculus of variations. The new technique reduces
the number of forward models needed to obtain the derivatives of the model from N+1 (where N is the number of parameters) down to just two. This method gives an efficient, although still computationally challenging, solution algorithm.
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The computational procedure for solving the inverse problem
is an iterative one: the forward model is computed for some
initial guess at the (unknown) initial conditions. An auxiliary
set of equations (the adjoint equations) are then solved backward in time. A convolution of the forward and adjoint solutions provides the derivative of the objective function with
respect to the unknown initial conditions at every computational grid point in the Earth model. Using this derivative, we
can update the initial guess to obtain a better approximation
to the true initial conditions. The adjoint equations can be
solved using the forward model, but with modified source/
sink terms and homogeneous boundary conditions. The adjoint equations provide a very efficient means of computing
the objective derivative; just one forward solution and one
backward-in-time adjoint solution provide the derivative
value at millions of grid points. After each iteration, we have
a better approximation to the true initial state. After many
iterations (roughly 100), little improvement is obtained from
further iteration, and the process is terminated. The solution
of the inverse mantle convection problem then requires approximately 200 to 250 times the computer time of a single
forward simulation.

The TERRA code has been run in the forward-only mode
recently at full Earth Rayleigh number on the Japanese Earth
Simulator. TERRA ran on 512 vector processors (1/10 of
the Earth Simulator), for a total speed of about 2 TFLOPS.
A total of 671,100,000 grid points were used in the simulation, providing, for the first time ever, a fully resolved global
model of the Earth’s mantle at a resolution of 15 km at the
Earth’s surface.
There is not sufficient computer power available for an inverse simulation using the correct Earth Rayleigh number.
To date, solutions have used a considerably smaller grid,
approximately 10,000,000 grid cells, and have required 100
iterations, each involving a forward and an adjoint solution
of the mantle convection plus plate motion system for 100
million years of problem time. The Rayleigh number in this
simulation is about an order of magnitude below the actual
value for the Earth. This consumed one month’s time on a
144-processor Beowulf system. With a petaflop system, this
problem could be run for the correct Earth Rayleigh number
in approximately 1 or 2 days.
Figure 22 explains the data used in a test-case simulation.
Figures 23 and 24 show the results of the test-case inversion.
Starting from a simple, homogeneous temperature structure
at 100 million years ago (Figure 23a) as a first guess at the
true initial state (shown in Figure 22a), the adjoint inverse
algorithm improves the initial state and ends with an approximation (Figure 23) that is reasonably close to the true
initial condition (Figure 22a or 23e). The internal temperature structure compares well; the primary difference is in the
surface linear features seen in the southern hemisphere of
Figure 23e but not 23f.

Inverse Convection Modeling with the TERRA Code

Convection within the Earth’s mantle is modeled with the
TERRA code (Bunge and Baumgardner, 1995). This code
solves for momentum and energy balance of mantle convection at infinite Prandtl number (no inertial forces) in a
spherical shell, with the inner radius being that of the outer
core and the outer radius corresponding to the Earth’s surface. TERRA uses a finite-element representation and a
multi-grid approach for solving the elliptic operator associated with the momentum balance. Computational expense
scales optimally with the number of grid points. Discretization is based on an icosahedral grid, providing an almost
uniform triangulation of the sphere, allowing avoidance of
the pole problem of conventional latitude-longitude grids.
The associated regular data structure is well suited for modern parallel computers and can readily be mapped onto
distributed processor arrays such as in Beowulf PC clusters
via domain decomposition and explicit message passing (J.
Baumgardner, personal communication).

This surface discrepancy may be related to the fact that the
surface plate field used to “spin up” the problem to create the
initial condition is different from the plate motion field used
in the inversion.
Figure 24 compares the total mismatch error for the adjoint
inverse solution and the error when a naïve backward solution algorithm is used. The error is approximately 10 to 20
times smaller when using the mathematically rigorous generalized inverse algorithm. The error is still decreasing after
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Figure 23. This figure shows
the improvement in resolution of the unknown initial
condition made by the inverse
adjoint algorithm. The initial
condition state (left column) is
integrated forward in time by
the TERRA code to produce
the present-day temperature
distribution (right column). On
the first iteration, our guess at
the initial condition (a) leads
to a present-day prediction (b)
that is not very close to the
actual present-day condition.
The starting point (c) and end
point (d) show significant errors throughout the mantle.
After 100 iterations, the algorithm has greatly improved
the “guess” at what the initial
condition must be (e) to generate a good approximation (f)
to the present-day structure.
The error in the starting point
(g) is now greatly reduced, and
the error (h) in the presentday prediction is essentially
gone—the inverse algorithm
provides an initial condition (e)
that successfully predicts, via
the TERRA code, the correct
present-day temperature structure. From Bunge et al. (2003).
Reprinted with permission,
Blackwell Publishing Ltd.
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The recent discovery of the post-perovskite phase transition
under deep mantle, high-temperature conditions (Murakami
et al., 2004a) has offered a great opportunity for both computational mineral physicists and geodynamicists to work
together (Figure 25). This phase transition, occurring close
to the core-mantle boundary surely controls the dynamics of
the geodynamo and the heat-flow into the overlying mantle.
The geodynamic and chemical consequences of the phase
transition are spatially and temporally multi-scale. On the
microscale, shear-deformation mechanisms produce transient pressure gradients to drive local fluid-like flow. For the
mesoscale, internal boundary-layer flow is important, while
the macroscale is a whole-mantle convection problem. Figure 25 shows how micro-, meso- and macroscales interact

100

Number of Adjoint Iterations
Figure 24 (a) Error between the true solution and
the solution obtained through the generalized
inverse algorithm described in Bunge et al. (2003).
The solid curve indicates the error between the true
and the approximated initial condition as a function of adjoint iteration number, and the dashed
curve represents the error in the actual and predicted present-day temperature structure. (b) Corresponding curves are shown for a naïve backwardin-time approach. The naïve backward approach
does not enjoy the mathematical justification that
the generalized adjoint inverse algorithm has, and
the error is at least an order of magnitude larger.
From Bunge et al. (2003). Reprinted with permission, Blackwell Publishing Ltd.
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Figure 25. Three key length scales and physical processes associated with the post-perovskite phase transition. (1) Microscale:
Shear-induced viscoelastic matrix deformation and core liquid entrainment in D”. (2) Mesoscale: New post-perovskite phase
properties using ab initio calculations, plus modeling of the D” layer using the shallow water equations. (3) Macroscale: Superplume initiation coupled with radiative heat transfer close to the core-mantle boundary (CMB). (Shallow-water equations: approximation to the full 3-D equations, except covering over a shell.) (N. Peford, D.A. Yuen, and T. Rushmer)

GEODYNAMO SIMULATIONS

with each other while maintaining their own unique level of
importance. The figure illustrates the macroscale driving the
microscale processes by inducing deformation into D”. As a
result, there is a hierarchy of scales, each influencing the other with communication across all scales. Figure 25 also shows
the highly integrated and important feedbacks considered to
link the physical properties, geochemistry, deformation and
mantle dynamics. The microscale modeling requires detailed
knowledge of the elastic properties of the post-perovskite
phase that can be gained through the use of ab initio molecular dynamics simulations.

