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The National Center for Atmospheric Research (NCAR) is dedicated
to the advancement of the atmospheric sciences for the benefit of
mankind. It is operated by the University Corporation for Atmospheric
Research (UCAR), a private, university-controlled, non-profit organiza-
tion, and is sponsored and principally funded by the National Science
Foundation.

NCAR shares with other atmospheric research groups four inter-
related, long-range objectives that provide justification for major
expenditures of public and private funds:

o To ascertain the feasibility of controlling weather and climate,
to develop the techniques for control, and to bring about the
beneficial application of this knowledge;

o To bring about improved description and prediction of astro-
physical influences on the atmosphere and the space environment
of our planet;

o To bring about improved description and prediction of atmospheric
processes and the forecasting of weather and climate;

o To improve our understanding of the sources of air contamination
and to bring about the application of better practices of air
conservation.

The research and facilities operations of NCAR are conducted in
four organizational entities:

The Laboratory of Atmospheric Sciences

The High Altitude Observatory

The Facilities. Laboratory

The Advanced Study Program

All visiting scientist programs and joint-use facilities of NCAR
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University of California The Johns Hopkins University Saint Louis University
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Colorado State University Massachusetts Institute of Technology University of Texas
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FOREWORD

Some years ago, the original projections for the National Center

for Atmospheric Research (NCAR) included plans for several facilities

to simulate atmospheric processes. Among the planned facilities were

cloud chambers and a large low-speed wind tunnel. Many questions and

controversial opinions arose about the value of simulation, and as a

result elaborate facilities of this kind have not yet been constructed.

After the early planning for NCAR's activities it became evident to

the directors of NCAR that it would not be possible to make a quick

and simple decision on the national needs, if any, for simulation

equipment. The requirements for such service facilities as balloon

launch sites, instrumented airplanes, and a large computer were easier

to define and document. However, the problems associated with the

prospects of laboratory simulation are so diffuse that there is great

difficulty in determining how a general, multi-purpose facility or a

specific simulation laboratory should be effectively designed and built.

The responsibility for generating new national facilities custom-

arily has been assigned to groups of scientists, or has originated

with the ingenuity and persuasiveness of an individual. Either method

imposes certain inherent limitations when one faces the problems of

clearly defining the requirements for a general purpose simulation

facility. In the case of a panel or a committee, a judgment on new

efforts must be passed during meetings over a few days. Then there

is a danger that decisions will be based on somewhat superficial infor-

mation, or perhaps will tend to rubber stamp new ideas in too positive

a way. Reliance on the opinion of one person or a few investigators,

on the other hand, places too much emphasis on the judgment of even

well qualified individuals. The potential of a group for coping with

all facets of complicated questions involved in large facilities or
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programs is greater than that of an individual. However, the biggest

problem in committee studies centers upon the lack of time to make a

thorough survey of the problem in question.

We felt, at NCAR, that it should be possible for an individual,

given a long enough period of time, to make a definitive study of

relevant problems in a proposed program, especially if he is systemat-

ically and well advised by other workers who are familiar with various

aspects of the program. The directors of NCAR decided to try this

method to seek the answers to questions bearing on the overall univer-

sity community, or broader national needs for major programs in lab-

oratory simulation of atmospheric phenomena. In January 1965 I was

asked to organize this study. After conversations with the directors

of NCAR, we decided to set up a Colloquium on Atmospheric Simulation

under the auspices of the NCAR Advanced Study Program. A number of

scientists from various institutions were invited to NCAR to discuss

aspects of laboratory experiments on atmospheric phenomena. The

visitors gave several formal seminars on different subjects. Their

lectures were supplemented by informal discussions and other seminars

by members of the NCAR staff.

Over a year was devoted to surveying laboratory experimentation

on atmospheric processes with the aid of the results of the Simulation

Colloquium. Where possible, topics were chosen to be investigated

in depth by calling on at least two workers having differing opinions

on, or different approaches to, the same class of experiments. The

Colloquium was designed mainly to place emphasis on the following

points:

a) interesting results from laboratory work directly related

to atmospheric phenomena,

b) the possibilities for, and potential importance of, future

studies in the laboratory,

c) the needs for laboratory equipment or facilities which would

exceed those capabilities of any particular research group

or institution, and
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d) projections for the possible location, design, and staffing

of a project for laboratory simulation.

This report presents the results of the survey in the light of

these four main points.

It is a pleasure to acknowledge the aid of so many of my colleagues

in this venture. Without their contributions a comprehensive survey

of this kind would not have been possible. Special thanks go to Drs.

P. Squires and J. Telford for their critical remarks about the pre-

liminary draft of this report. The helpful discussions with the dir-

ectors of NCAR, especially P. D. Thompson and W. O. Roberts, are

gratefully acknowledged.

The visiting participants of the Colloquium on Atmospheric

Simulation included:

Prof. W. Bennett North Carolina State University

Prof. J. Cermak Colorado State University

Dr.H. F. Eden A. D. Little, Inc.

Prof. A. Faller University of Maryland

Dr. P. Frenzen Argonne National Laboratory

Prof. D. Fultz University of Chicago

Prof. R. Hide Massachusetts Institute of Technology

Prof. R. List University of Toronto

Prof. R. Long The Johns Hopkins University

Prof. E. J. Plate Colorado State University

Prof. G. Strom New York University

Prof. R. W. Truitt North Carolina State University

Dr. J. S. Turner Woods Hole Oceanographic Institution

Dr. B. Vonnegut A. D. Little, Inc.

The NCAR participants of the Colloquium included:

Dr. R. Bushnell Dr. D. K. Lilly

Dr. R. D. Cadle Dr. Y. Nakagawa

Dr. J. W. Deardorff Mr. C. Palmer

Dr. W. Jones Mr. J. D. Sartor

Mr. G. Langer Dr. P. Squires
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I am indebted to Mrs. Mary Allen, and Mrs. Jane Stroh for their

efforts in searching the literature. The extensive work of Mrs. Stroh

on the many drafts of this report is also greatly appreciated.

G. M. Hidy, Chairman

Colloquium on Atmospheric Simulation

November 1966
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I. INTRODUCTION AND RECOMMENDATIONS

The laboratory simulation of the atmosphere and its phenomena

is an old and established method for extending the horizons of under-

standing of the science and technology of the earth and its environ-

ment. In a traditional sense, simulating devices perhaps are most

commonly known for their extensive use as tools to aid in designing

and testing vehicles or equipment that travel through the atmosphere.

However, considerable efforts also have been made to build in the lab-

oratory realistic and useful analogies to atmospheric processes. Such

experiments have led to a variety of new conceptual theories for ex-

plaining the atmosphere's behavior from microscale phenomena to pro-

cesses on a planetary scale. These studies are quite distinct from

the aeronautical problems solved by environmental testing.

Both classes of simulation experiments will always play a key

part in technological developments. The services provided by environ-

mental testing provide essential information for improving our ability

to measure and to control the effects of the atmosphere on equipment.

The use of controlled and reproducible laboratory experiments gives

the atmospheric scientist great hopes for better understanding the

peculiarities of natural phenomena. Indeed, the primary feature that

laboratory studies have of reducing complicated processes to their

barest essentials gives new challenges to both the novice and the

experienced simulator.

The general principles of construction and use of equipment for

environmental simulation are well known, and are well documented.

However, the many ideas for conceiving basic experiments bearing on

atmospheric phenomena are somewhat more subtle, and are not so well

understood. Consequently the bulk of the discussions in this Collo-

quium concentrate on the development of laboratory experimentation

as a direct basic, scientific tool, rather than as a procedure for
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environmental simulation. Despite this emphasis, one of the major

new projects to be recommended in this study falls into the latter

category, and involves the construction of a new device for evaluating

instrumentation for meteorological research vehicles.

From the sampling of various aspects of simulation surveyed, it

is evident that the use of laboratory experimentation is continuing

to expand its role in the study of the atmosphere. Regardless of the

success or failure of particular experiments in clarifying the mech-

anisms involved in natural processes, the net yield over many years

of laboratory study, integrated with new field observations and theoret-

ical analyses, will prove to be very valuable to meteorology and geo-

physics. One should expect, however, that laboratory investigations

will find their continuing success in contributing to advancing basic

knowledge rather than to specific applications in modeling particular

atmospheric processes.

The results of this Colloquium have suggested several avenues

for new work in atmospheric simulation. In addition, the study has

clarified much of the haziness surrounding certain questions about the

construction of new facilities. The findings of this investigation

indicate that:

A. There appears to be no pressing need at this time for a

multipurpose facility for simulation of atmospheric processes. Since

various techniques and devices for simulation are so closely tied to

the special and unique ideas of individual scientists, a generalized

facility concept will not be flexible enough to meet the optimum

requirements of any given series of experiments. Major efforts in

laboratory research related to atmospheric phenomena should proceed

from the beginning through interested scientific staff as a step-by-

step sequence of planned experiments leading to definite goals.

Because of their potential value to the atmospheric sciences, such

evolutionary programs should be encouraged and given strong support on

an equal basis to ventures using numerical analysis alone, or relying

on well conceived observational programs in the field.
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B. Certain specific projects for atmospheric simulation stand

out as particularly important possibilities for long-term ventures

which possibly cannot be undertaken by individuals or very small groups

with limited resources. In order of priority, according to my opinion,

these are:

1. A special cloud chamber for calibrating and testing

instrumentation to be used on meteorological research aircraft. To

aid in establishing uniform and accurate standards for instrumentation

of meteorological research aircraft, more reliable methods of labora-

tory testing such instruments are badly needed for conditions of both

dry air and cloudy air. Therefore, the development of such a device

should be undertaken as soon as possible at NCAR to support its own

planned research program using aircraft observations, as well as those

of other flight facilities.

2. A research program for laboratory cloud physics. This

project should be centered around definite experiments to explore:

(a) questions related to the influences of heterogeneities in gas

properties, of electrostatic perturbations, and of turbulent motion in

air-water vapor mixtures on the growth of collections of particles,

and (b) the contribution or role of the ice phase (and ice nuclei) to

the stability of clouds of growing water droplets. This particular

series of investigations should be initiated at NCAR with the close

co-operation for example, of ESSA's research groups. Such a study

should help to provide criteria for truly large-scale ventures in

laboratory cloud physics by step-by-step development through planned

experimentation in relatively small, inexpensive vessels.

