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Workshop on Numerical Modeling and Physical Reality

Preface

The workshop on Numerical Modeling and Physical Reality was held at the Mesa Labora-
tory of NCAR during September 3-5, 1997. It was one of a series of workshops presented
by the Geophysical Turbulence Program (GTP) of the Advanced Study Program. This
year's was unusual in several respects. First, its focus was on a philosophical issue: to what
extent can numerical modeling make contact with real systems in the sense of predictabil-
ity and as a description of the phenomenon? A more comprehensive statement of what
is meant here is described in the opening lecture by Boon Chye Low. This essay set the
tone of the workshop and raised general issues to be addressed by the speakers. The dis-
ciplines covered modeling in astrophysics, atmospheric chemistry, atmospheric dynamics
(both global scale and mesoscale), and turbulence (both atmospheric-oceanographic, and
engineering). The twelve lectures were designed for a broad scientific audience, with ample
time for discussions and questions. Finally, the members of the audience were selected on
the basis of their expertise in the various fields mentioned above.

The speakers kindly agreed to present us with abstracts of their talks, so that those in-
terested may have an idea of what transpired. We wish to thank the session chairs for
organizing and leading the discussions. They are: Robert Rosner, University of Chicago;
Cecile Penland, University of Colorado; Richard Rood, Goddard Space Flight Center;
Joost Businger, University of Washington; Richard Somerville, University of California at
San Diego; and James Hill, Iowa State University.

Finally, we thank Barbara Hansford, administrator of GTP and ASP for invaluable assis-
tance in coordinating all aspects of the workshop and for making all its logistic arrange-
ments. We also thank Judy Miller of ASP for arranging the printing and distribution
of the workshop schedule and abstracts and for assisting in various other aspects of the
workshop.

The Organizing Committee:
Jack Herring, Chair
Mark Berliner
Tom Bogdan
Barbara Hansford, administrator
Boon Chye Low
Sasha Madronich
Steve Oncley
Peter Sullivan
Joseph Tribbia, Co-chair
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1. Maurice Meneguzzi, 2. Dimitri Mihalas, 3. Joe Tribbia, 4. David Gurarie, 5. Boon Chye Low,
6. Jim McWilliams, 7. Branko Kosovic, 8. Robert Rosner, 9. Robert Sadourny, 10. Jack Herring,
11. Richard Rood, 12. Willem Malkus, 13. John Cocke, 14. Howard Hansen, 15. Juri Toomre,
16.Joe Werne, 17. Sandy Sillman, 18. Steve Oncley, 19. Roger Temam, 20. Andy Skumanich,
21. Richard Stewart, 22. Richard Field, 23. Doug Lilly, 24. Peter Bradshaw, 25. Charles Meneveau,
26. Jim Hill, 27. Unidentified, 28. Unidentified, 29. Ward Manchester, 30. Marina Galand,
31. Cecile Penland, 32. Hans DeSterck, 33. Annick Pouquet, 34. Joost Businger, 35. John Finnigan,
36. Bob Kerr, 37. Bob Sanderson, 38. Ed Waymire, 39. Richard Somerville, 40. Paul Sampson,
41. Richard Lindzen
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Opening Remarks

B.C. Low
GTP/NCAR

The following two remarks on the nature of scientific investigation and nu-
merical simulation were intended for setting the stage for the workshop dis-
cussion on numerical simulation and physical reality.

Scientific Investigation

What is science? A fundamental definition is that of Karl Popper who in the
1930s, used it as a way of distinguishing science from metaphysics. He stated
that science encompasses all those statements which are capable of being
demonstrated to be false. The demonstration is what we call experiment.
A theory needs to be developed to a point capable of being tested false.
This link to experiment is separate from the mathematical proof or disproof
of a result from accepted theoretical principles, or, in the context of our
workshop, proof or disproof of whether a direct numerical simulation is a
faithful solution within some measure of acceptability.

Most scientists recognize science in terms of the concept of the paradigm
and scientific revolution introduced in the 1960s by Thomas Kuhn in his
seminal essay "The Structure of Scientific Revolution." Kuhn's basic point
is that science does not proceed by the mechanics of testing of facts alone,
although this act is the essence of science in the sense of Popper. A mature
science proceeds by paradigms, typically what is contained in a standard
text book of a discipline, as examples of the kind of the material forming a
proposition about how the body of facts and knowledge are interconnected.
A paradigm is widely accepted not necessarily because it is complete in the
sense of all there is, but because it has triumphed over similar constructs
by having demonstrated, significantly greater success in explaining a general
set of phenomena. A paradigm is also characterized by its inherent, logical
open-endedness, with lots of work to be done to close the open-endedness. So
the paradigm is the foundation upon which contemporary science proceeds.
Many of its basic premises are tested experimentally but not every fact is
tested.