What Can Now be Done
Our understanding of the geodynamo (i.e., how the geomagnetic field is maintained by convection in the Earth’s fluid
outer core) has improved significantly over the past decade
with the advent of dynamically self-consistent 3-D computer
models of the geodynamo (Figure 26). The first published solutions in 1995 of simulated magnetic fields similar in structure and time dependence to the Earth’s field (at the surface),
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and the first simulated magnetic field reversal, motivated
several research groups around the world to develop similar
geodynamo models. Publications in 1996 of presumed evidence from seismic studies of the super-rotation of the Earth’s
solid inner core supported the prediction made in a 1995
publication based on geodynamo simulations and generated
more excitement in both the scientific and lay communities.

tions in computer resources, all simulations have been forced
to specify a viscosity for the modeled fluid that is orders of
magnitude larger than even a turbulent viscosity. Consequently, all simulations of core convection have been laminar
instead of strongly turbulent, which is likely what exists in
the Earth’s core. In other words, although the simulated flow
is time dependent, the thermal plumes have dimensions similar to the dimensions of the fluid core and typically stretch
from the inner core boundary (ICB) to the core-mantle
boundary (CMB). Turbulence, however, is characterized by
much smaller plumes that break off from the boundary layers and interact with each other in the bulk of the outer core
without the influence of the boundaries.

Although many geodynamo simulations have been produced
over the past decade by several research groups (e.g., Glatzmaier and Roberts, 1995; Kageyama et al., 1995; Jones et al.,
1995; Kuang and Bloxham, 1997; Kida et al., 1997; Busse et
al., 1998; Christensen et al., 1998; Sakuraba and Kono, 1999;
Katayama et al., 1999; Hollerbach, 2000) because of limita-

Figure 26. Snapshot of the magnetic field
simulated with the Glatzmaier-Roberts
geodynamo model using a spatial resolution of 145 radial levels, 144 latitudinal
levels, and 144 longitudinal levels. The
field is illustrated with magnetic lines of
force that extend out to two Earth radii.
The field is intense and complicated
inside the model’s fluid core, where convection and rotation generate it. Outside
the core, the field structure is dominated
by the dipole. The evolution was simulated for roughly one million numerical
time steps, which took almost a year of
computing on 24 processors of a Linux
cluster. Simulations have been run with
resolution of roughly 300 x 300 x 300 on
128 or 256 processors in order to specify
somewhat more-realistic parameters.
These higher-resolution runs have been
done at NSF supercomputing centers, but
far fewer time steps can be simulated because of the time the 12-hour incremental jobs sit in the queue waiting to run.
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What it Would Take

Strong (high Reynolds number) turbulence can be simulated on the computer in two dimensions where sufficiently
high spatial resolution is possible because of the lack of the
third dimension. In such simulations, the viscosity (and the
thermal and magnetic diffusivities) can be lowered three
to four orders of magnitude relative to that in current 3-D
simulations. These 2-D simulations cannot teach us about the
geodynamo, but they give us insight to how different the flow
structures and time dependencies are for strongly turbulent
convection compared with laminar convection. The differences are significant and they would likely also be significant
in three dimensions. This difference strongly suggests that
the flow and field structures currently generated in the cores
of 3-D geodynamo models may be far from what exists in the
Earth’s core.

The current 3-D geodynamo models have a spatial resolution
of about 200 x 200 x 200 grid points or spectral modes; actually most have been run with much less resolution. Either
one runs at very coarse spatial resolution but for millions
of numerical time steps to, for example, capture spontaneous magnetic dipole reversals—or one maximizes the spatial
resolution to improve the accuracy of the simulation, but can
then only afford to simulate a short period of time.
Even the highest spatial resolution employed to date in a 3-D
geodynamo model has been insufficient for simulating turbulent convection. What is needed is a resolution of at least 2000
x 2000 x 2000 grid points. This type of resolution has been
obtained in “decaying turbulence” calculations, but the additional physics and complications of the geodynamo problem
increases the computational requirements for this resolution.

What is Desired
Much finer spatial resolution is needed in 3-D geodynamo
simulations to reduce the specified (turbulent) viscous and
thermal diffusivities by at least three orders of magnitude.
This reduction would make these diffusivities at least no
larger than the actual magnetic diffusivity of the liquid iron
in the Earth’s core. Note that these diffusivities would still be
much larger than the molecular diffusivities of the fluid and
so would represent the mixing done by turbulent eddies that
are too small to be numerically resolved. The major improvement would be that the resolved flows would now be turbulent instead of laminar and thus much more realistic.

The 2-D turbulent simulations have been run typically for
2000 x 4000 grids (Figure 27). Increasing the numerical resolution by at least an order of magnitude in each of three dimensions usually also requires the numerical time step to be
decreased by an order of magnitude because of the Courant
condition. One thousand times more grid points or spectral
modes are needed and tens times more time steps (for the
same simulated time).
Most of the current geodynamo codes are already written
for parallel supercomputers; the next generation codes will
need to run on many more processors to obtain the desired
increase in resolution. Currently, geodynamo codes run on
either massively parallel supercomputers at national centers,
which typically requires jobs to wait in queues for long times
(sometimes two weeks) before running a maximum of 12
hours. Hundreds of these jobs need to be run sequentially
(i.e., the output from one job serves as the input for the next)
to make one geodynamo simulation.