3. A program to study the aerodynamics over mountainous

terrain. The theory of stratified flow over barriers is relatively

well understood. Therefore, this project seems ideal for testing the

feasibility of extensive uses of modeling combined with field obser-

vations and studies by computers as a tool to develop improved fore-

casting techniques for mesoscale processes. For convenience, this

program should be located near the eastern side of a mountain range.
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Because of the advantages of the complex of institutions near Boulder

(ESSA, NCAR, Colorado State University (CSU), and the University of

Colorado) it seems natural that this study would be undertaken in this

geographical area, possibly under the direction of ESSA's atmospheric

physics group.

4. Flexible, high speed data processing equipment. These

units should be designed to satisfy the needs of laboratory research,

as well as observational efforts in the field. This project should

begin with a careful feasibility study initiated by NCAR's Facilities

division.

5. Expanded programs of basic research in geophysical fluid

dynamics, and plasma physics. Two dynamics problems of a long-term

nature perhaps should be undertaken by national laboratories such as

NCAR or ESSA. These are: (a) an extensive study of the development

of front-like discontinuities in density in rotating stratified

fluids, and (b) a comparative study based on numerical integrations

and laboratory experiments of the flow in the irregular wave regime

of a stratified fluid placed in a rotating annulus or pan. A variety

of experimental studies largely should evolve out of existing efforts

in universitites and national laboratories. They should be based on

the needs of definite experimental programs initiated by interested

and qualified workers.

Because of the complexities and expense of equipment needed for

plasma research, efforts perhaps should be made to support the recent

NAS ideas for organizing a new national laboratory program for funda-

mental research in the dynamics of ionized gases.

6. A new wind tunnel program to investigate the dynamics

of turbulent shearing flow in stratified media. The results of a

number of investigations of turbulent flow in wind tunnels has demon-

strated the value of such experiments in better understanding small-

scale processes in the atmosphere (see also recommendation 3).

Continued research in this field will be fruitful and should be under-

taken in the future. To augment present facilities, which already
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are working nearly at full capacity, new meteorological wind tunnels

will eventually be needed. The decisions for the requirements of the

design of new equipment should be based on specific experimental pro-

grams such as the ones indicated in recommendation 3, and therefore

should await the results of a new feasibility study of wind tunnel

research just begun by workers at the Argonne National Laboratory.

II. BASIC CONSIDERATIONS IN SIMULATING ATMOSPHERIC PROCESSES

In studying the mysterious workings of the atmosphere, scientists

have often used laboratory devices to test and calibrate their observa-

tional instruments. They also have dreamed of solving some problems

through basic experiments on a laboratory scale. The use of test

chambers for evaluating the performance of devices involves the appli-

cation of well known principles, and represents a rather conventional

approach to the general idea of simulation. However, the laboratory

investigation of fundamental processes related to the behavior of the

atmosphere implies much more subtle and less well understood consider-

ations of atmospheric simulation. Although it is easy to distinguish

between the two general modes of simulation, it sometimes is necessary

to mold the two methods together to treat new programs in a compre-

hensive way. This study deals in the main with simulation in the

sense of basic laboratory investigations. However, the requirements

of certain aspects of environmental testing also will come from these

discussions.

Because of the complexities in theoretical models of atmospheric

processes, and the difficulties in interpreting unregulated natural

phenomena, many investigators have been attracted to laboratory simu-

lation under controlled conditions as a possible source of supplemen-

tary conceptual ideas. Reports of liquid-phase analogies to tornado-

An old but comprehensive account of methods of designing wind tunnels
is described by Durand (1935). A summary of existing environmental
chambers is provided in the supplemental bibliography in Appendix C.
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like vortices have appeared as early as 1780 (Wilcke, 1780). Perhaps

better known are F. Vettin's mid-nineteenth century experiments which

attempted to duplicate the atmosphere's thermally driven circulation

(Fultz, 1951). After Vettin's work, enthusiasm for laboratory analo-

gies waned somewhat. However, by the early twentieth century, the

far-reaching success of devices for simulation of hydraulic and

aerodynamic processes gave atmospheric scientists renewed interest in

laboratory study of geophysical questions. Indeed, in the last twenty

years the application of small-scale experimentation has yielded a

wealth of new ideas about possible mechanisms involved in atmospheric

phenomena.

The simulation of atmospheric processes using small models has

proved to be an exceedingly rewarding but sometimes frustrating means

of studying behavior related to planetary atmospheres. Although it

is quite feasible either to reproduce or to model, in the strictest

sense, phenomena on a microscale (for example, Bridgman, 1931), it is

very difficult to build quantitative experiments directly related to

medium-scale and large-scale phenomena in the atmosphere. Simulation,

or more precisely modeling, on these scales naturally must involve the

application of the principles of dynamic similarity. Even though par-

tial similarity may be demonstrated between the laboratory experiment

and an atmospheric process, the fact that the two systems behave in

similar ways may be fortuitous. In many cases one finds, for example,

that fluid motion in a laboratory model depends strongly on microscale

influences involving viscous effects and surface tension, while

"similar" atmospheric motion is dominated by entirely different con-

trolling influences acting over a wide range in scale.

Despite the inherent pitfalls of laboratory simulation of inter-

acting phenomena which occur over many orders of magnitude in distance

and time, the advantages of controlled experimentation still lead

geophysicists back to the laboratory. It might be said that the enthu-

siastic ideas generated by an atmospheric analogy provide sufficient

justification for such activity to override the drawbacks.
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The recent successes in certain kinds of atmospheric simulation

have led some to believe that much larger, systematic, and longer

term efforts in this area should be considered. In this Colloquium we

have attempted to survey some of the experience with a wide variety of

basic experiments that have bearing on atmospheric processes. We have

tried to determine some of the drawbacks in this type of work, and

we have looked for some particularly fruitful areas for further efforts.

Some suggestions are made for a new series of major laboratory studies

using sophisticated equipment and extending over long periods of time.

These programs may be useful for a research organization with national

responsibilities like NCAR's to consider in its planning for the future.

CLASSIFYING TECHNIQUES FOR SIMULATION

Investigations that can be applied in a very general way to

simulating atmospheric phenomena may be separated arbitrarily into

laboratory experiments and numerical experiments on large computers.

Numerical studies of the behavior of the mathematical equations gov-

erning atmospheric motion have proved to be effective as simulation

techniques. However, such studies will not be considered in this sur-

vey unless they pertain to laboratory experimentation.

In the wide variety of laboratory work that has application to

the atmospheric processes, one may conceivably distinguish between

indirect and direct classes of investigation. Almost any fundamental

study in physics or chemistry eventually may find indirect application

to the atmosphere. However, in the act of "simulation" one usually

defines an "indirect" experiment as one that at least involves an

attempt to seek fundamental information applicable to a particular geo-

physical process, without actually trying to reproduce the process.

Often in such cases, extrapolation of the laboratory data to condi-

tions in the atmosphere requires careful use of well known basic

Lectures and discussions of participants are given in Appendix A, ar-
ranged alphabetically and sequentially numbered. Text references to
these contributions, therefore, appear, for example, as A-6, A-12, etc.
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theoretical ideas. Extrapolation is involved, for example, in obtain-

ing thermodynamic data for components of air, and in estimating rates

of certain chemical reactions of trace gases in the atmosphere.

Direct simulation, on the other hand, normally implies an effort

on the part of the investigator either to reproduce exactly atmos-

pheric conditions, or to "model" atmospheric processes. Reproduction

necessarily involves only microscale phenomena while modeling has

far wider applicability in its use for constructing "scaled" analogies

by application of the principles of dynamic similarity.

The concepts of similarity have deep roots in theoretical physics.

Similarity in behavior of systems stems from certain principles of

invariance in laws of nature, leading, for example, to notions like

dimensional homogeneity. A recent article of Houtappel, et al. (1965)

reviews the newer abstract ideas on invariance principles in theoreti-

cal physics. The indirect application of these underlying notions,

and of group theory to dynamic systems has resulted in the general

theory of dynamic similarity (for example, Birkhoff, 1950). Corrsin

(1953) has discussed the role of similarity and modeling in geo-

physical fluid dynamics.

In general, the construction of models of dynamic phenomena

requires similarity in geometry, and equality in certain dimensionless

numbers characterizing the system. For modeling atmospheric motion,

one seeks laboratory analogies in which as many as possible of the

following sample groups are the same.

A more complete outline of dimensional analysis of dynamic equations

applied to the atmosphere is given, for example, by Fultz (1961), by

Cermak, et al. (1966), by Long (A-12), and by Hide (A-9).
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Dimensionless Parameter Characteristic Ratio

1. Aerodynamics:

Reynolds Number UL// (Inertial Force)/(Viscous Force)
2

Froude Number U /gL(A/p) (Inertial Force)/(Gravity)

Richardson Number g(Ap/p)/L(U/az)2 (Hydrostatic Stability)/(Shear)2

Rossby Number U/AL (Inertial Force relative to
Coordinate Rotation)/(Coriolis
Force)

Strouhal Number U/fL (Convective Acceleration)/
(Local Acceleration Relative to
a Fixed Observer)

Rayleigh Number gL3 (A^e/)/0) (Buoyancy Force)/(Dissipative
"Force")

2. Transport Processes:

Prandtl Number /o~ (Momentum Transfer Rate)/(Heat
Transfer Rate)

Schmidt Number W/D (Momentum Transfer Rate)/(Mass
Diffusion Rate)

In atmospheric motion the Reynolds number is always very large,

and consequently the flow is turbulent. The Froude number is impor-

tant in dealing with gravity waves in the atmosphere, and in studying

the relative stability of stratified media. The Rossby number serves

as a criterion for the importance of the effects of the earth's rota-

tion on large-scale flow of air. In unsteady flow, the Strouhal number

gives an indication of the importance of the two components of local

acceleration of a fluid element.