Still, science is not about the mere closing of the open-endedness of its
paradigms. The results of research constantly challenge the paradigm, of-
ten with an eventual identification of outstanding problems which cannot
be resolved within the paradigm. The intellectual assessment of whether a
question cannot be so resolved or whether it can, in fact, be resolved within
a given paradigm but only with further development, is a very difficult one.
Unless one is willing to believe that it is possible to reach the end of science,
a paradigm eventually reaches the end of its ability to sustain itself, and a
new paradigm must be found. As much as the acceptance of a paradigm is
a complex intellectual act, its intellectual activities which Kuhn likened to
political and social revolutions.

Paradigms are the mark of maturity in science, in Kuhn's view. Before
maturity, a whole different history takes place during which scientific inves-
tigation proceeds with no intellectual guidance on what is important. At
this stage the physical questions are without a prejudicial context. There
is a difference between experimentally proving something to be simply false
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and proving something to be false with grave consequences for a whole com-
munity's intellectual belief. So then, science may be said to proceed in the
different stages: the stage of infancy before paradigms emerged; the stage
of paradigms being accepted over other unsuccessful ones, and the eventual
demise or shift of the accepted paradigm by revolutions; and, finally as some
would believe, the stage where all is known.

Continuum Mechanics and Numerical Simulations

Numerical simulation is sometimes called a third tool of science, alongside
the traditional ones of theory and experiments. This tool is commonly
used in continuum mechanics, because it is especially powerful for treating
nonlinear problems in which complexity, realistic circumstance, and multi-
dimensionality are essential aspects. What makes simulation distinct from
theory rather than being a part of theory is that the successful use of nu-
merical techniques and computer hardware in a model provides parametric
runs of a "numerical experiment." A complete physical description is gener-
ated in each run, as opposed to the few parameters we happen to have the
techniques to measure in a laboratory experiment or in an observation of a
natural system. There is also the promise of the possibility of simulating
natural systems which are not accessible to the kind of observation desired.

While the progress is impressive, there is much we tend to slur over. Mathe-
matical faithfulness and adequacy of representation of the physical processes
included in a given model, are two fundamental issues.

In most applications, the governing equations are not in question. Uncer-
tainty in the meaning of what we do comes from the faithfulness of casting
the equations in a chosen numerical approximation, of which the most prob-
lematical are the implementation of the boundary conditions and the spatial
and temporal resolutions of the discrete mathematical methods. This is ba-
sically a technical problem.

Interpreting a numerical experiment physically is much harder than generally
acknowledged. The completeness of data in a numerical experiment alone
does not guarantee a simple path to (physical) understanding of the physics.
If complexity is an intrinsic feature, understanding a numerical experiment
necessarily requires interpretation in terms of additional constructs based on
physical principles. This is the link between simulation and theory. Often
a numerical experiment is only allegorical, especially in the study of natural
systems whose dynamical ranges fall outside of the ranges within the feasibil-
ity of current numerical techniques. The relationship between the numerical
experiment and the natural system it simulates then becomes a matter of
scientific evaluation and judgment.

The paradigm concept of Kuhn delineates the relationship among theory,
simulation and experiment. [Speaking generally, paradigms derive from the
assimilation competes with experiment as the means of our acquaintance
with phenomenology, it is the experiment which has the only link to reality.]
Thus simulation cannot be the sole provider of phenomena and must be
subject to experimental tests. What would constitute proper experimental
tests of simulations? This is am important questions. Getting a simulation
to "look real" is a first step. Quantitative agreement between experiment
and simulation is a obvious next level of test stringency. But ultimately, it
is the falsifying of a long-held paradigm which constitutes the highest level
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of test, for such a test has conceptual consequences beyond the context of
the simulation. In the relationship described, simulation contributes to the
construction of a paradigm but is not a substitute for the paradigm nor
physically reality.