It should be emphasized that we are not talking about an incremental improvement in the accuracy of geodynamo simulations, but potentially being able to achieve a fundamentally different, more-realistic understanding of the dynamo
mechanism in the Earth’s core. The results from a turbulent
geodynamo simulation may likely be very different than what
we see in our current geodynamo simulations. New discoveries would undoubtedly be made and predictions would motivate new measurements and observations. Understanding of
how the Earth’s magnetic field is generated would likely take
another giant step forward.
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Figure 27. Two snapshots of entropy in 2-D simulations of magneto-convection. One has large viscosity and thermal conductivity, which results
in large-scale laminar flow, characteristic of current 3-D geodynamo simulations. The other has viscosity and conductivity one thousand times
smaller and results in strongly turbulent flow, which is more realistic for the Earth, and should be explored with a 3-D geodynamo model. These
2-D simulations have spatial resolution of 2000 x 4000 levels, which is what is required to be able to run with a small enough viscosity to simulate
strong turbulence. Until this becomes possible in a 3-D geodynamo simulation, we will not really understand the basic mechanism that generates
the geomagnetic field. It would require an Ekman number of about 10-9 instead of the 10-5 that can currently be achieved, and would require at
least a resolution of 2000 radial (Chebyshev) levels, 4000 latitudinal levels, and 4000 longitudinal levels—that is, roughly 1000 times more grid
points than are currently feasible. The smaller time step required for this finer spatial resolution would increase run lengths by another factor of ten.
This type of calculation may be possible on the Earth Simulator if one were able to use the entire machine for a substantial amount of time. Short
test simulations at about one-tenth of this resolution on simpler convection problems have been conducted in the solar physics community. The
geodynamics community could significantly push back the frontier with a large state-of-the-art supercomputer.

COMPUTATIONAL MINERAL PHYSICS

Theoretical mineral physics uses atomistic and electronic
modeling to interpret, predict, and understand the behavior
of minerals, their phase transitions, and their interactions
with other minerals and fluids as functions of pressure and
temperature. The properties of minerals and rocks that are
important in all geology and geophysics ultimately arise from
the fundamental interactions and electronic bonding among
atoms. The state-of-the-art in theoretical mineral physics
uses first-principles methods. First-principles methods use
no experimental input other than the nuclear charges (i.e.,
the atom types) and sometimes crystal structure. There is
also still a role for classical empirical potential models that
are fit to experiments, especially in studying complex molecular interactions at ambient conditions, such as occur in
biological and biogeochemical systems. Potential models are

Computational mineral physics has made important contributions to our understanding of the solid Earth (Bukowinski, 1994; Hemley and Cohen, 1996; Stixrude et al., 1998).
Examples include predictions of elastic constants (Karki et
al., 2001a), phase transitions (Cohen, 1992; Cohen, 1987a;
Cynn et al., 1990; Marton and Cohen, 1994), diffusivity (Ita
and Cohen, 1997, 1998), and viscosity (de Wijs et al., 1998),
at high pressures and temperatures. Computational mineral
physics spans the range from empirical potential models to
complex electronic structure calculations with few essential
approximations, and covers the entire range of Earth materials, from aqueous fluids and fluid solid interactions to
silicate melts and crystalline oxides, silicates, and metals for
temperatures ranging from 0 to 7000 K and pressures from 0
to over 350 GPa.
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increasingly being fit to first principles calculations rather
than to experiments, increasing the fundamental basis and
predictive power of such simulations.

necessary to know the elastic constants of candidate minerals as functions of pressure, temperature, and composition
(Karki et al., 2001a). Elastic constants at high pressures and
temperatures are very difficult to obtain experimentally. It is
even difficult to accurately constrain the thermal equation of
state under the temperature and pressure conditions of the
deep Earth from experiments alone. Theory has provided
important constraints on the equation of state (Marton et
al., 2001; Karki et al., 2000; Oganov et al., 2001a) (and thus
the bulk modulus, the elastic constant that governs compressive strain), and computational theory provided the first
estimates of elastic constants in MgSiO3 perovskite (Cohen,
1987b) even before experimental measurements were available at zero pressure (Yeganeh-Haeri et al., 1989; YeganehHaeri, 1994). Theory has provided constraints on the effects
of iron on its elastic constants (Kiefer et al., 2002), and has
given better predictions of elastic constants at the pressure
(Karki et al., 2000) and temperature conditions of the Earth’s
lower mantle (Karki et al., 2001b; Oganov et al., 2001b; Marton and Cohen, 2002). The analysis of Marton and Cohen
(Figure 28), for example, shows that the observed seismic
velocities and density of the lower mantle are consistent with

Most first-principles calculations for problems relevant to
the solid Earth use density functional theory (DFT), which
relates ground state properties (in which we are mostly interested in solid Earth science) to electronic charge density. Commonly used are the Local Density Approximation
(LDA, the “standard model” of solid state physics), which
assumes the many-body electronic interactions are the same
as in a uniform electron gas at each point in the material, or
the Generalized Gradient Approximation (GGA) in which
gradients in the density are included. These calculations are
often very reliable.

Elasticity
Seismology measures the travel times of acoustic waves and
the frequencies of free oscillations, and uses these data to
build models of the Earth’s velocity structure. To relate these
models to the Earth’s mineralogy and composition, it is

Figure 28. Comparison of predicted P,
bulk, and S sound velocities and density for pyrolite composition along an
adiabatic geotherm for the lower mantle,
compared with models based on traveltime and free oscillation data. The lines are
computed using non-empirical molecular dynamics for MgSiO3 and MgO plus
experimental data for the effects of iron
for a pyrolite composition lower mantle
(lower line is density, and upper two lines
are the P and S wave acoustic velocities,
derived from theory and experiment by
Marton and Cohen [2002]). The dots are
from the seismological model ak135-f and
the squares are from the seismological
model PREM.
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Figure 29. Valence charge density computed using LAPW for SiO2
stishovite. Two isosurfaces are shown for the charge density, in green
and yellow. The large objects are the oxygens, and the small spheres
are silicons. The oxygen ions are elongated towards the three surrounding silicons. This figures illustrates that first-principles methods make
no assumptions about the charge density; it is computed from quantum
physics. All the properties of a material, such as the elastic constants,
depend on charge density.

Figure 30. Raman frequencies of stishovite (SiO2) and
post-stishovite (CaCl2 structure) as functions of pressure.
Symbols are spectroscopic symmetry labels. Lines (solid,
dashed, and dotted) are the predicted frequencies. The
points are the experimental measurements. The transition
is indicated by the change in the B1g mode from softening
(decreasing in frequency) to hardening. The transition was
predicted some years before its measurement. This study
showed that theoretical predictions for even subtle structural changes are quantitatively accurate and reliable for
Earth materials. From Kingma et al. (1995).

a pyrolite composition (i.e., the same composition as the upper mantle) and an adiabatic temperature gradient (Marton
and Cohen, 2002).

Phase Transitions
First-principles calculations have been used to predict phase
transitions in SiO2 (Cohen, 1992) (Figures 29 and 30) and
Al2O3 (Cohen, 1987a; Cynn et al., 1990; Marton and Cohen,
1994; Thomson et al., 1997), later confirmed by experiments
(Kingma et al., 1995; Funamori and Jeanloz, 1997; Lin et al.,
2004). Computation played an important role in the discovery of the post-perovskite phase that may dominate the lowermost mantle (D’’), and is now being used to help constrain
its properties (Matyska and Yuen, in press; Murakami et al.,
2004a; Tsuchiya et al., 2004). First-principles DFT computations have verified the existence of a phase transition from
perovskite to CoIrO3 structure in MgSiO3 at pressures corresponding to the lowermost mantle (84 GPa [LDA] or 99 GPa
[GGA] at 0 K) (Oganov and Ono, 2004).