When considering the dispersion of heat or matter in the atmos-

phere, one uses the diffusional parameters such as the Prandtl number

or the Schmidt number. In situations where one attempts to model the

In the groups, U is the characteristic velocity of the fluid, L the
characteristic length, )) the kinematic viscosity, g the gravitational
acceleration, p the mass density, Ae the vertical change in density
between layers of air, f. the earth's rotation rate, d the thermal dif-
fusivity, D the mass diffusivity, z the vertical coordinate, and f
a characteristic frequency.
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behavior of hydrometeors, other parameters have to be considered

(List, A-ll).

Atmospheric phenomena occur over extremely wide ranges of scale

of distance and time. Therefore, except in certain limited cases,

complete dynamic models of atmospheric processes cannot be devised.

One then looks for examples where partial similarity exists in certain

key parameters believed to control the behavior of the system. The

trick to building "successful" laboratory analogies is to delineate

the key parameters. Some of the "models" are found by accident, and

others develop rationally, for example, from the theory of fluid dynamics.

Whether or not laboratory experiments reproduce or exactly model

atmospheric conditions, controlled basic studies that are conceptually

related to geophysical processes have consistently proved their value

through the years as a valued research tool for earth scientists.

For the purposes of this study it seems convenient to examine many

different laboratory experiments within a framework of ranges in scale

of geophysical length. Already we have subdivided work rather natur-

ally into microscale and larger-scale phenomena. Let us then further

divide this survey arbitrarily into the following groups:

Group Scale (km) Key Phenomenology

A. Molecular, or near- 106 Molecular phenomena, aero-

molecular scale colloidal particle-gas
interaction involved.

-6 -1
B. Microscale 10 - 10 Turbulence, rotating sys-

tem unimportant, role of
stratification.

-1
C. Mesoscale 10 - 100 Rotating system becomes im-

portant; thermal convection,
turbulent shearing, flow,
compressibility, existence
of concentrated vortices,
and discontinuities between
masses of air involved.

D. Continental or >100 Effects of rotating system

planetary scale and thermally driven quasi-
horizontal circulation dom-
inant in dynamics.
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Within this framework a wide variety of laboratory experiments

can be classified and discussed as a part of the overall picture of

atmospheric phenomena. The lectures and discussions, summarized in

Appendix A, cover a multitude of studies in these four groups. To

illustrate how laboratory experiments have progressed, a liberal sample

of various methods has been taken, and they are described briefly below.

III. ATMOSPHERIC SIMULATION: PROGRESS AND PROSPECTS

MOLECULAR AND NEAR-MOLECULAR SCALE PHENOMENA

Atmospheric Chemistry

The chemistry of traces of reactive gases in the atmosphere is

important to several problems, ranging from air pollution to the heat

balance of the atmosphere. Not only is there concern for the behavior

of the reactive materials in the atmosphere, but also there is regard

for the consequences of systematic increases in relatively non-reactive

components like carbon dioxide. Because all the numerous traces have

very low concentrations in the atmosphere, it is exceedingly difficult

to study their properties and their behavior under natural conditions.

Much of the laboratory work of chemists has been concerned with devel-

oping analytical devices for measuring minute quantities of organic

and inorganic materials in air. Having determined what some of these

reactive gases are, it has been possible to begin systematic laboratory

investigations to determine if specific chemical reactions involving

known components of the atmosphere control the formation and decom-

position of important gases like ozone and sulfur dioxide.

Nearly all of the studies of chemical reactions related to atmos-

pheric processes necessarily fall into the category of indirect

simulation. Cadle (A-2) has cited a number of examples of this kind

of research, particularly with reference to determining rate constants

of reactions of different species. The papers given in the 1961

International Symposium on Chemical Reactions in the Atmosphere

(Stanford Research Institute, 1961) provide other illustrations of

this type of laboratory work.
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Although considerable information has evolved from various labora-

tory studies of chemical reactions, difficulties sometimes arise in

interpreting data as they apply to the atmosphere. By nature, re-

actions of atmospheric gases are primarily homogeneous in the gas

phase. In mechanism they are largely photochemical, and many of the

reactions involve species having excited non-equilibrium states.

Besides taking into account non-Maxwellian behavior of molecules

(a formidable theoretical task) the experimenter must be careful of

spurious effects of surfaces in laboratory equipment.

Most of the experiments related to atmospheric chemistry are

best carried out in small devices or vessels made of glass. Many

schemes have been worked out to try to avoid surface catalysis spoil-

ing reactions in small systems. However, these are not always success-

ful in fulfilling their purpose. One way to see if surface catalysis

is involved consists of decreasing markedly the surface to volume

ratio of the reactor. To conveniently do this, it might be desirable
3

to have a large chamber, say 1000 m , which has temperature and pres-

sure control, and possibly radiation sources.

Another facet of atmospheric chemistry involves the study of the

role of aerosols in chemical reactions. Although the surface catalytic

effect of small particles suspended in the air is believed to be small,

chemical reactions directly with aerosols may be important, say in the

formation of gaseous chlorides from sea salt. Studies of aerosol

chemistry also can be undertaken in small containers. However, a large

chamber would be useful for these investigations, especially if one

wants to keep particles in the reacting gas for relatively long periods

of time.

There are a number of other aspects of aerosol behavior which are

of interest to atmospheric sicence. For example, some efforts have

been made to study the rate of agglomeration of aerosols in the labora-

tory and their relation to the structure of the size distribution of

atmospheric aerosols. The role of trace gases has also been examined

in the light, of the mechanism of production of aerosol clouds by con-

densation.
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With better ideas of the part played by tiny particles in radiative

energy transfer, more interest has been generated recently in labora-

tory study of the scattering of incident electromagnetic radiation by

dilute aerosol clouds. To undertake such experiments, the Russians

apparently have constructed a chamber for aerosol scattering studies

over 50 m long at the Institute for Applied Geophysics at Obninsk, USSR.

Cloud Physics and Chemistry

Since the pioneering work of groups headed by Findeisen and Lang-

muir during World War II and before, laboratory analogies to various

aspects of cloud particle behavior have played an important role in

cloud physics. Recent texts on this subject by Mason (1957) and

Fletcher (1962) provide comprehensive case studies of indirect and

direct attempts to investigate in the laboratory the microphysical

processes of cloud formation and development. These books amply demon-

strate how laboratory work has provided successfully numerous clues to

possible mechanisms of droplet and ice crystal generation and growth

in natural clouds.

Despite the years of work on problems of cloud physics, a large

number of questions about the behavior of droplets and ice particles

remain unanswered. Left unsaid in most books are the dreams of simu-

lation turned to nightmares when the realization dawns that the undepend-

able behavior of cloud particles even in "controlled" laboratory experi-

ments can lead to contradictory, non-reproducible results, depending

on the kinds of devices and instrumentation used. Recently there has

been a tendency to return to basic experiments to improve existing

analytical devices as well as to gain a better picture of the general

behavior of small particles suspended in a gas.

In discussing the physics and chemistry of clouds, workers

generally attempt to reproduce in one way or another the environmental

conditions applicable to the atmosphere. The principles of similarity

have not been used to a great extent in studying hydrometeors, or

aerosols, except for single-particle behavior or two-body interactions
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(e.g., List, A-ll, and Sartor, A-15). 
The applications of these prin-

ciples to clouds of particles is not 
at all straightforward. In fact,

virtually no theoretical investigations 
have been reported which dis-

cuss dynamic similarity for dispersed 
systems. To aid in establishing

the necessary criteria for new studies 
in cloud chambers, such

theoretical analyses will be crucially 
important, and they should be

started in connection with new laboratory 
experiments.

In simulating in the laboratory the 
chains of events leading to

precipitation, the formation and growth 
of particles to about 10

to 20 e diameter often have been separated 
from the growth to larger

sizes. Based on the present knowledge of 
particle growth, this divi-

sion seems to be a natural one. Condensation from supersaturated

vapor tends to play a dominant role 
in growth of particles below about

10/in diameter, while collision of particles 
of different size

resulting in coalescence appears to 
control growth of particles larger

than about 10/ .

Since the early work of Aitken and Wilson, 
many attempts have

been made to simulate the initial and 
late stages of particle develop-

ment in natural clouds, in cloud chambers 
or other devices of various

sizes. Some examples of this class of work 
are described by Langer

(A-10), and recently by Podzimek (1964).

The whole question of the observed 
polydispersity of cloud drop-

let spectra, compared with predicted 
monodisperse distributions based

on condensation theory, is an open 
one. Coagulation alone cannot be

responsible for the polydispersity 
because this mechanism does not act

rapidly enough for natural clouds of 
water droplets. There has been

some speculation that the droplet size 
distribution is broadened by

the effect of temperature and concentration 
gradients in supersaturated

vapor, or by turbulence in the suspending 
gas. New experiments in

cloud chambers or columns may verify 
this hypothesis.

Droplet concentrations in clouds vary 
over 2 to 3 orders of mag-

nitude, while updrafts change by factors 
of 2 to 3. Since the number

of droplets depends roughly on the fourth 
root of the updraft speed,
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these ranges indicate that natural aerosols must play a key role in the
nucleation process (Squires, A-16). The size spectrum and the solubil-
ity of natural aerosols are natural parameters to associate with
observed differences in nucleation rate. However, the exact details of
the link between the formation of cloud particles and the physicochemical

properties of the natural aerosols are not well understood. Squires

(A-16) has described the importance of laboratory work in connection

with careful field observations in resolving many of the features of

aerosol behavior and the process of nucleation of water vapor in

nature.

After cloud particles start to grow by condensation, they inter-

act with the suspending gas by transferring heat, mass and momentum,

and they interact with each other by collisions. List (A-ll) has

begun extensive efforts to study the aerodynamics of hydrometeors in

a wind tunnel at Davos, Switzerland. Comparison of his laboratory

results with the structures of natural hydrometeors has led to better

understanding of the formation of hailstones in clouds. List has

continued his work in this area, and has begun new experiments to

examine the relation between properties of hydrometeors and mechanisms

of interaction between the suspending gas and other particles. Other

workers also have taken this route towards attempting to understand

the behavior of relatively large water particles. For example,

Neiburger and his colleagues at UCLA have designed a new cloud column

for hydrometeor investigations.