It has been said, that, fortunately, scientists are not required to first sort out
the philosophical issues before getting on with their work. Yet philosophical
issues can be important even if they get to be subtle, deep and controversial
when examined carefully. This workshop provided an opportunity to examine
these issues, not in the abstract, but in the direct research experiment of the
participants.
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Simulating Geophysical Fluid Phenomena

J.C. McWilliams
Dept. of Atmospheric Sciences, UCLA.

405 Hilgard Ave., Los Angeles, CA 90025-1565
and NCAR/CGD
jcm@uncar.edu

Computational simulation of many different phenomena in the Earth's ocean
and atmosphere is widely and increasingly practiced, and this practice is
spilling over into the planetary and astrophysical sciences. It is practiced
either with intentional idealization for conceptual clarity-which makes it
akin to most theoretical practice, but for the technical issues of computa-
tional accuracy-or with putative comprehensiveness for simulating the re-
ality of entire "sub-systems" of nature, such as the general circulation of the
atmosphere or the full spectrum of ocean surface waves. These latter models
are essentially fluid dynamical PDE models, although they must also include
certain effects of radiation, phase changes of matter, chemistry, and ecology
to achieve their goals even by the most rudimentary standards.

How reliable are such computational solutions as simulations of nature? This
is a philosophical question of epistemology; hence we should expect neither
a certain nor fully general answer. Instead, we can express opinions and try
to buttress them anecdotically.

In my talk I will attempt to formulate some useful rules of practice for
safe computing and discuss the very important problem of how a scientific
community judges and verifies claims made about published simulations.

I will also discuss specific examples for

(a) some fairly successful parameterizations for important unresolved pro-
cesses (e.g., oceanic material transports by boundary-layer and mesoscale
currents), as well as a counter-example or two.

(b) computational accuracy in simulating non-smooth fields- advection and
dissipation in anisotropic turbulence and the treatment of topographic irreg-
ularities.

(c) reliability of long-time, low-frequency variability in simulations of the
oceanic thermohaline circulation and climate with parameterized convection.
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Reality and Numerical Simulations in Astrophysics

Annick Pouquet
Laboratoire G.-D. Cassini

Observatoire de la Cote d'Azur 06300 Nice Cedex
pouquet@obs-nice.fr

The five items proposed for this conference - namely faithfulness to the
original equations, physical feasibility, role of observational input and con-
straints, track record of success and role of statistics - will be discussed in
the framework of several specific examples pertaining mostly to the domain
of turbulent conducting flows in the MHD approximation.

In particular,

(a) the modeling of small-scale flows with, as an example, the possible exis-
tence of singularities in two-dimensional flows;

(b) the statistical properties of the heating of the solar corona: is a sand-pile
avalanche-type model sufficient? and

(c) the evolution of the interstellar medium towards a low effective gamma
highly compressible gas.

The role of dissipation, conservation laws and symmetries will be discussed.

The (ecumenical) conclusion will be drawn that all approaches (observa-
tional, experimental, numerical, phenomenological and theoretical) comple-
ment each other and are all needed to construct a consistent understanding
of such complex flows.
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The Role of Statistical Thinking in Physical Modeling

Mark Berliner
NCAR/CGD, P.O. Box 3000, Boulder, CO 80307-3000

berliner@ucar.edu

Perceptions of the role of statistical thinking in the physical sciences vary
from (i) an unfortunate, but necessary evil needed for refining parameter
estimates or testing models, to (ii) a fundamental approach to scientific un-
derstanding and prediction.

To set the stage for discussion of the role of statistics, I will first review
a few points of potential contention regarding certain commonly advertised
pinnacles of the foundations of science. The moral is that some of these
pinnacles must be rooted in statistical principles. I then turn to a very
brief review of examples of statistical analyses and viewpoints, ranging from
procedures strongly based on extensive assumptions (e.g., data assimilation)
to approaches intended to "find science" (e.g., "equations of motion from
data," data mining).

With (hopefully!) little twisting, these points motivate a view of physical
science that combines theory/model and statistics, rather than contrasting
the two. Even within this "combined view" the relative contributions of
model and statistics vary. Particular attention is paid to formulating statis-
tical models that incorporate physical theory. Ideas relevant to atmospheric
science and turbulence are discussed.
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Some theoretical and computational issues
in fluid mechanics and meteorology

Roger Temam
Dept. of Mathematics, Rawles Hall

Indiana University, Bloomington, IN 47505
and

Universite Paris-Sud, Orsay
temam@indiana.edu

This lecture will present a few recent theoretical and computational results
which might be of interest in meteorology. The description of the results will
be succinct and more details will be possibly given in the discussions.
Tentatively, four topics will be presented.