First-Principles Molecular Dynamics
The above-mentioned calculations can be done with workstations or small clusters. However, computation of finite
temperature properties or first-principles molecular dynamics (MD) simulations, which are required to obtain dynamical information, sometimes require more than one million
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times additional computing power. At a minimum, they
require a teraflop computing platform. Needless to say, there
have been few such computations to date (Oganov et al.,
2001b; Brodholt et al., 2002; Schwegler et al., 2001). Fully
self-consistent first-principles MD simulations of complex
silicate melt and melting relations will take petascale capabilities, even within the LDA. In first-principles MD, one
computes the forces on each atom, and propagates their positions forward in time based on Newton’s law, solving the
electronic quantum problem at each time step. To obtain
transport properties such as diffusion (Ita and Cohen, 1997,
1998) and rheology from MD requires long run-times and
large systems, and are extremely computationally intensive
to converge. To date, most such simulations have used potential models, but more reliable results will be obtained using first-principles molecular dynamics, which will require
tens of teraflops to compute diffusion constants.

temperature—without anharmonic thermal contributions)
showed anisotropy that agreed with the seismic observations if the inner core was almost perfectly aligned hcp iron
(Stixrude and Cohen, 1995b), but anharmonic effects may
change this. Figure 31 shows the computed phonon densities of states computed using full potential LMTO linear response, which directly give the harmonic phonon frequencies
within LDA for bcc and hcp iron. Agreement with experiment is excellent. Using these results, it is straightforward to
compute the quasiharmonic free energy versus volume (linear response computations as a function of strain have been
performed as well). At least two orders of magnitude increase
in computing power are required to fully answer the question of the importance of anharmonicity on elasticity in iron
under core conditions. Nevertheless, geophysically important

Example: Iron in the Earth’s Core

Increasing Accuracy: Beyond LDA and
Quantum Monte Carlo

quantities such as the thermal expansivity and thermal equation of state can be computed quite accurately (Figure 31).

One of the most active areas in first-principles mineral physics is for properties of the Earth’s core (Steinle-Neumann et
al., 2003). The Earth’s core consists of a liquid iron outer core
containing a light element, surrounding a solid inner core
that is mostly pure iron. One of the main initial efforts was
to determine the crystal structure of iron in the inner core
because all other properties depend on studying the proper
crystal structure. There was much speculation that body-centered cubic (bcc) iron was the inner core crystal structure,
but calculations showed that bcc iron is elastically unstable
at high pressures, and hexagonal close packed (hcp) is the
most likely structure at inner core conditions (Stixrude and
Cohen, 1995a). Recent first-principles MD simulations show
that bcc is mechanically stabilized at the high temperatures of
the inner core (~6000 K), but is still less stable than hcp (Vocadlo et al., 1999, 2000). The stability of hcp at high pressures
and temperatures is consistent with experiments (Shen et al.,
1998; Hemley and Mao, 2001).

Another computationally demanding problem for computational mineral physics is to obtain greater accuracy than is
possible with the LDA or GGA. As mentioned above, there is
a discrepancy between LDA and GGA in the predicted phase
transition pressure for MgSiO3 perovskite. Typical errors are
a few percent in volumes (densities) and 10% to 20% in elastic constants. Geophysics needs more-accurate predictions
to test seismological models as input to geodynamics. Geochemistry needs accurate energies for solid-fluid molecular
reactions and absorbtivities, for example. New, more-accurate methods are much more computationally demanding:
new density functional methods that include exact exchange,
and quantum Monte Carlo (QMC) methods that are, in principle, almost exact (there is an assumption about the nodes of
the many-body wave function). QMC, in particular, is likely
to be the method of the future unless more accurate DFT
methods are developed. Table 2 shows very promising results
obtained using the Casino code for crystals.

Seismology shows a very surprising feature of the inner
core—it is very anisotropic. Sound waves travel much faster
along the Earth’s rotation axis through the inner core than
in equatorial directions. Computations of the elastic constants of hcp iron under core density (but performed at zero

Currently, QMC is not tractable for many problems appropriate to Earth science, such as complex solid solutions. A
key problem is that we are interested in accurate properties as
functions of temperature. There are two main types of QMC:
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Figure 31. The calculated phonon
density of state (DOS) of bcc
(a) and hcp (b) Fe at different
volumes (lines) agrees well with
experiment (dots). The calculated
thermal expansivity of bcc (c) and
hcp (d) Fe are also in reasonable
agreement with experiment, and
the discrepancy in bcc Fe above
room temperature are be attributed to magnetic fluctuations,
which have not been accounted
for in the current calculations.
Calculations were done using
the full potential LMTO linear
response code of Savrasov (1996).
Experiments (dots) shown are
Klotz and Braden (2000), Mao et
al. (2001), Gray (1972), Grigoriev
and Meilikhov (1997), and Duffy
and Ahrens (1993). Figure from
Sha and Cohen (2004).
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Table 2. Comparison of Diffusion Monte Carlo (DMC) and experimental cohesive
energies (eV/atom) for different materials. From Towler (2004).
Method

LDA
DMC
Experiment

Si

Ge

Diamond

NiO

5.28
4.63(2)
4.62(8)

4.59
3.85(2)
3.85

8.61
7.346(6)
7.37

10.96
4.720(5)
4.725
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path integral and ground state. The latter allows for very accurate computation of energies at zero temperature, but forces and other properties remain difficult. The former allows
computation of high-temperature properties, but in this case,
high temperature means over 10,000 K at the present time.
However, lowering the temperature of path integral Monte
Carlo is simply a matter of computing time, so it should be
possible to obtain results at geophysically relevant temperatures with much-enhanced computing time. A more likely
scenario in the next decade is to obtain ground state, zero
temperature properties using ground state QMC, and then to
obtain the thermal contribution from DFT. For geophysically
relevant phases, this will still require large-scale computing
capabilities that are not presently available in Earth science.