Attempts have been made to construct hydrodynamic analogies of

particle collision processes. These experiments have provided help-

ful information about the applicability of aerodynamic theories of

collisions-such as Hocking's to cloud droplet collision and capture.

Some examples of these attempts to verify theoretical calculations

have been described by Sartor (A-15), and recently by Horguani (1965).

Unfortunately, some confusion still exists due to inconsistent results

among different investigations of gravitationally induced collisions.

Though potentially useful, analogies of droplet dynamics using bubbles

passing up through a liquid apparently have not been examined. Perhaps
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such experiments might help to elucidate the collision process between

accelerating particles.

The role of electrification in clouds and its relation to droplet

or particle behavior remains poorly understood despite many attempts

at field observation and certain efforts to simulate the dynamics of

charged particles (Vonnegut, A-20). Since it is difficult at this

point even to guess what one should be simulating in electrodynamic

systems containing gas and particles, progress in this area must come

from especially close co-ordination between field observations and con-

trolled laboratory experiments.

Progress in the study of cloud physics suggests strongly that new

information about precipitation and particle growth should come not

only from considering one or two particles at a time, but also from

observations of the complete population of particles examined in a

statistical sense, in much the same way as has been done in the kinetic

theory of gases, or in the theory of turbulence. The collection of

cloud particles has to be considered an active participant in the

dynamics of the gaseous surroundings on scales of a meter or so, and

the "micro" statistics have to be tied more clearly to the buoyant

convection of the cloudy air on scales larger than 10 m.

Some years ago, initial efforts were recorded in which the dynamics

of large numbers of particles and their interaction with the suspending

gas were observed in relatively large devices. Notable among these

investigations were those of Gunn and colleagues in the 1950s (Langer,

A-10; see also: Gunn, 1952; Gunn and Phillips, 1959), who studied

certain aspects of cloud droplet formation in a mineshaft, about

2 by 2 m cross section by 210 m deep, and in a 20 m diameter Horton

sphere. These experiments were designed to produce clouds within the

chambers by expansion of moist gas. Although these devices yielded

some interesting results, they do not seem to have been fully exploit-

ed as research tools. The reasons may have been inadequate funding,

lack of sufficient theory for the statistical mechanics of swarms of

particles, or limitations in operating capability of the units.
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Phillips, for example, has mentioned that Gunn's spherical gas holder

was seriously limited in its capabilities because no provisions were

made for supercooling the artificial cloud, and, in addition, relative-

ly large spurious convective currents developed during cloud forma-

tion. Langer (A-10) has described certain other limitations of these

large chambers.

Large diffusion chambers seem to have been used infrequently as

cloud chambers. Squires (A-16) has described some work of his group in

desighing diffusion chambers for continuous flow nuclei counters. Some

intriguing qualitative demonstrations of cloud formation in a diffusion

chamber 1 by 1 m by 0.3 m high have been described by Luger at Seattle

University. This equipment was built largely after the prototype called

the Geneva Cloud Chamber (Powell and Oswald, 1956). Luger's device

provided scientifically provocative entertainment for many observers

at the 1963 World's Fair in Seattle.

Recently, the theory of the statistical behavior of clouds of

particles has advanced somewhat. Typical examples of newer work

dealing with time behavior of particle size distributions are the

theories of "self-preserving" behavior of Friedlander (e.g., Friedlander

and Pasceri, 1965) and Wang (1966), the related numerical studies, for

example, of Hidy (1965) and Berry and Mordy (e.g., Berry, 1965), and

the analytical work of Golovin (1963) and Scott (1965). Stochastic

models for the dynamics of a condensing-coagulating cloud of particles

have been presented recently by Levin and Sedunov (1966a, 1966b). And

Lilly and his colleagues at NCAR have begun preliminary work on a com-

prehensive numerical experiment to study the dynamics of a convective

cloud. Ideally, this new model will provide the first detailed connec-

tion between the microphysical processes and larger-scale convection in

the cloud. The consequences of this new theoretical work have provided

some background for beginning several laboratory experiments dealing

with large collections of particles.

In addition to progress in statistics of clouds, several workers

have advanced ideas for fruitful laboratory study of clouds, which are
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well ahead of quantitative theoretical predictions (List, A-11;

Sartor, A-15; Vonnegut, A-20).

The enormous potential for uncovering new information by controlled

experiments on swarms of particles, combined with the natural outgrowth

of theoretical work, has led the Russian geophysicists to build a giant

new laboratory for cloud physics at Obninsk. This facility includes a
3

very large expansion chamber of over 3000 m volume, two smaller ex-

pansion chambers, a cloud column, and a wind tunnel. These devices

are all relatively well instrumented, and are controlled to some degree

for temperature, pressure, and humidity (Volkovitskii, 1965). The

Soviet laboratory for cloud physics is unique. It represents a pioneer-

ing commitment to long-term, systematic laboratory studies of aerosol

behavior, a commitment on a scale unmatched in the West. Aside from

Steele's 1.3 m diameter by 1.5 m high nucleation chamber at CSU,

no cloud chambers of any large size are known to be in operation in the

United States at this time.

Plans and Speculations for New Cloud Chambers

Based on the requirements of several new theoretical ideas, some

preliminary suggestions for the design of modern laboratory devices for

cloud physics have come from List (A-ll). Surprisingly enough, List's

requirements for chambers and tunnels, their dimensions, and their

capacity (pressure, temperature, and humidity control) closely resemble

the Russian facility at Obninsk. List's conclusions were obtained

independently of information about the Soviet laboratory. Others, from

time-to-time, have indicated possible configurations for a cloud physics

complex. Some information has come from Kinzer's correspondence with

H. Wexler, and later from some ideas of F. Bates. Langer (A-10) also

has discussed the possibilities for new work in this area, based on

remarks of Gunn's colleagues, B. Phillips and P. Allee.

There has been some recent speculation about the construction of

a gigantic cloud chamber with a volume near to that of the Houston

baseball stadium. Such extremely large vessels do not appear useful

at this time because they present enormous problems of instrumentation
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and control. However, the possibility of undertaking exploratory

experiments with the cooperation of the Houston authorities should be

considered, since small clouds have been observed to form just under

the stadium dome.

Ideas for new cloud columns also have come forward recently. For

example, A. E. Carte has suggested that certain very deep shafts in

South African mines may provide very useful columns for studying droplet

growth. In contrast to Gunn's experiments using adiabatic expansion

in a mineshaft, Carte would utilize these columns as continuous flow

devices. The South African mines are about 1000 m deep and are 4 m

in cross section. Air is continuously pulled up the shaft from the

bottom by large fans. The air enters the bottom nearly saturated with

water vapor at about 90 F. During expansion with lifting, the air be-

comes saturated, and water droplets continuously form and grow in the

air stream of rising air coming up the mineshaft. Since Carte's idea

involves continuous flow, the problems of loss of droplets to the walls

found in Gunn's experiments may be avoided.

Recently Schleusener has proposed using for cloud studies air

rising in shafts of the Homestake Mine in South Dakota. Homestake

depths are similar to those in South Africa, but the shafts are stepped.

This might prove to be a problem in interpreting results of experi-

mental investigations.

By way of another example, Weickmann has suggested that a large

unit like a 3 by 3 m cross section by 20 m high cloud column would

have use in experimenting with hailstone softening. Weickmann has ob-

served on occasions a close relation between the appearance of graupel

and snowflakes in large cumulonimbus storms. If, by experimenting in

a cloud column, one could find a method to seed clouds to change

graupel to snowflakes, some ideas about the practical aspects of hail-

storm modification would be obtained.

In cloud physics, the constant interplay between theorists, labora-

tory wokers, and field observers should continue to provide the firm

foundations for future progress. The role of laboratory work for
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instrumentation development is now relatively well understood (Squires,

A-16), but the possible "primary" role of studying fundamental pro-

cesses involved in cloud dynamics on a scale larger than the tradi-

tional Wilson cloud chamber remains to be worked out. Perhaps such

large devices as those built by the Russians eventually will demonstrate

a new dimension in laboratory simulation of physical processes in

natural clouds. However, it seems likely that the path towards the

most successful design and utilization of such large devices has to

come from an evolution through specific experiments in much smaller

equipment.

MICROSCALE PROCESSES

On scales larger than molecular scale, experiments related to

atmospheric processes have largely concentrated on the various aspects

of natural aerodynamics. Up to lengths of about 100 m, aerodynamic

processes primarily center around the consequences of turbulent flow

in air. At the small end of this scale (1 cm or less) one deals with

the range of turbulence in which a large part of the energy dissipation

of air motion occurs. A particularly important area of study in this

category has dealt with the micrometeorology of the lowest 10 m of the

atmosphere near the earth's surface. In this zone, turbulence is main-

tained by the combined action of shearing flow and thermal convection.

Mechanics of Turbulent Boundary Layers

Using the principles of similarity, it has been possible, at

least in principle, to construct in the laboratory complete accurate

dynamic models of the behavior of atmospheric surface layers. In this

class of problems the earth's rotation does not play an important role

in the aerodynamics, and need not be considered in scaling the model

to prototype. Similarity then depends primarily on matching the

appropriate Reynolds number and, in stratified flow, the Froude number

For a discussion of a generalized dimensional analysis of atmospheric
surface layers, see Bernstein (1965).
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or its close relative, the Richardson number (Cermak, A-3; Plate, A-14;

Strom, A-17), as well as matching the geometrical boundary conditions,

and matching the Rayleigh number and the Prandtl number for unstable

conditions of density. It has been found that modeling atmospheric

turbulence in surface layers depends on proper scaling of the profile

of average horizontal velocity, the Reynolds number based on turbulent

intensity and length scale, and perhaps the rate of dissipation of

turbulent energy (Cermak, et al., 1966).