1) An example of model adjustment: The control of turbulent flows. The
mathematical theory of control offers a methodology for adjusting certain
parts of a physical model so that the solution satisfies certain objectives or
that it fits certain data. We will present an example in fluid mechanics based
on an interactive work with physicists and engineers, where the objective is to
reduce turbulence by adjustment of the boundary conditions (collaboration
with the Center for Turbulence Research, Stanford University).

2) Mathematical formulation of the primitive equations of the atmosphere
and the oceans: We will describe the setting which is appropriate for the
mathematical (and numerical) study of the primitive equations and give indi-
cations on some rigorously proved results on the dimension of their attractors
(following Lions, Manley, Temam and Wang).

3) Approximation of the slow manifold at polynomial and exponential orders:
During the past decade, theoretical studies on the approximation of attrac-
tors have led to the concepts of exact and approximate inertial manifolds,
very close to that of slow manifold. If we interpret the separation between
the Rossby and gravity waves as a cut-off in wave numbers at a certain wave
number k, then the usual approximations of the slow (or inertial) manifold,
such as the Machenhauer algorithm, provide manifolds which approximate
the attractor at the order of a negative power of k (k -2 for the Machenhauer
scheme). Recently an approximation of the attractor at an exponentially
small order has been introduced which might be computationally realistic
(Debussche, Temam, Rosa, Jolly).

4) Geostrophic asymptotics for a simple model of Lorenz: An asymptotic
method which applies to the geostrophic asymptotics is under development.
We will show how it applies to some simple models, including a five equation
model of Lorenz and possibly to some more complicated (infinite dimen-
sional) models (Temam, Ziane, Moise, Simonnet).
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The Use (and Abuse) of Models in Data Assimilation

R. Errico
NCAR/CGD, P.O. Box 3000 Boulder CO 80307-3000

rmerrico@ucar.edu

Data assimilation will be defined in its most general terms as a fundamentally
statistical problem requiring an assortment of models. Frequent assumptions,
most of which are not strictly true, will be listed. The reasons why its practi-
cal implementations are as much art as science will be explained. Examples
of errors, misrepresentations, misunderstandings, and misapplications will be
presented. The real abuses, however, are simply bad science, not confusion
of models with reality. Some recommendations for their correction will be
offered.
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Model Validation: A Comparison of the Regional
Oxidant Model with Observational Ozone Data

Doug Nychkal , Jerry Davis2 , Barbara Bailey', and Jun Zhai2
Geophysical Statistics Project, NCAR, Boulder, CO 80307

Some important statistical issues in validating numerical model output will
be illustrated by a case study for an air pollution model. Using meteorology
and precursor emissions as the driving elements, the EPA regional oxidant
model (ROM) can be used to infer ozone concentrations for the Eastern
United States. This research compares the predictions from this model to
observed ozone over the summer 1987 model run, taking into account the
uncertainty of interpolating irregular observations to a regular model grid.
Detailed results for the Northern Illinois region indicate that the discrepan-
cies between observed ozone and model output are typically less than 20%
but model performance does depend on meteorological conditions and over-
estimates ozone for cool and cloudy days. Some preliminary work has also
been carried out to validate the model output over a much larger region and
with a focus on the dynamical properties of the ozone field. Here a wavelet
decomposition is used to focus the comparisons on different spatial and tem-
poral scales. Another form of validation is comparing the spatial correlation
of the observed field with that of the model output. We found the model
output field had more spatial variability than observed data.

1 NCAR/CGD, nychka@ucar.edu
2 National Institute of Statistical Sciences
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Tropospheric Chemistry and Urban Air Quality:
The Role of Models and the Role of Measurements

Sanford Sillman
Department of Atmospheric, Oceanic and Space Sciences

2455 Hayward Street, SRL 1541C
Ann Arbor, MI 48109-2143

sillman@umich.edu
Combined 3-d dynamical/photochemical models are commonly used in the
field of tropospheric chemistry, especially as a basis for analyzing the chemical
production and loss of ozone (a major air pollutant and greenhouse gas).
These include global-scale chemical tracer models, which are typically driven
by wind fields derived from general circulation models for climate, and also
urban and regional-scale models which are linked to observations during
specific events. Because air quality standards for ozone are routinely violated
in the U.S., urban and regional-scale models are also used by regulatory
agencies for determining and justifying pollution control policy.