antiferromagnetic insulator at zero pressure; however, it
may become low spin and metallic at high pressures, though
conventional band theory makes them insulators (Cohen
et al., 1997, 1998). Transition metal ions such as ferrous
iron display complex bonding (Figure 32) and thus must be
treated accurately to predict elasticity and chemical partitioning among phases. One approach to treat the strong local exchange effects is the LDA+U method, which properly
gives wüstite as an insulator at zero pressure and predicts
metallization at high pressures (Gramsch et al., 2003). These
calculations, though much more computationally demanding than LDA, still contain significant approximations. A
next-step approach is dynamical mean field theory (DMFT),
which requires a factor of 100 or more in computational
complexity, but has been successfully performed to study
zero temperature phases (Poteryaev et al., 2004). Full QMC
simulations of the metal insulator transitions in transition
metal ion-bearing minerals will require still another large

Minerals containing transition metal ions such as ferrous
iron remain problematic for LDA and GGA, and for all
first-principles methods. FeO (wüstite), for example, is an

Figure 32. Computed charge density for FeO
within the Local Density Approximation,
with spherical ions subtracted. The colors
represent the spin density, showing the antiferromagnetic ordering. The strong d-lobes
on the irons are apparent, and strongly effect
elastic and partitioning behavior.
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factor because multiple electronic, magnetic, and structural
configurations will need to be included. Fortunately, even
LDA gives reasonable, though not as accurate as desired, energetics for transition metal oxides (Isaak et al., 1993), and
LDA+U is a reasonable first approximation to higher-order
effects. Experiments on wüstite (Kantor et al., 2004; Murakami et al., 2004b), magnesiowüstite (Kondo et al., 2004), and
iron-bearing perovskite (Li et al., 2004) are showing changes
in magnetic properties that could greatly affect their elastic
properties and conductivity. Now more than ever a theoretical understanding of iron in minerals is needed to help interpret these results.

large-scale molecular modeling groups doing geochemistry
(Wang et al., 2003; Cygan et al. 2002; de Leuuw and Parker,
1998; Harris et al., 2003; Chialvo et al., 2000; Liu et al., 2003).
The approach draws from a wide variety of research on gas
phase clusters (Wang et al., 2001), aqueous solutions (Tuckerman et al., 2002; Chen et al., 2002), X-ray crystallographic
studies (O’Neil Parker et al., 1997; Allouche and Taulelle
2003; Rowsell and Nazar, 2000), calorimetric studies of the
energetics of low-T minerals (Laberty and Navrotsky, 1998),
and ultra-high vacuum interfaces (Henderson et al., 1998,
Trainor et al. 2002), and brings the results of these studies
together in a common framework through computer experiments. These computer experiments are then fed into physical experimental investigations of complex mineral-water
interfaces (Phillips et al. 2000; Fenter et al., 2000; Wesolowski

In summary, the computational requirements for mineral
physics are expected to grow substantially as first-principles
molecular dynamics and more-accurate methods are developed and applied to minerals.

et al., 2000; Boily et al. 2001) and theoretical chemical thermodynamic description of sorption phenomena (Hiemstra
et al., 1996; Sverjensky and Sahai, 1996; Felmy and Rustad,
1998; Criscenti and Sverjensky, 1999). The molecular modeling computer experiment forms the infrastructure by which
the measurement of the extent of water dissociation on Fe2O3
in a high-vacuum environment can help constrain the speciation of chromate on FeOOH. Without molecular modeling,
such a connection is not possible.

THE CURRENT ROLE OF COMPUTATION
IN MOLECULAR GEOCHEMISTRY
Interfacial Geochemistry
The chemistry of the Earth’s surface is dominated by mineral-water interactions, including processes that affect water
quality, weathering, and adsorption or release of biological
nutrients and environmental contaminants. Current conceptual understanding of the molecular-level structure of the
solvated mineral-water interface is still in a fairly primitive
state. The arrangements and reactivities of individual surface functional groups, the role of the electric double-layer,
the specific adsorption of electrolytes, and possibly even the
usefulness of describing the surface in terms of functional
groups are open and important questions that drive the bulk
of current research in mineral-water interface geochemistry
(Brown et al., 1999).

Reactivity at Mineral-Water Interfaces
The next step in molecular geochemistry will be to use computational methods as a means of exploring and defining the
relationship between structure and reactivity in mineral-water interfacial systems. Until we can achieve dedicated, sustained petascale computing coupled closely with advanced
visualization capabilities, structural complexity will deter
our understanding of mineral-fluid interactions. Quantum
chemistry computations have shown so far that simple ideas
used previously, such as surface oxide coordination number
and bond lengths, are not sufficient to understand the surface acidity of particles, for example. Knowledge of crystallographic relationships on the surfaces comprising crystals are
of little use in predicting surface charging, which is key to absorption of species on mineral surfaces. Rather, charge accumulation is governed by favorable solvent dielectric response
at acute edges of surfaces (Rustad and Felmy, in press). The
implication is that surface roughness on length scales of 1 to

Computational molecular models of mineral structure, aqueous speciation, and surface reactions are capable of providing
crucial insights into the behavior of these interactions. Currently, research is focused on a systematic approach to building molecular models that can be applied as a forward modeling technique to characterize aqueous speciation at complex
interfaces. This systematic approach is common to several
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100 nm can play an important role in determining energetics and kinetics of fundamental processes involving mineralfluid reactions (Rustad et al., 2004a, 2004b).

distance lead to simulations that require high-end resources.
A recently performed 3-D simulation of the Baneberry underground nuclear test is described below as an illustrative
example. Limitations in problem size coupled with memory
and storage requirements make it practically impossible to
routinely perform 3-D simulations like this without dedicated access to significant resources on the largest and most
modern platforms currently available.

Dedicated petascale computing capability will allow simulations to achieve truly realistic system sizes. The idealized
crystallites in aqueous solution simulated so far are about an
order of magnitude too small in characteristic length (three
orders of magnitude in volume) compared with natural particles. Even the idealized small crystallites are currently just
within reach of the terascale computing capabilities on, for
example, the Molecular Science Computing Facility at Pacific
Northwest Laboratory’s Environmental Molecular Sciences
Lab. Petascale computing is therefore necessary to tackle realistic systems.

Baneberry, a 10-kiloton nuclear event, was detonated at a
depth of 278 m at the Nevada Test Site on December 18,
1970. Shortly after detonation, radioactive gases emanating
from the cavity were released into the atmosphere through
a shock-induced fissure near surface ground zero. Extensive geophysical investigations, coupled with a series of 1-D
and 2-D computational studies were used to reconstruct the
sequence of events that led to the catastrophic failure. However, the geological profile of the Baneberry site is complex
and inherently three-dimensional, which meant that some
geological features had to be simplified or ignored in the 2-D
simulations. This left open the possibility that features unaccounted for in the 2-D simulations could have had an important influence on the eventual containment failure of the
Baneberry event.