In constructing the similarity principles for turbulent surface

layers, the Monin-Obukhov theory and Priestley's arguments have proved

to be particularly useful. In the Monin-Obukhov development, for

example, the relation for the mean velocity profile has a general form

which contains the well known logarithmic form for neutrally stable

conditions, and accounts for the effect of stability by a length which

can be related to the Richardson number. Similarity in average flow

over a smooth surface is largely insured by equality in the Monin-

Obukhov profile between the model and the prototype. In flow over

varying topography, recent developments in modeling criteria suggest

that obstacles like hills or structures should have model heights less

than the boundary layer thickness. Furthermore, the ratio of the

height of the obstacle to the aerodynamic roughness length should be

the same in model and prototype.

In practice, experiments on turbulent surface layers in larger

wind tunnels have indicated that it is possible to realize sufficiently

large (turbulent) Reynolds numbers to model turbulence for quasi-steady

atmospheric flow over a boundary of uniform roughness, provided the

natural flow conditions upstream can be reconstructed. The development

of similarity in upstream flow seems to be one of the central problems

in modeling atmospheric surface layers. Another problem involves the

viscous effects near boundaries, and the influence of different kinds

of surface roughness (Cermak, et al., 1966; Strom A-17). The details

of accounting for these effects have not yet been worked out.
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Some difficulties have also arisen in attempting to model cases

of unsteady flow, and for conditions where the boundary roughness

changes sharply. Again, in these cases many practical aspects of

modeling still have to be worked out (Cermak, A-3; Plate, A-12;

Strom, A-17).

Aside from direct attempts to model atmospheric motion in surface

layers, the low-speed wind tunnel or similar devices provide a key tool

for fundamental experiments in turbulent media. Though there exists

an extensive background of aerodynamics of turbulent flow, there

remain questions that must be answered about general properties of

turbulence to understand this phenomenon in detail. Some have said,

in fact, that the nature of turbulence constitutes the last great un-

solved problem in physics. Since turbulence is always present in the

atmosphere, it seems essential to know as much as possible about this

subject to understand the atmospere. Long-term, systematic experimen-

tal studies in well equipped facilities, combined with new theoretical

work, will be essential for solving the problems of turbulent motion.

Fundamental studies of turbulent convection find their way into

atmospheric science in many different ways. In one example, certain

recent experiments of thermal convection in a chamber have been under-

taken by Deardorff and Willis (1966). To model this case, the Ray-

leigh number and the Prandtl number must be maintained as in microscale

atmospheric convection without mean horizontal motion. Their results

in combination with numerical integrations of the equations governing

the convective flow have shed light on several facets of the theories

of turbulent convection as applied to the atmosphere. In addition,

these experiments have given some helpful information leading to the

crucial problems of how to deal with the effects of motion on scales

smaller than grid sizes in numerical computations of air motion

(Deardorff, A-4).

Other basic studies of flow in boundary layers over bodies of

water in a small wind-water tunnel (e.g., Hidy and Plate, 1966) have

provided certain insights into the important questions of the small-
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scale interaction between the atmospheric surface layer and the oceans.

The fact that the aerodynamic roughness length measured over ocean

waves is of the same magnitude as the values obtained in the laboratory,

may give an essential ingredient for establishing possible relations

between the field observations and the laboratory experiments.

Another important aspect of turbulent flow in atmospheric surface

layers involves the diffusion of heat and contaminants such as traces

of gas or aerosol. The first principles of the theory of turbulent

diffusion are well known and have been reviewed recently, for example,
by Corrsin (1964). One of the major difficulties in connecting the

theory to observations in the atmosphere centers on relating the theo-

retical statistics in the Lagrangian frame of reference to statistical

observations taken in the Eulerian framework. Studies in wind tunnels

have given some insight into this problem. Several examples of direct

and indirect attempts to link theory and experiment have been discussed

by Corrsin (1964). Other studies using the Lagrangian similarity hypo-

thesis (Cermak, A-3) have displayed some success, particularly in es-

tablishing principles for modeling diffusion in the atmosphere.

A variety of practical aspects of dealing with the modeling of

diffusion of material in turbulent media are outlined by Cermak (A-3)

and, with particular reference to the behavior of stack plumes, by

Strom (A-17). Strom has described in some detail certain aspects of

modeling of dispersion of smokes from large stacks. Requirirng partial

similarity of the (unmodified) Froude number (U /gL) in model and

prototype seems to work well experimentally in this class of problems,

even in stratified fluids. This is particularly interesting in view

of the fact that one might expect the Froude number containing

the density ratio to be the key similarity parameter as in the case of

the modeling of lee waves (see p. 11; also Long, A-12).

Frenzen (A-7) has shown that one can construct hydrodynamic anal-

ogies to diffusion processes in the atmosphere. Using a quasi-

homogeneous turbulence generated by moving a grid through a tank of

water layered with different distributions of density, Frenzen was able
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to deduce from measurements of tracks of colloidal particles, Lagrangian

coefficients of correlation for this system. With this technique 
some

quantitative information was obtained about the relation between 
strat-

ification and the diffusion of matter in a field of turbulent motion.

Research on some aspects of the micrometeorology of atmospheric

surface layers as well as fundamental experiments on the structure 
of

turbulence can be undertaken with relatively low investment in 
time

and money in small wind or water tunnels, provided homogeneity in

fluid density is the only requirement. However, if the desired 
research

involves flows at very high Reynolds number, or if conditions of

stratification are of interest, larger wind tunnels or vessels may 
be

needed. The careful control of temperature, humidity, and other envi-

ronmental factors places rather strong requirements on the development

of adequate facilities. Therefore, even low speed wind tunnels for

modern meteorological research can involve rather complex and sophis-

ticated equipment.

The discussions of this Colloquium suggest that large wind tunnels

for meteorological research should be constructed with capabilities 
for

thermal and humidity control as well as dust removal capabilities.

There are several moderately large low-speed tunnels available, for

example, at the University of Michigan, New York University (NYU),

and The Johns Hopkins University and the University of Western 
Ontario.

In addition, the U. S. Forest Service has fairly large tunnels for

micrometeorological studies in operation at Macon, Georgia and Missoula,

Montana. Some of these units have capabilities for stratifying the

air flow. The NYU tunnel has floor and ceiling heating combined with

an elaborate grid system for heating the air entering the test section.

The recirculating CSU tunnel has both heating and cooling units 
along

the floor of its very long test section. However, it has no thermal

control at the inlet sections. As yet, no tunnels have been built

especially to control the viscous influences associated with the walls

and ceiling. Such a unit, possibly contained in the proposed tunnel

design at Argonne National Laboratory, would be particularly 
useful

for micrometeorological research.
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The question of tunnel length for meteorological modeling seems

to have raised divided opinions. Workers at CSU and Western Ontario

believe one has to depend on natural growth of a boundary layer for

development of equilibrium velocity and temperature profiles, and tur-

bulence properties. Such growth requires very long test sections.

However, others like Strom (A-17) feel that much shorter test sections

may be used if one "tailor-makes" the profiles and turbulence proper-

ties artificially at the inlet section. Halitsky at New York Univer-

sity is working with Strom on developing this possibility.

Plans have appeared for the construction of a large new meteoro-

logical tunnel, 3 m high by 6 m wide by 20 m long, at the Argonne

National Laboratory. This unit would be designed partly for use at

lower speeds than can be achieved in the CSU tunnel. The major stum-

bling block to this facility has been a well justified concern that,

to date, too few specific experiments have been outlined for the tunnel's

use. However, a feasibility study, currently being undertaken by the

Cornell Aeronautical Laboratories, may give a clearer picture of both

the needs for, and the capabilities of, such a new installation.

In addition to investigations dealing directly with micrometeor-

ology, wind tunnels and other environmental devices have occupied an

important seat in simulating the aerodynamic behavior of buildings and

structures, as well as aircraft and other vehicles. Large environmen-

tal chambers have been built to reproduce different kinds of climatic

conditions on vehicles and other mobile equipment. Evidence of the

continuing widespread practice of environmental simulation is well illus-

trated in the discussions of Cermak (A-3) and Strom (A-17), and in the

bibliography of large facilities listed in Appendix C. Some problems

in this kind of modeling also have been reviewed by Scorer (1963).

An interesting example of the approaches to new problems of engi-

neering test devices has been outlined by Truitt (A-17), particularly

for ionized gas effects in supersonic flows in an idealized atmosphere.

Wind tunnel models to microscale flow can provide useful and important

information for developing aerodynamically sound procedures for building
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construction and for maximizing wind action for dispersal of atmospheric

pollution. Needless to say, the famous disaster of the collapse of the

Tacoma Narrows Bridge built in the late 1930s might have been averted

by a preliminary wind tunnel study of the structure's aerodynamic sta-

bility. And the windy location of Candlestick park near San Francisco

might well have been abandoned, or at least the structure might have

been improved if a careful preliminary aerodynamic study of the sur-

rounding terrain had been undertaken before construction.

MESOSCALE PHENOMENA

When atmospheric motion is considered on scales greater than about

one order of magnitude larger than the laboratory, the theoretical

problems of developing dynamic models become much more difficult. In

general, it has been possible to find only partial similarity in this

range of scale between model and prototype.

As the geophysical scale in the horizontal taken in by the labora-

tory analogy increases, the effect of the earth's rotation becomes

more and more important. The influence of rotation has to be consid-

ered when the Rossby number becomes less than unity. It is feasible

in a given laboratory experiment on atmospheric processes to match

the Froude number and the Rossby number. However, the Reynolds number

characteristic of these medium-scale and larger-scale flows has much

larger values than ever can be realized in the laboratory.

As long as the horizontal scale of atmospheric behavior stays less

than a few kilometers, the effect of the rotation of the earth remains

small. Under these conditions, some aerodynamic analogies can be de-

vised at least for the average flow on a medium scale in non-rotating

devices.

Wind Tunnel Modeling

A few experimental analogies to air flow over large obstacles and

over topography covering several kilometers, but small enough for the

effect of rotation to be small, have been obtained in wind tunnels.