If model applications are conceptualized as extending from the theoretical
(with meaning derived largely from the mathematical formulation) to the
applied (with meaning derived largely from the ability to reproduce real-
world observations), the field of tropospheric chemistry represents the applied
side. The field rarely involves meaningful analytic solutions, and numerical
solutions involving chemistry are much more costly in terms of computation
time than an equivalent dynamic system without chemistry. In addition,
model results are often critically dependent on uncertain inputs, especially
with regard to emission rates or meteorology. Thus, real-world meaning is
derived from model-measurement evaluations rather than from mathematics.

A central feature of tropospheric chemistry is the existence of strongly nonlin-
ear chemical behavior. This behavior is seen most clearly in the dependence
of ozone on its two precursors, NOx and hydrocarbons. Ozone chemistry can
be divided into two distinctive regimes: a NOx-limited regime in which pro-
duction increases with increasing NOx, and a light-limited regime in which
production decreases with increasing NOx. This split into two regimes has
important policy implications (i.e. should pollution control efforts focus on
NOx controls?) and also has implication for model design. Model grid
structures must provide separate representation for locations with different
chemical behavior, e.g. urban centers vs. surrounding rural areas, and must
also respond to complex patterns of convective flow.

Much attention is given to the task of model "validation," especially in air
quality applications. There is a danger that generalized model evaluation vs.
measurements may lead to the claim that models are accurate in general,
while the accuracy of critical model assumptions that drive the conclusions
are overlooked. This is a special problem because results are derived from a
process that combines dynamics with chemistry. The performance of models
in model-measurement comparisons is primarily driven by the accuracy of
model dynamics; and model results often look "correct" even when the model
chemical production and loss rates are wrong. To remedy this, it is neces-
sary to devise targeted model-measurement comparisons that test specific
hypotheses, especially regarding the question of which photochemical regime
occurs in the real world. Instead of providing definitive answers to these
questions, the role of models should be to illustrate the results of alternative
hypotheses about the real-world situation and identify specific measurements
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that provide evidence for choosing between hypotheses.
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Turbulent flow in Plant Canopies:
Models and Measurements

John J. Finnigan
Environmental Mechanics Lab.

CSIRO Land and Water, GPO Box 821, Canberra, ACT 2601
Australia

finnigan@cbr.clw.csiro.au

Outside the polar regions, about 98% of the Earth's land surface is covered
by vegetation. This cover forms a biologically active lower boundary to at-
mospheric flows and both the gross and the detailed character of airflow in
the canopy has been studied intensively for many years. The displacement
height, d, and the roughness lengths for momentum and heat, z0 and Zoh
of the logarithmic velocity profile, are properties of canopy flows familiar
to most meteorologists and it is a comment on the state of our knowledge
that these remain empirical parameters. As well as these bulk properties,
the details of turbulent exchange in a canopy provide a key to unlocking
the details of biogeochemical exchange processes between the earth and the
atmosphere-processes that are assuming new importance in the context of
global and climate change. Most attempts to model turbulent exchange
between the canopy and overlying boundary layer have been engineering ap-
proaches; that is they have been attempts to capture the current physical
understanding in an analytical or numerical framework for ready applica-
tion. In this talk it will be argued that the contribution of models to greater
understanding of the physical reality has, so far, been confined to three
examples. Before discussing these examples, however, we need an appre-
ciation of what we understand the physical reality of canopy flows to be.
Results from a wide variety of experiments from forests to wind tunnel mod-
els confirm that canopy turbulence cannot be viewed simply as a modified
boundary layer flow. Its properties include: strong vertical inhomogeneity in
turbulence moments; stress and turbulent kinetic energy budgets with large
transport terms; integral length scales and 2-point correlation fields that re-
veal energetic coherent structures spanning the canopy; spectral peaks that
are independent of height and inertial subrange behavior displaying both
anisotropy and a spectral roll-off significantly different to Kolmogorov's -5/3
law. Recent work has shown that the behavior of the energy containing tur-
bulence closely mimics that of the lower half of a plane mixing layer, with the
large eddy structure linked to the hydrodynamic instability of the inflected
mean velocity profile, while the fine scale structure is a consequence of strong
modification by foliage drag.