PROPAGATION OF SHOCK WAVES IN
GEOLOGIC MEDIA
Geologic media are multi-layered, with different layers having different shock-wave propagation characteristics. Faults
and discontinuities often intersect the layers, thus rendering
most geologic settings three-dimensional for the purpose
of wave-propagation simulations. Among the parameters of
interest in shock-wave propagation problems are peak stress
and peak particle velocity, and resolving them requires small
cell size at the shock front. Additionally, problems of interest
usually involve propagation distances of hundreds of meters.
The three-dimensional nature of the problem, coupled with
the requirements for high resolution and long propagation

To address this issue, a new study was undertaken (Lomov et
al., 2003). The study encompassed 3-D high-fidelity simulations based on the most accurate geologic and geophysical
data available. The simulations were performed in GEODYN,
an Eulerian Godunov code with adaptive mesh refinement.

Table 3. Computing platform capabilities and statistical data for the GEODYN simulation of the Baneberry event.
Statistical Data for the Baneberry Simulation

MCR: Multiprogrammatic Capability Cluster

No. of CPUs

2304

Domain Size

~1 km

CPU Speed

2.4 GHz

No. of cells

~40 million

Memory

2 Gb/CPU

No. of time steps

~3000

Disk Space

225 Tb

Simulated real time

~1 s

Operating System

Linux

Simulation time

~40,000 CPU hours

Required storage

~3 Tb
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(a) Pressure isosurface

(b) Damage map

Figure 33. Pressure isosurface (a) and damage map from the 3-D Baneberry simulation. The pressure isosurface plot illustrates the
lack of spherical symmetry in the cavity region due to medium layering and nearby faults. The damage map (b) shows three damaged regions (a weak clayey region in the vicinity of the working point, the faults, and a cone-shaped spalled region near surface
ground zero) connected to one another, thereby forming a continuous damaged region that connects the source to the surface fissure where the radioactive release was first detected just after the test.

THREE-DIMENSIONAL SIMULATIONS OF
THE CHICXULUB IMPACT EVENT

GEODYN has been used to simulate problems involving the
interaction of shock waves with geologic media. Among its
features, the code includes high-order interface reconstruction, and advanced constitutive models that incorporate
many phenomenological features of the dynamic response of
geologic media. The simulation included ~40 million zones,
and required ~40,000 CPU hours to complete, thus making
it the largest simulation of its kind. The simulation was performed on MCR, which, at the time of the simulation, was
among the five largest computers in the world (Table 3).

In the fossil record of the history of life on Earth, there are
several events of catastrophic mass extinctions (Pierazzo and
Melosh, 2000), defined as the sudden demise of half or more
of the biological families then in existence. The most recent
of these events is the Cretaceous-Tertiary (K/T) boundary
event, defining the end of the Cretaceous period and the
beginning of the Tertiary (Morgan et al., 2000; Pierazzo et
al., 1998). Mounting evidence points compellingly to an asteroid impact as the cause of this great extinction event: the
worldwide iridium anomaly, soot deposits in the K/T bedding plane, the Chicxulub crater in the soft sediment of the
Yucatan Peninsula, and tsunamic deposits in the Caribbean
and North America, all dated to the same time as the boundary in the fossil record—65 million years ago. To cause the
observed damage, this impact event evidently had an energy
in the range of a hundred million megatons.

The simulation helped establish a new capability to simulate
underground test containment in three dimensions, thus
making it possible, for the first time, to accurately represent
complex geologic features in the simulation. Comparison of
the results of the study (see Figure 33) with available data,
and with the results of the previous 2-D computational studies provided new insight into the cause of the Baneberry containment failure.
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A series of simulations of asteroid impacts into a target designed to resemble the pre-impact Chicxulub stratigraphy
were performed (Gisler et al., 2003): kilometers of calcite
sediment overlain by a few hundred meters of water, and
underlain by the granitic continental crust and mantle. The
volatility of the target materials at the pressures of impact
is responsible for the worldwide climatic devastation that
ensued upon this event, and it is therefore important to use
good equations of state for this material, and to resolve the
projectile-target interaction appropriately (Figure 34).

of Energy’s program in Advanced Simulation and Computing (ASC). It uses continuous adaptive mesh refinement
(CAMR); the decision to refine the grid is made cell-by-cell
and cycle-by-cycle continuously throughout the problem
run. Refinement occurs when gradients in physical properties (density, pressure, temperature, material constitution)
exceed user-defined limits, down to a minimum cell size
specified by the user for each material in the problem. With
the computing power concentrated on the regions of the
problem that require higher resolution, very large computational volumes, and substantial differences in scale, can be
simulated at low cost.

The hydrocode used for these calculations is the SAGE code
from Los Alamos National Laboratory and Science Applications International Corporation. This is an Eulerian code
for compressible hydrodynamics with continuous adaptive
mesh refinement, with the capability of treating multiple fluids with different equations of state and constitutive models
for material strength. SAGE is part of the Crestone Project
in X-2 and X-3, and was developed under the Department

Validation and verification for the SAGE code is accomplished through a suite of analytical test problems that are
executed by the code team weekly in a regression against
changes in the code, and changes in the operating systems
and computing environment for the various platforms on
which the code is regularly used.

Figure 34. Upper left: Seven seconds after a 10-kilometer diameter
granite asteroid strikes the Earth, billions of tons of very hot material
are lofted 50 km into the atmosphere. This image is a perspective rendering of a density isosurface colored by material temperature (0.5 eV
= 5800 K). Upper right: 42 seconds after impact, the turbulent material
interior to the debris curtain is still being accelerated upward by the
explosion. Lower left: Two minutes after impact, the debris curtain has
separated from the rim of the still-forming crater as material in the curtain falls to the Earth. Simulation is for an impactor approaching at 45°
angle, the most probable angle for impacts (Gilbert, 1893).

70

MASSIVELY PARALLEL SIMULATION OF
IN SITU BIOREMEDIATION

The impact of a stony asteroid of 10-km diameter and 15 km/
s velocity into Chicxulub stratigraphy can easily inject 1.5
trillion metric tons of target material into the stratosphere,
with significant consequences to global climate. The bulk of
the energy of the event goes into vaporization and melt of the
target and projectile material; the injection of thermal energy
into the troposphere (at less than 10 km altitude) is maximized at low angles of impact.

Massively parallel computation enables numerical solution of
problems that would otherwise not be possible with a single
or even a modest number of processors. With parallel computation comes the ability to model systems with increased
geochemical complexity and to obtain higher resolution.
With parallel computation one can incorporate multi-scale
processes through multiple interacting continua, and include
more tightly coupled nonlinear processes (e.g., thermal, hydrologic, chemical and mechanical). The faster turnaround
from parallel computation allows the exploration of a greater
parameter space and of more scenarios.