Encouraged by the successful use of partial similarity in hydraulic

models, workers have examined at least qualitatively the flow around
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large structures, or even over topography with ratios of length scales

of up to 1:10,000. One of the earliest analogies of this kind involved

Abe's (1941) study in a small wind tunnel of the formation of crescent

shaped clouds in the lee of Mt. Fuji. More recently Cermak's group

(Cermak, et al., 1966) has used wind tunnel analogies to successfully

examine stratified flow over two-dimensional obstacles in order to

study the gross features of flow around models of the projected World

Trade Center Building in New York City, and to picture the dispersion

of smoke around topographical models of San Nicolas Island, off the

coast of Southern California. Workers in the U. S. Forest Service have

also conducted experiments in wind tunnels on flow over timbered topog-

raphy to try to study, at least qualitatively, how forest fires propa-

gate under given aerodynamic conditions.

There are certain limitations to wind tunnel analogies of air

flow extending over distances of kilometers. Some early problems that

arose in this class of simulation have been described by Rouse (1951).

Cermak, et al. (1966) have described other difficulties in such efforts,

particularly in obtaining similarity in the details of the patterns of

flow.

The fact that certain features of air flow over terrain extending

for many kilometers cannot be duplicated exactly in the wind tunnel

evidently results from two factors: first, the Reynolds number based

on molecular viscosity generally cannot be made equal in these models;

and secondly, the shapes of the topographical features often may have

a primary effect on the flow. Workers have argued, however, that dy-

namic similarity can still be maintained by matching the Reynolds num-

ber based on the eddy viscosity rather than the molecular viscosity.

This criterion seems to work satisfactorily provided one only looks for

gross features of the flow patterns. If the structures or the terrain

have sufficiently sharp edges or crests, the gross patterns of average

air flow may be duplicated closely, even for conditions where the Rey-

nolds number of the prototype is 10 times greater than that of the model.

This effect results from the fact that the sharp edges of the model

cause separation in the lee of the model and the viscous effects near
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the surface become less important. It is known from aerodynamic studies

that, at very large Reynolds numbers, separated flows around bodies

display configurations that are largely independent of Reynolds number

(Corrsin, 1953).

Some of the more interesting analogies to medium-scale flows in-

clude the groups of hydrodynamic experiments designed to study lee waves

generated in stably stratified air behind mountain ranges. Some

experiments of Long (A-12) in the 1950s showed close quantitative

agreement between a hydrodynamic model of waves in the lee of the

Sierra Nevada Range and the geophysical prototype. This close analogy

was anticipated because of the correspondence in the Froude number,

the key similarity parameter in this case. Long has found that the

problem of development of mountain waves constitutes one of the few

known cases where "exact" dynamic models can be devised for atmospheric

behavior, based on certain simplifications of the equations governing

the air motion.*

It is believed that theoretical knowledge of stratified flow over

mountains is sufficiently advanced to provide the basis for a fairly

extensive, systematic modeling program in connection with continuing

theoretical studies and carefully coordinated field observations. Such

a program should have particular interest for meteorologists because

of the difficulties in predicting weather near mountain systems.

*,¢-
Penetrative Convection

Another class of hydrodynamic experiments related to medium-scale

motion, and involving thermal convection in unstably stratified fluids,

There is also a direct analogy between baroclinic flow and viscous

flow of a homogeneous fluid undergoing rotation (Long, A-12).

Analogies to processes in stratified fluids have not been confined

to wave phenomena or penetrative overturning. Turner (A-19), for

example, has examined some consequences of the behavior of mixing along

surfaces of a discontinuity in density. And recently, Magono at the

University of Hokkaido has revived some old techniques of using smoke

or dry ice clouds in air to follow qualitatively the development of

frontal discontinuities.
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has received some attention in the last twenty years. Some of the best

known work covers aspects of the rising and spreading of individual

buoyant elements. These studies were undertaken in the 1950s by

Scorer's group at Imperial College, and have been extended considerably

by Turner and others. The original-impetus of these experiments in-

volved questions of the rate of entrainment of dry air into the rising

buoyant elements, modeled either as plumes or as bubbles. Other

experiments have included analogies to the gross effects of condensation

and evaporation of clouds, by using combinations of fluids of different

density. A recent study begun by Hay (1965) is designed to measure in

detail certain properties of an overturning circulation in a liquid.

Although, to date, these investigations have largely been qualitative

in nature, a great deal of information from them has been applied to

conceptual pictures of development of cumulus clouds (e.g., Turner,

A-19). Of special interest have been the clarification of ideas about

the rate of entrainment into cumulus elements, the scale of the dis-

turbance in the atmosphere, and the balance of forces acting on the

element of fuoyant fluid.

Other experiments in unstably stratified media have centered atten-

tion on the behavior of cellular convection analogous to the classical

Benard problem. Perhaps the earliest attempt to duplicate in the

laboratory cellular structures observed in clouds was carried out by

Vettin (1882)" in an electrostatic chamber filled with smoke. Later

interpretations of cellular convections in liquids as related to

atmospheric behavior have appeared in Brunt's (1951) article. Since

then, several other articles have described more quantitative aspects

of the fundamental features of Benard convection.

Strictly speaking, cellular convection having exactly the same

mechanism as the Benard problem cannot exist in the atmosphere because

T.3 -. a - n c rI x7 ni v trI n r. 1% r 4 4 - I -t

Interestingly enough, Magono's students have begun to work with
thermally driven circulations marked by smoke, in a manner similar
to Vettin. Vettin's circulation, however, was driven by electro-
static forces acting on the smoke particles and not by thermal
effects.
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the Rayleigh number in the atmosphere is much too large. Nevertheless,

cellular patterns often do form, particularly in cumulus clouds observed

in tropical regions. Therefore, meteorologists have sought to interpret

these cells in the light of the knowledge of Benard-like overturning,

using a turbulent Rayleigh number. Some interesting work of Frenzen

(A-7) has combined experience with laboratory experiment on convective

circulation with geophysical considerations. This work has resulted

in interpreting observations of widespread regularities in clusters of

clouds as direct consequences of the cellular structure of thermal

circulation.

Vonnegut and Eden (A-20) have reported an interesting analogy to

the behavior of electrical sheathing layers above large thunderstorms.

Disturbances were observed in a sheathing layer over a dense cloud of

water droplets formed from dry ice in a box after a convective pene-

tration of the top of the cloud. This perturbation seems to have its

counterpart in field observations of electrical disturbances above the

anvils of large cumulonimbus clouds.

Weickmann also has suggested that it may be possible to investi-

gate the interaction between vortices associated with penetrative con-

vection in squall lines and medium-scale wind patterns in a shallow

tank containing water. Such experiments necessarily would produce

mainly qualitative results, but new modeling principles conceivably

could be developed in connection with the mountain wave problem.

Buoyant Convection and Concentrated Vortices

The behavior of concentrated vortices generated by buoyant convec-

tion has also been investigated recently. Qualitative simulation of

tornado-like vortices generated in spinning liquids has come from

studies of Turner and Lilly (Turner, A-19). The buoyancy along the

axis of rotation in these experiments was produced either by nucle-

ation of bubbles in soda water, or by bubbling air into water through

capillary tubes placed vertically at the axis of rotation. Hydrodynamic

investigations of vortex formation accompanied by heat transfer, simi-
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lar to processes in hurricanes, are being conducted by Hess' group at

Florida State University.

Similar experiments on a vortex produced in swirling air, either

under conditions of homogeneity in air, or by use of heating near the

bottom of the column of air, by C. C. Chang and colleagues has had

certain popular appeal (Time, 87, 52-53, 1966). The news reports of

Chang's unpublished work on these basic flows were somewhat sketchy,

but evidently he is seeking to measure distributions of mean and

turbulent velocity particularly near the boundaries confining the bot-

tom of the vortex. Frenzen has noted another example of a study of

mechanically driven vortices in air reported by Dessens (1963). As in

the work of Chang, Dessens attempted to measure distributions of velo-

city and pressure in Weyher's (air) tornado model.

Vonnegut (A-20) also has described some unorthodox but intriguing

ideas on the electrodynamic origins of tornado vortices. Some of

his simple experiments, for example, have shown that a vortex will

stabilize electrical discharges passing through the center of the vor-

tex. Since lightning discharge is often seen in tornadoes, it may

be possible that the current flow through the vortex can produce suffi-

cient heating to drive the tornado.

Many of the experiments in stratified media consist of studies

that can be extended or repeated with relatively simple, inexpensive

equipment. However, it seems that a long-term, systematic program

may be desirable to investigate certain aspects of convection in

stratified media, and its turbulent transport processes in stratified

surroundings. Turner (A-19) has pointed out that knowledge of flow

in stratified fluids is very important to better understanding of a

wide variety of geophysical phenomena. It might be particularly inter-

esting from the standpoint of applied meteorology eventually to examine

the interaction between penetrative elements and the wind field, for

example. Such a systematic program could well be integrated into

wind tunnel studies of shearing flows in stratified fluids.
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Boundary Layers in Rotating Fluids

Because of the action of the Coriolis force the earth's rotation

becomes critically involved in fluid motion when the Rossby number char-

acteristic of the horizontal flow becomes sufficiently small, say less

than one-tenth. Some consequences of the primary influences of a rota-

ting system are discussed below in connection with laboratory analogies

to patterns of large-scale motion. In the groups of studies dealing with

medium-scale phenomena, interest in the effects of rotation has centered

around the behavior of boundary layers in rotating fluids.

At about the turn of the dentury, V. W. Ekman showed how the

Coriolis force affects shearing flow of a homogeneous fluid near a

spinning surface. Later, other workers discussed the possible relation-

ships of flow in Ekman layers to geophysical problems.

Recently, in reviewing the possible significance of Ekman layers

for geophysical fluid dynamics, Hide (A-9) has noted the need for

distinguishing between "secondary" viscous layers in non-rotating sys-

tems and "primary" layers in rotating fluids. Primary layers like

Ekman layers exert a direct influence on the geostrophic flow far from

the boundary (except in some limited cases of source-sink flow), while

secondary layers do not. Since planetary boundary layers are like

Ekman layers, these regions of shearing flow may exert a strong influ-

ence on the general behavior of tropospheric motion.