Numerical modeling has made three essential contributions to our under-
standing of this situation: (1) The first attempts to produce 2nd order clo-
sure models of canopy flows showed that canopy drag and source terms are a
natural consequence of volume averaging (or spatially filtering) point valued
Navier Stokes or Reynolds equations in the canopy. More fundamentally, this
meant that a partition between resolved and sub-grid scales was implicit in
all studies of canopy turbulence. (2) Lagrangian treatments of scalar diffu-
sion in canopies have revealed the nexus between the large scale of the energy
containing eddies and anomalies in flux-gradient relationships like counter-
gradient diffusion (as well as providing a physically correct alternative to 1st
order closure or 'K-theory' ) (3) Recent large eddy simulations have com-
puted realistic pressure fields in canopies for the first time and raised new
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questions about the contribution of pressure diffusion in the budgets as well
as posing new problems for sub-grid scale modeling.

Significant challenges remain in understanding turbulent exchange in
canopies and these will not be resolved without a combination of experi-
ment, numerical modeling and analytical approaches. High on the list is the
'shelter effect' (why do canopy elements have such low effective drag coeffi-
cients) and the dynamics of horizontally inhomogeneous canopy flows such
as are found on wooded hillsides or behind windbreaks.
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Reality and Models in the Atmosphere and Climate

Robert Sadourny
Laboratoire de Meteorologie Dynamique du CNRS

Ecole Normale Superieure, Paris
sadourny@lmd.end.fr

Compared to classical fluid dynamics models, atmospheric models or climate
models are trying to grasp a reality that is much more complex and heteroge-
neous. The physical system we have to model mixes the basic fluid mechanics
of rotating stratified flows with intricate physical processes generally involv-
ing very small scales. A model is therefore constructed as a kind of puzzle,
where discrete approximations of the large scale physics and dynamics inter-
act with a large number of sub-grid scale processes, most of them (such as
moist convection, orographic effects, land surface processes, cloud fractality
or cloud microphysics) involving small to very small scales, several orders of
magnitude less than the basic mesh size.

Even for the large scale flow, we tend to use approximate forms of the equa-
tions such as the thin fluid approximation which neglects some terms in the
Coriolis acceleration and curvilinear corrections, that would not be so penal-
izing to include and whose omission is known to produce systematic biases.
The quasi-hydrostatic approximation is also universally used for reasons of
computational economy.

The problem of how far our modeling is from reality, however, becomes most
serious when looking at the subgrid scale processes. The problem of param-
eterizing lateral diffusion is still largely unsolved, although some methods,
such as the anticipated potential vorticity method, have been demonstrated
more efficient than the usual blindfold filtering. The parameterization of
physical processes such as convection, land surface processes or cloud mi-
crophysics and radiative properties, is especially difficult. In all cases we
are unable to apply the true physical equations at the proper scale, and we
have to satisfy ourselves with large scale analogs that are by essence more
qualitative than quantitative. Hence, for example, the uncertainties in the
prediction of climate change, which depend on quantitative aspects of phys-
ical feedbacks involving very small scales.

Nevertheless atmospheric models and climate models are becoming increas-
ingly realistic. The recent history of weather forecasting clearly illustrates
this slow but sustained trend. Climate models are getting closer to observa-
tions. The ongoing shift in climate modeling, from atmospheric models to
ocean-atmosphere models is a major step towards taking into account more
realistic processes.

Still, major problems remain. The "reality" to which climate modelers com-
pare their simulations is composed of long sequences of operational analyses
which are constructed as a mixture of sparse data and model forecasts. And
data of the most important value, such as wind data over the oceans and the
tropical belt, are still missing in our operational observation system, which
means that in those areas, our "reality" is still very much influenced by
models. Solving this problem will take years, until perhaps the first Doppler
lidars on operational meteorological satellites.

Relaxing the uncertainties about our modeling of climate change and the
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related feedbacks is certainly the most important task that climate modelers
have to face. The methodology is not at all obvious. It is clear that confidence
on our predictions must be gained without waiting for verifications against
the real occurrence of climate change. Confidence will probably come, but
very slowly and indirectly, by improving parameterizations and testing our
modeling of specific processes in a number of case studies.