The simulations were run on the new ASCI Q computer at
Los Alamos National Laboratory—a cluster of ES45-alpha
boxes from HP/Compaq. Generally, runs were on 1024 processors at a time, and used a total of about 1 million CPU
hours over the course of these runs. The adaptive mesh included up to a third of a billion computational cells.

There are a number of problems in Earth sciences involving
subsurface reacting flows that require massively parallel computational resources (Hammond et al., 2002). These problems
generally necessitate simulations in three spatial dimensions
and involve multi-phase, multi-component geochemical systems (Lichtner et al., 1996). Typical simulations might involve
10 to 100 chemical degrees of freedom on a grid of one million nodes. Multi-scale processes involving multiple continua
(e.g., fracture-matrix interactions) would require an additional order of magnitude or more in the number of degrees
of freedom. Examples include modeling CO2 sequestration

In very-high-energy impact events, not only is the rock vaporized, it is also dissociated into different constitutive chemical compounds, and in some cases is ionized. This physics
(and chemistry!) is not included in these simulations, but
should be. Reactive (dissociation and recombination) flow
physics could be incorporated, but at some considerable cost
in terms of computational resources.
The strength model used is among the simplest possible:
elastic-perfectly plastic with yield strength, pressure hardening, and failure. The advantage of a simple model is that few
parameters are required, and because few are available for
geological materials, in some respects it is the best we can do
at this time. However, because key observables in geologic
impact cratering include the formation and distribution of
tektites, the refilling and congealing of the final crater, and
faulting in the surrounding medium, it is clear that more-sophisticated strength and damage models are needed.

in the subsurface, migration of radionuclides at the Nevada
Test Site resulting from underground nuclear tests conducted
decades ago, leaks from tanks containing highly radioactive fluids at the DOE Hanford facility, evaluation of suitable
locations for disposal of high-level nuclear waste based on
process-level models, and evaluation of various remediation
strategies of subsurface contamination.
HERTZ (halorespiration enhanced redox transition zone)
technology is an example of remediation of groundwater contaminants through the action of indigenous microbes that can
fortuitously co-metabolize toxic chemicals. HERTZ simulations have been performed recently (Figure 35). These model
3-D porous flow on about 1,000,000 grid nodes, and 50 to 100
chemical species and associated reactions at each node at each

Applying the code to other geologic scenarios that involve
mobilization of rocks (e.g., volcanic eruptions and landslides)
will guide us in the appropriate implementation and validation of these models.
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In Situ Bioremediation Simulation

Figure 35. PCE and TCE are used in many industrial processes, such as degreasing of metals and in dry-cleaning fluid, and they
are the main organic contaminants in the subsurface. Certain species of microbes in soil can degrade these common organic
contaminants. The reaction chain for complete breakdown of PCE is PCE --> TCE --> VC --> DCE --> Ethylene + Cl, where
these symbols represent: PCE = tetrachloroethylene, TCE = trichloroethylene, VC = vinyl chloride, DCE = dichloroethylene, Cl
= chlorine, NAPL = non-aqueous phase liquid. pH is a measure of how acidic (pH < 7) or basic (pH > 7) the soil’s pore water
has become. Concentrations are in units of molarity (M). The top left figure shows initial conditions, in which there are two
blocks of soil contaminated with PCE. Water flow is horizontal and constant, and from left face towards the right face, so that
plumes seen in the remaining images are moving downstream. The remaining images show the distribution of by-products in
the reaction chain at the end time of the computer simulation. Cl is an indicator of complete breakdown of PCE Figure courtesy of G. Hammond.
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time step. This example is not huge in terms of number of
nodes, but it is large in terms of computational runtime required because of the chemical/biological reaction system. For
the biogeochemical reactions, a full mechanistic treatment of
chemistry is provided to accurately model dechlorination of
groundwater contaminants such as TCE (trichloroethylene)
and PCE, including complete redox disequilibrium and pH
inhibition effects on microorganisms. Hammond (2003) was
able to provide a new degree of reality in modeling this process that was not possible previously. Moving the computer
codes to a parallel system greatly facilitated the study. Simulation required about 3.35 hours on the Los Alamos ASCI
QSC using 512 (of 1024) HP-Compaq AlphaServer processors (approximately 1 TFLOP). From memory considerations
alone it would not be possible to perform this calculation on
a single-processor machine. Barring memory limitations, the
calculation would have required several months of CPU time
on a single processor running with the same clock speed as
an ASCI QSC processor. While massively parallel simulations
require expensive hardware to perform, nevertheless, compared to the cost of cleanup of a contaminated site, they could
potentially save billions of dollars through improved understanding of the attenuation processes that are involved.
On a petaflop system, more realism can be added to the
representation of the porous medium. In particular, instead
of assuming a uniform soil, a stochastic representation of
permeability, mineral composition, and porosity can be assigned, and Monte Carlo simulations over the range of properties can be computed. Further, microbial ecology can be
added. Microbes do not live in isolation in a soil, but in communities, typically in biofilms on soil grains, interacting with
thousands of other species. Some of these interactions are
competitive, some are predatory, and some are cooperative.
Inclusion of these interactions will provide a more realistic
multi-scale model of contaminant degradation processes.
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APPENDIX 1
CHRONOLOGY AND METHODS

As detailed in the body of this report, recent assessments
of cyberinfrastructure requirements by each of the disciplines represented by the NSF Directorate for Geosciences
(OITI Steering Committee, 2002; Ad Hoc Committee on
Cyberinfrastructure Research, Development and Education
in the Atmospheric Sciences, 2004; Cohen, 2005) have indicated that geosciences research in the United States is being
impeded by an acute shortage of high-end capability-class
computing resources. In late summer 2004, an ad hoc committee, working on behalf of the atmospheric, solid Earth,
ocean, and space science communities, with the encouragement of the National Science Foundation, was formed to
develop a strategy to address this gap between the scientific
requirements for, and the availability of, high-end computational resources.

Community forums conducted at the fall meeting of the
American Geophysical Union in December 2004, and the
annual meeting of the American Meteorological Society in
January 2005 provided additional opportunities for community input into this process.
The second task was to develop a technical and budgetary
prospectus for the deployment of a petascale computing resource to the geoscience community. This task was delegated
to the Technical Working Group and their findings are reported in the companion report (Technical Working Group
and Ad Hoc Committee for a Petascale Collaboratory for the
Geosciences. 2005. Establishing a Petascale Collaboratory for
the Geosciences: Technical and Budgetary Prospectus. A Report to the Geosciences Community. UCAR/JOSS. 56 pp.).