During sequences of rotating-pan experiments related to the circu-

lation of deep water in the oceans, Stommel and colleagues (Faller, A-6)

accidently discovered certain significant instabilities in laminar

Ekman layers. After these initial results, Faller explored the stability

question of laminar Ekman layers in some detail. He has used the ana-

logy of the turbulent Reynolds number to relate some of the instabilities

found in laboratory experiments to possible mechanisms for development

of wind-driven, helical roll vortices observed in planetary boundary

layers, which are believed to exist also in the upper portion of

thermocline layers in the oceans (Faller, 1966). It appears that the
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rolls in the atmosphere are more closely related to thermal convection

than to shearing flow instability. Nevertheless, Faller's ideas may

well provide the explanation of the wind's role in the formation of the

helical vortices in surface layers in large bodies of water.

Like the non-rotating cases, hydrodynamic experiments in rotating

fluids can be undertaken easily with relatively small, inexpensive

equipment. Instrumentation becomes somewhat complicated, especially if

measurements of local properties of the moving fluid are of interest.

Perhaps a principal bottleneck in this general class of experiments lies

in the elaborate requirements for equipment and techniques to carry out

systematic, quantitative measurements on these rotating systems. A

large multi-channel data processing system would be welcome to workers

in this field.

CONTINENTAL AND PLANETARY SCALE PHENOMENA

The large-scale tropospheric motion is largely dominated, in the

mid-latitudes at least, by the influences of the earth's rotation and

by baroclinic instability. In the large-scale motions in the upper

atmosphere, hydromagnetic phenomena seem to be of central importance.

Laboratory experiments related to large-scale processes in these two

regions of the atmosphere necessarily involve distinctly different tech-

niques. Analogies to tropospheric motion merely involve further studies

of flow in rotating vessels while hydromagnetic processes are asso-

ciated with plasmas.

It has been possible in a limited way to produce effects in flowing,

stratified liquids contained in rotating vessels which are analogous to

the mechanisms governing tropospheric motion on a large scale. Of

course, one cannot construct exact dynamic models of large-scale motion

because the spherical geometry and the action of a central gravitational

field cannot be achieved in the laboratory using pure fluids. Never-

Rosensweig (1966) has suggested that colloidal suspensions of iron
particles could be held to the outside of a spinning sphere by a
strong magnet. Such a scheme might provide a direct geometrical ana-
logy to atmospheric motion on a planetary scale.
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theless, the initial successes of the classical dishpan experiments at

the University of Chicago in qualitatively duplicating certain features

of atmospheric flow have stimulated a great deal of interesting hydro-

dynamic research on rotating fluids since the late 1940s.

These experiments have proceeded along two different philosophical

paths. One mainstream revolving around Fultz' (A-8) work has examined

in considerable detail the multitude of phenomena in the dishpan experi-

ments in the light of their application and significance to atmospheric

behavior. The second avenue has been followed principally by Hide's

group (A-9). Their approach has been to study the hydrodynamics of

rapidly rotating fluids for its own sake. The application of their

results to the flow in planetary atmospheres has been secondary to

attempts to better understand the general properties of the dynamics of

rotating fluids.

Flow Patterns Like the Planetary Circulation

The experiments carried out by Fultz' group at the University of

Chicago and by others have revealed a wide variety of interesting phe-

nomena in rotating fluids. The results have been closely linked to

various atmospheric phenomena, from inertial oscillations and Rossby

waves in homogeneous fluids, to jet streams and baroclinic waves in

symmetrically heated, thermally driven circulations (for a comprehensive

review, see Fultz, 1961,and A-8; and Frenzen, A-7). Perhaps less well

known are some results of Faller (A-6), who carried out a few dishpan

experiments with unsymmetrical heating. The resultant patterns of flow

seem to be qualitatively similar to certain nearly permanent troughs

observed eastward of continents. Frenzen, however, has remarked that

flows similar to Faller's can be found from orographic effects. Long's

work on inertial oscillations induced by obstacles in a hemispheric

vessel is typical of such results (Frenzen, A-7).

Although the earth's rotation is probably critically involved in

the formation of fronts in the atmosphere, relatively little work has

been done in the laboratory on this class of problems. However, Faller



37

(A-6) and Fultz' group (A-8) have carried out some preliminary experi-

ments on frontal disturbances in a rotating vessel. The initial results

showed that it is indeed possible to observe fronts in stratified rotat-

ing liquids which appear qualitatively to be very similar to fronts

observed in the atmosphere. Although these experiments could help to

verify conclusions of numerical studies of frontal development, such

as those of Kasahara, et al. (1965), no quantitative laboratory work of

this kind has been reported.

Basic Experiments in Rotating Fluids

Much of the work exemplified by Hide's group has concentrated on

attempting to place on firm grounds a few more-or-less general "theorems"

about the behavior of rotating fluids (Hide, A-9; Eden, A-5). In some

of Hide's recent studies, he has found that the Proudman-Taylor theorem

combined with the ideas of suction of fluid into Ekman layers can give

very general principles for dealing with barotropic fluids in rotation.

For example, the Proudman-Taylor theorem has direct bearing on the

nature of the idealized columnar vortices called "Taylor columns," and

on detached shearing layers such as the jet streams in the atmosphere.

Hide has used the behavior of Taylor columns to suggest an explanation

for the red spot in Jupiter's atmosphere, and Warren has used similar

ideas to interpret the steering of the Gulf Stream by bottom topography

(Hide, A-9).

The research of Hide's group on rotating baroclinic fluids has

concentrated on the various stability regimes of flow in a rotating

annulus. Perhaps best known of the four stability regimes are the axi-

symmetric case, sometimes called the Hadley regime, and the unstable

wave case, analogous to planetary flow of the atmosphere in the mid-

latitudes.

After some effort, Hide (A-9) and his colleagues have shown that

a range of instabilities in the rotating annulus flow is dominated by

mechanisms of baroclinic instability. Hide finds that Eady's (1949)

theory for baroclinic instability contains the essential ingredients

of the behavior of this controlled hydrodynamic experiment over the

range where the effects of viscosity and thermal diffusivity are small.
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With rising interest in these kinds of experiments, new work on

rotating fluids is becoming available. For example, Ibbetson at Woods

Hole Oceanographic Institution has carried out some careful experiments

on inertial oscillations in a homogeneous rotating fluid. He and

Phillips (Ibbetson and Phillips, 1966; see also Phillips, 1966) have

related the results in an interesting way to inertial oscillations in

ocean basins. Recently Pfeffer, et al. (1965) has published some

ideas on available potential energy in the atmosphere, incorporating

some results of laboratory work on rotating fluids at Florida State

University.

Hide (A-9) believes that the annulus experiments involving thermally

driven circulations are sufficiently well understood that one can pro-

ceed with experiments of more complicated geometry and more complicated

heating configurations. Fultz (A-8), Hide (A-9), and Faller (A-6) have

indicated several avenues for rotating systems. One important sugges-

tion is the need to establish stronger ties between numerical studies of

circulation and laboratory experiments. One of the better ways for

testing the principles used in the numerical models of general circu-

lation is to apply these techniques to the laboratory experiments.

Certain detailed statistical quantities can be measured in flow in

rotating vessels, and the behavior should be predicted reasonably by

a numerical integration similar to a general circulation scheme. Clima-

tological calculations could be checked in a similar way using a dishpan

or an annulus experiment. Fultz feels that it is possible, in principle,

to realize about 4000 years of "elapsed time" in a laboratory experi-

ment conducted over four months. Perhaps an experiment of this kind

would have value only after initial sequences of shorter experiments

were undertaken to check numerical calculations.

One of Hide's students, Piacsek (A-9), has already had some

success in constructing a computer solution to the symmetrical flow

case in a rotating annulus. This procedure is expected to be extended

farther to more difficult patterns of flow like the cases involving

symmetrical baroclinic waves.
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The technology seems to be well established for devising suitably

accurate turntables and other machinery-like slip rings for the experi-

ments in rotating systems. Relatively large rotating vessels may be

built from existing designs with few major defign improvements. How-

ever, as with mesoscale effects, further detailed study of the hydro-

dynamics of rotating systems almost certainly will require more elaborate

data processing techniques. Fultz, for example, has recommended that,

ideally, a very sophisticated multi-channel recording system should be

developed, incorporating high-speed record chart readers, and streamline

photograph tracers. The system should also include a fast analog-to-

digital data conversion system. The expenditure for new rotating

platforms, even large-diameter ones (2 m), is relatively small compared

with the expense of developing new, elaborate instrumentation.

Hydromagnetic Analogies

In contrast to the laboratory analogies of tropospheric motion,

the rarified gas dynamics of the highest reaches of the atmosphere,

involving hydromagnetic phenomena, have challenged the laboratory experi-

mentalist in a different way. The direct modeling of hydromagnetic

processes on a geophysical scale or an astrophysical scale appears im-

possible (Nakagawa, A-13). However, a number of basic laboratory experi-

ments have been devised that shed some light on limited aspects of these

problems.

Birkeland (1908, 1913) was perhaps the first worker to experiment

on electromagnetic phenomena as related to the atmosphere. He studied

glow discharges about a spherical magnetized body, and tried to relate

his observations to the aurora. The principles of these experiments

were largely ignored by geophysicists until after World War II. The

Certain similarities in the dynamic equations of hydrodynamics and
electromagnetic theory have suggested possible analogies between
phenomena governed by these relations (see also Fultz, 1951, and
papers listed by Nakagawa, A-13). Further examination of this aspect
of "modeling" indicates that such analogies are quite limited, espe-
cially in geophysical situations.
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strong interest in interactions between streamers of charged particles

from the sun and the earth's magnetic field stimulated workers at the

U.S. Naval Research Laboratory to try to construct new analogies to the

aurora in terms of trajectories of proton beams impinging on a spherical

magnet (Bennett, A-l). These experiments were quite successful in match-

ing observations of time and location of the aurora. However, the

proposed mechanism of interaction between the earth's magnetic field

and beams of charged particles has turned out to be too simple. Charged

particles from the sun are now believed to approach the earth in large-

diameter streams (the solar wind) rather than in narrow pencil-like

beams. The impingement of the solar wind on the planet gives rise to

complicated effects like a hydromagnetic bow shock, and a cusped, wake-

shaped magnetic field to the lee of the earth.