1. Models versus Hypercomplex Reality

In most scientific fields, problems are defined within a highly schematized or
purified portion of reality: for example, fluid mechanics deal with closed ho-
mogeneous fluid experiments. This is a kind of restricted, abstracted reality.

Environmental problems on the contrary, deal with highly complex systems
characterized by heterogeneity of scales, media and processes: from planetary
scale motion to cloud microphysics, from moist air to vegetative canopies,
from vortex dynamics to radiation fluxes in fractal clouds. And the trend is
to go to more and more complexity by including more and more components
of the environmental system: ocean-atmosphere coupling, interactive vege-
tation, chemistry-dynamics interactions, etc., thus pushing even further the
limits of the system and getting closer the real world.

A direct consequence of that complexity is that we are far from a clear
conceptual understanding of the reality we are investigating in its full scope.
Or to put it differently, it is difficult to make the link between our conceptual
buildings of growing complexity, and reality itself - a position close to that
of Sextus Empiricus, a physician and leader of the Pyrrhonian skeptical line
of thought in the 2nd century BC, who sustained that it is impossible to
control the correspondence between knowledge and reality.

However Sextus Empiricus' conclusions were that we must keep an indifferent
attitude with respect to the practical value of events, a position opposite to
our modern goals which are to predict or to master the evolution of the
environmental system.
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The Water Vapor Feedback

Richard L. Lindzen
Department of Atmospheric Sciences, MIT

Cambridge, MA 02139 USA
rlindzen@mit.edu, (617) 253-6208 (fax)

Amidst all the concern with the basic philosophy of modeling, it is nonethe-
less important to examine how existing models function, and how this relates
in physical terms to natural observations and basic theory. At the very least,
this is important for determining whether one is even on the correct manifold.
The putative water vapor feedback is important in this connection insofar as
it is vital to all model predictions of significant global warming arising from
increased levels of C02 in the atmosphere. Without a positive water vapor
feedback, no model would predict more than about 1C equilibrium warming
for a doubling of C02. The importance of water vapor stems from its being
the most important of the greenhouse gases. It is also exceedingly variable.
In models, specific humidity increases with temperature everywhere result-
ing in a positive feedback. Historically, this feedback was introduced under
the assertion that the atmosphere attempts to maintain a constant relative
humidity.

This lecture will examine how the water vapor feedback is delineated within
a typical GCM (the COLA model), a by no means trivial task given the inter-
action of humidity with clouds. The points of agreement and disagreement
between models and recent observations will be described, and these points
will be assessed as to their relevance to the feedback. Infrared emission is
heavily concentrated in regions where the bulk of the troposphere is dry. Re-
cent data from microwave sounders suggests that these regions are, indeed,
very dry (RH 5%). This, in turn, suggests that an important component of
the water vapor feedback will be the area of these dry regions. It will be
shown that large feedbacks can result from very small changes in this area.
The physical processes determining this area will be discussed. Basically,
increased subsidence will increase this area, while enhanced cirrus outflow
from cumulus towers will limit it (at least in the tropics). The latter depends
on cloud microphysics in a sufficiently simple way that one has some hope
that it can be incorporated into current models. More specifically, detrain-
ment should be inversely proportional to precipitation efficiency, which in
turn tends to be a monotonic function of temperature.
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Physical Reality and Numerical Simulations
Strategy and Tactics of Engineering Turbulence Modeling

Peter Bradshaw
Thermosciences Division, M.E. Dept

Stanford University, Stanford, CA 94305-3030
bradshaw@vk.stanford.edu

In this presentation "turbulence" means the fully-three-dimensional broad-
spectrum motion of a simple fluid: quasi-two-dimensional synoptic-scale mo-
tions and low-dimensional MHD instabilities are not considered. The tur-
bulence models currently used by engineers are time-averaged (Reynolds-
averaged) models, in which turbulent mixing of mass, momentum and energy
are represented by apparent stresses and flux rates. Large-eddy simulation,
the nearest thing to a new paradigm, is not much used at present. The
sub-grid-scale models currently used to parameterize the smaller eddies are
not capable of handling the complete spectrum near a (smooth) solid surface
where all eddies are small, and so a fine-grid, scaling on the viscous length,
must be used. The result is a Reynolds-number restriction almost as severe
as for direct numerical simulation.