The committee addressed two tasks. The first was to articulate those research problems in geosciences where progress
depends on expanded access to capability-class computing. Building on the discipline-specific reports cited above,
the committee conducted a survey of a cross-section of the
computational geosciences research community to assess the
scientific requirements for high-end computing resources
over the coming decade. A copy of the letter requesting input is included as Appendix 2. Respondents to the survey are
included in the list of contributors opposite the table of contents of this report. Due to the very recent completion of the
Cohen (2005) report, the material on the Solid-Earth System
that appears in this report was drawn nearly verbatim from
that document.
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APPENDIX 2
LETTER REQUESTING INPUT TO SCIENTIFIC
FRONTIERS SECTION

Dear Colleague,
We represent a committee working on behalf of the atmospheric, oceanic and Earth science communities, with the encouragement of the National Science Foundation’s Directorate for Geosciences. We are preparing the way for an effort to establish a “Petascale
Collaboratory for the Geosciences.” The vision for such a collaboratory is to provide very
high-end computing capability (sustained performance on the order of several hundred
teraflops) with appropriate memory, storage, networking, analysis and visualization infrastructure, to facilitate breakthrough computational research in the geosciences. The immediate tasks at hand are twofold: first to develop a science plan clearly articulating the
potential scientific payoffs of such a facility, and second to commission a panel of technical experts in scientific computing to begin to prepare the specifications for such a system.
We are asking for your assistance in developing the science plan at this time.
Several recent reports have discussed the broad issue of cyber-infrastructure planning
for the geosciences (e.g., CyRDAS1 and OITI2), and many of you have contributed to the
preparation of those documents. These plans provide excellent background and a good
starting point. We are now asking for your help in developing focused descriptions of examples of research problems in the geosciences that will benefit from access to petascale
computing capability that can become part of the science plan.
We would greatly appreciate it of you could contribute to this process by providing a
write-up on the topic of [
]. The level of detail and scope of the write-ups should be
similar to the “science boxes” found in the OITI plan2 with perhaps a tighter focus on the
most computationally ambitious problems. The basic outline should be something like:

1

Cyberinfrastructure Research and Development in the Atmospheric Sciences in the 21st Century. A Report from
the Ad Hoc Committee for Cyberinfrastructure, Research, Development and Education in the Atmospheric
Sciences. (CyRDAS). http://www.cyrdas.org/

2

An Information Technology Infrastructure Plan to Advance Ocean Sciences. Ocean Information Technology
Infrastructure Steering Committee (OITI). http://www.geo-prose.com/oiti/index.html
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• What is the fundamental scientific nature of the research problem? How does it fit into
the broader context of your discipline and the geosciences?
• How would a petascale computing capability open up a fundamentally new research
direction or opportunity? What major hurdles would a petascale capability overcome in
addressing this research problem? How would petascale computing accelerate progress
in this research? What issues would remain to be overcome?
• What are the bottlenecks imposed by current computational systems to which you
have access (CPU speed, scalability, memory size or access speed, storage size or access
speed, etc)?
In order to meet our deadlines for proposal submission, it would be most useful if we
could get your material by the end of September 2004. Please let us know as soon as possible if you will be able to contribute, or if not, suggestions for others with expertise in this
area who may be more able at this time. Please feel free to contact us to clarify any questions you might have about this request or about the planning process for the Petascale
Collaboratory in general.
Thank you very much.
Ad Hoc Committee for A Petascale
Collaboratory for the Geosciences
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ACRONYMS
HPL ................. A portable implementation of the high-

AAAS .............. American Association for the Advancement

performance Linpack benchmark for

of Science

distributed-memory computers

AMR ................ Adaptive mesh refinement

ICB................... Inner core boundary

BATS-R-US .... Block Adaptive-Tree Solar-wind Roe-type
Upwind Scheme

IPCC ................ Intergovernmental Panel on Climate Change

CAM ................ Community Atmosphere Model

ITR................... NSF Large Information Technology Research

CAMR ............. Continuous adaptive mesh refinement

JAMSTEC ....... Japan Agency for Marine-Earth Science
and Technology

CCSM .............. Community Climate System Model
CG ................... Gauss-Newton-conjugate gradient

JPL ................... Jet Propulsion Laboratory

CIDER ............. Cooperative Institute for Deep Earth Research

LADHS ........... Los Alamos Distributed Hydrologic System

CMB ................ Core-mantle boundary

LAPW ............. Linearized augmented plane wave

CME ................ Coronal mass ejections

LDA ................. Local density approximation

CMP ................ Chip multiprocessors

LES................... Large eddy simulation

CPU ................. Central processing unit

LMTO ............. Linear-Muffin-Tin-Orbital

CRCP............... Cloud-resolving convection parameterization

LT ..................... Legendre transform

CRM ................ Cloud-Resolving Model

MHD ............... Magnetohydrodynamics

CSEM .............. Center for Space Environment Modeling

MPI .................. Message passing interface

DARPA............ Defense Advanced Research Projects Agency

MREFC ........... NSF’s Major Research Equipment and
Facilities Construction account

DFT ................. Density functional theory
DMC................ Diffusion Monte Carlo

NASA .............. National Aeronautics and Space Administration

DMFT ............. Dynamical mean field theory

NCAR.............. National Center for Atmospheric Research

DNS ................. Direct numerical simulation

NCC ................ Northern California Current

DOE ................ Department of Energy

NSF .................. National Science Foundation

ECCO .............. Estimating the Circulation and Climate

NSWP ............. National Space Weather Program
NWP................ Numerical weather prediction

of the Ocean

OGCM ............ Ocean General Circulation Model

ECMWF.......... European Centre for Medium Range

PCG ................. Petascale Collaboratory for the Geosciences

Weather Forecasting
ENSO .............. El Niño Southern Oscillation

PDE ................. Partial differential equation

ESM ................. Earth System Model

P.I. .................... Principal Investigator

ESMF ............... Earth System Modeling Facility at University

PSC .................. Pittsburgh Supercomputer Center
QMC................ Quantum Monte Carlo

of California, Irvine
FFT .................. Fast Fourier Transform

SMVP .............. Sparse matrix-vector multiplies

GCM................ General Circulation Model

SWMF ............. Space Weather Modeling Framework

GEWEX .......... Global Energy and Water Experiment

TOPS ............... Terascale Optimal PDE Solvers group

GGA ................ Generalized gradient approximation

TOMS .............. Total Ozone Mapping Spectrometer

GITM .............. Global Ionosphere-Thermosphere Model

TTS .................. Time-to-solution

HCP ................. Hexagonal closest packed

UCAR/JOSS ... University Corporation for Atmospheric
Research/Joint Office for Science Support

HPC ................. High-performance computing

WCRP ............. World Climate Research Programme

HPCS ............... DARPA High Productivity Computing

WRF ................ Weather Research Forecast

System program
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