The development of Reynolds-averaged models customarily violates most of
the principles of scientific discovery! For example, it is commonly assumed,
without justification, that a model with a fixed set of empirical coefficients
will work accurately enough over the full range of turbulent flows, so that the
coefficients can be calibrated in a number of simple, but very different, flows
(e.g. slowly-decaying flow behind a grid, and its antithesis, rapidly-distorted
turbulence) and then used in calculations of engineering flows like boundary
layers and jets. It follows that the computer codes embodying these models
do not usually include the warnings about limits of safe use that accompany
almost any piece of engineering hardware. It also follows that good/bad
predictions in one kind of flow do not guarantee good/bad predictions in
slightly different flows (for example it is notorious that models optimized for
circular jets may give poor results in plane jets). The subject has suffered
almost equally from the theoretically-inclined, who base second-order anal-
ysis on first-order physics, and from the anti-intellectual, who compensate
for inadequate physics by adding more empirical coefficients. Many of the
traditional logical errors of science and philosophy can be seen in microcosm
in turbulence modeling.

The presentation will review the bases of the common types of turbulence
model, with particular reference to the inevitable lack of rigor of the assump-
tions and the consequent difficulty of conclusive falsification. Philosophers to
be mentioned with approval include Aristotle, Ockham, Bellarmino, Hume
and Hanlon.
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Challenges in Bridging Large Eddy Simulation and Physical Reality of Turbulent Flow

Charles Meneveau
Department of Mechanical Engineering

The Johns Hopkins University, Baltimore, MD 21218
meneveau@jhu.edu

Large-scale computer simulations of complex physical systems have begun
to create the appearance of remarkable realism. While this point has cer-
tainly not been lost on the entertainment industry, its impact on the physical
sciences and engineering must be grounded on the patient and stoic vigi-
lantism of constant, quantitative comparisons between simulations and ex-
perimental measurements and, when possible, analytical predictions. Such
caution is required due to a fundamental difficulty which seems inextrica-
bly linked to large-scale simulations (by large-scale simulation we mean the
time-advancement of dynamical systems with a very large number of degrees
of freedom). The difficulty arises from the effects of neglected degrees of
freedom. While their effects can often be ascertained a-priori when dealing
with analytically solvable problems, large-scale simulations are used precisely
where analytical tools fail and thus, where a-priori justification for the ne-
glect of degrees of freedom is a real challenge.

This challenge is particularly acute in the context of simulation of turbulent
flow. For Direct Numerical Simulation (DNS) of the underlying field equa-
tions (Navier-Stokes), the question is whether the empirically observed ex-
ponential decay of the energy spectrum allows a truncation of the dynamics
onto a finite-dimensional representation. An empirically based consensus,
as well as some mathematical proofs, have emerged that show this to be
possible indeed, and we shall thus not dwell on this aspect during the talk.
Fundamental problems associated with turbulence modeling in the context of
Reynolds averaging will be pointed out in the preceding talk by P. Bradshaw
and do not need to be repeated here.

During this talk, we shall concentrate on issues related to Large Eddy Sim-
ulation (LES) of turbulent flows, where the interplay between modeling and
numerical simulation poses distinct challenges. In LES, a stochastic variable
called the subgrid-scale stress tensor represents the effects of the neglected
degrees of freedom. It must be modeled in terms of other stochastic vari-
ables, such as fluctuating velocity gradients. We will briefly review the main
families of models and how the models are currently evaluated. The basic
question that arises in this context is: what features of the real and mod-
eled stresses should be the same so that a simulation will reproduce accurate
statistics of interest? As it turns out, without a first-principles statistical
theory for the resolved range of turbulent scales, it is impossible to give a
definitive answer to this fundamental question. This dire situation highlights
the importance of the exception: For the case of second-order statistics in
locally isotropic turbulence, a necessary and sufficient condition can be es-
tablished, based on the LES version of the Von Karman-Howarth equation.
Some implications and results that arise from comparing models and exper-
imental data in the context of this equation are discussed.

Finally, an important difference between LES and Reynolds averaged tur-
bulence modeling strategies is pointed out. In LES, the simulation includes
unsteady turbulent motion which can be used to learn about the local state
of turbulence. We briefly review how such information can be used in the

18



context of so-called dynamic and similarity models. Some new ideas for "dy-
namic self-consistency checks" are presented, as possible contribution to the
problem of strengthening the bridge between physical reality and numerical
simulation.
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