Despite revisions in the theory of streaming of particles from

the sun, it may be possible to incorporate the older beam model into

the newer theory. Bennett (A-1) has cited some new experiments of Baker

and Hammel (1965) on plasmas that largely reopen the whole question of

the origins of auroral phenomena. In view of these experiments and

the earlier beam investigations, the time may be ripe to proceed to new

theoretical and experimental work on this class of problems.

Several other basic experiments on plasma behavior bearing on the

sun and its effect on the earth have been described by Nakagawa (A-13),

and a recent experiment dealing with the geophysical significance of

laboratory work on plasmas trapped in a magnetic field has been reported

by Quinn and Chang (1966).

It is clear from the remarks of Nakagawa, Bennett and Chang that

considerable basic work has to be done on the dynamics of plasmas

before they are well understood. The idea of modeling geophysical and

astrophysical phenomena involving plasmas is very attractive. However,

it seems desirable to press forward in the basic physics of hydromag-

netics as a primary objective instead of concentrating on new "look

alike" laboratory demonstrations.
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IV. ON THE QUESTION OF A NATIONAL FACILITY FOR SIMULATION

One of the primary objectives of this Colloquium was to find out

if there is a need for certain groups of atmospheric problems to be

attacked on a laboratory scale corresponding to a national facility.

During our discussions it became obvious from the beginning that one

large multi-purpose facility for simulation would never meet the require-

ments of a wide variety of possible future experiments. Even the con-

cept of a "general" laboratory stocked with various devices, "plug-in"

machinery for controlling temperature and pressure, and general purpose

instrumentation, would be unsatisfactory. Such a configuration could

never be designed sufficiently flexibly to accommodate the needs of all

experimenters and, at the same time, provide optimum utility for a

particular study.

The ability to control and reproduce phenomena related to atmo-

spheric processes in laboratory experiments should help to accelerate

progress in the atmospheric sciences, and should aid in realizing prompt-

ly new practical applications of basic ideas to understanding of the

weather. Therefore, careful research in the laboratory should be consid-

ered as a primary tool in modern atmospheric research, side-by-side with

computers and observational equipment like ground stations, balloons,

and aircraft.

In general, atmospheric simulation is too closely tied to the inge-

nuity and creativity of individual workers to rely on a heavy commit-

ment to the drudgery of routine data recording for its own sake. Thus,

even major laboratory investigations should be placed in the structure

of specific programs of planned experiments with definite goals. There-

fore, if qualified scientists become interested in carrying out certain

classes of experiments that require sophisticated devices and long-term

ventures, every effort should be made to support their needs both in

manpower and materiel.

Many relatively small-sized simulation programs of considerable

importance already exist in which experienced scientists are studying

a variety of different aspects of atmospheric processes. Some of these
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have been discussed in this Colloquium. Based on our discussions, how-

ever, there appear to be at least three promising major programs of a

long-term nature that may fit into the category of laboratory investi-

gations requiring effort greater than any one group could muster at the

present time. Perhaps the most significant are the following: (a) an

aircraft instrumentation test chamber, (b) a program for research related

to the behavior of dispersed systems in the atmosphere, (c) a study of

the dynamics of mesoscale flow near mountain ranges, and (d) an extended

study in a wind tunnel of turbulent shearing flow in stratified media.

In addition, there are several worthwhile projects of a miscellaneous

nature that bear on atmospheric simulation. This class of problems

includes studies of the dynamics of stratified fluids, both in non-

rotating and rotating systems (often delineated as the major part of

geophysical fluid dynamics), and new basic experimentation in plasma

physics.

Linked with virtually all of the projects involving laboratory simu-

lation of atmospheric phenomena, there is a definite need for major but

flexible units for data processing.

In the sections below are discussed the more promising schemes

ordered as to my view of priority.

PRIORITY A: An Aircraft Instrumentation Test Chamber

A traditional part of atmospheric simulation involves environmental

test facilities. These devices have the advantage over pure research

projects that they can be designed around definite needs to test instru-

ments or vehicles. To explore small-scale turbulence away from the

ground, and the nature of clouds, observers are faced with using an

aircraft as an instrument platform. In working with airplanes, one

automatically is faced with the problem of adopting instrumentation for

the measurement of atmospheric properties at speeds of 100 to 200 knots.

An exceedingly important step towards obtaining reliable and consistent

measurements by airplane is the calibration of the instrumentation in a

system actually traveling at aircraft speed through relatively quiescent

air. Up to the present, no completely satisfactory methods have been
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devised to provide accurate calibration standards for such conditions

in dry air, let alone in wet, cloudy air. However, the importance of

this kind of basic standardization to the future work of groups through-

out the world is all too clear from remarks, for example, contained in

the recent NAS-NRC report on weather modification (Panel on Weather

Modification, 1966).

In connection with this Colloquium, P. Squires and J. Telford have

given a plan for a new cloud chamber that will provide, in principle,

a suitable facility for calibrating aircraft instruments, including

pitot tubes, wet and dry bulb thermometers, and devices for measuring

spectra of cloud droplets. The details of this facility are outlined

in Appendix B. In essence, the unit consists of a tunnel about 400 m

long, in the middle of which is located a thermally well insulated cloud

chamber about 60 m long. Clouds of water droplets of controlled size

distribution are produced in the chamber by a series of atomizers.

Instruments are passed through the stagnant air in the test section by

means of a sled-like vehicle traveling at speeds of about 200 knots.

The aircraft instruments are then calibrated against a series of station-

ary instruments placed at various distances down the test section. The

overall length of the chamber has to meet the requirements of accelera-

tion and deceleration of an instrument carriage, while the length of

the test section is based on the "time of flight" needed for measurements

with instruments having 0.1-sec time constants. For versatility, this

test facility should be able to attain the range of -20 to 30 C tempera-

ture and 300- to 1000-mb pressure.

The total cost of development and construction of such a test

chamber might be nearly $1 to $2 million not including staff (see also

Appendix B).

The need for the aircraft instrumentation facility is particularly

acute in respect to the efforts of workers with programs like those of

Squires, Telfor, Tfrd Sartor and others. In my opinion, the design
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and development of this chamber should be placed within the 
scien-

tific programs of the interested groups of experimenters to insure

proper evolution and growth of this project. I believe that efforts

might be initiated towards plans for construction of this unit 
as a

part of the NCAR-LAS program or other major programs for meteorological

research using an instrumented aircraft. To implement this, I recommend

the following steps:

Step 1. Contact scientists at leading organizations in aircraft

meteorology such as the following, to enlist co-operation and seek

suggestions for complete criteria for design of the test chamber:

a) U.S. Naval Research Laboratory

b) Commonwealth Scientific and Industrial Research Organi-

zation (Australia)

c) Air Force Cambridge Research Laboratory

d) ESSA-USWB Flight Facility

e) Meteorological Research Office (Great Britain)

f) U.S. Meteorological Research Institute

g) Institute for Atmospheric Science, South Dakota

Institute of Mines and Technology

h) Department of Meteorology, University of Chicago

i) Department of Atmospheric Sciences, Pennsylvania

State University

j) Desert Research Institute, University of Nevada

k) Department of Meteorology, University of Wisconsin

1) Department of Atmospheric Sciences, Colorado State

University.

Step 2. Begin locating and hiring staff, as recommended 
in

Appendix B, and formulate definite plans for design and construction 
of

the test chamber.

Step 3. After construction, begin experiments by calibrating

thermometers in dry air in test section. With this well defined 
test

completed, begin program of calibration of instruments in cloudy 
air.

Step 4. After satisfactory completion of development stages in

Steps 1 through 3, turn over the facility to NCAR Facilities division

for routine standardization programs for all users.
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PRIORITY B: A Research Program for Laboratory Cloud Physics

For some years, workers have recognized that basic research on

particles suspended in gases can have many applications to the atmosphere

from the standpoint of understanding the mechanisms governing formation

of clouds, and from the view of developing an understanding of aerosol

behavior in smogs. Both of these cases are closely tied to important

work in weather modification, and the development of measures for con-

trolling air pollution (see also Panel on Weather Modification, 1966).

Although there exist substantial quantities of literature dealing

with the behavior of single particles in gases, the laboratory study of

collections of particles, their mechanical interactions with surrounding

gas, and their associated electrodynamic phenomena, has been left largely

untouched. In undertaking such research it is not at all obvious, in

general, what kind of vessels and devices are needed, not to mention

their dimensions and ranges of control. Evidently the Russians have

felt that a complex of rather large vessels is needed to investigate

the dynamics of particles in clouds. Their explicit reasons for such

an extensive commitment to large facilities only can be surmised at this

time. It appears, however, that the only real advantage in devices of

large volume lies in satisfying the requirements of stabilizing a cloud

for relatively long periods of time, by delaying the effect of diffu-

sional removal of particles at the walls of the vessel. The increase

in size of the chambers to satisfy this requirement, of course, has to

be balanced by considerations for the ability to thermally control these

units within very close tolerances.

If one chooses to attempt to reproduce conditions in the atmosphere

for simulation of the development of even a small cumulus cloud, in-

cluding small-scale circulation of air, length scales realistically have

to be in the range of 10 to 100 m. The characteristic length easily

realizable in the laboratory is at least an order of magnitude lower

than these figures. To complicate matters, the guidelines for construct-

ing dynamic models of interacting systems of colloidal particles as yet

have not been worked out in any satisfactory way. Therefore, no complete
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quantitative criteria are available for scaling down (building 
models

of) systems of individual clouds for laboratory study.

The published results from experiments carried out in large 
ves-

sels are disappointingly few. Although the work of Gunn and colleagues

produced some interesting and promising preliminary results, 
it failed

to demonstrate a truly critical need for continued study 
of model

clouds in large chambers. Furthermore, the Russians have not given any

indications so far in their scientific literature of significant 
new

experimental results from their Obninsk facility despite 
the fact that

this complex is over three years old (see also, Battan, 1965; 
Atlas,

1965). In all fairness, however, one should bear in mind that major

projects of this kind often have time delays of five to 
ten years before

fruitful experimental results are obtained.

The available information hints rather strongly to me that 
even

though an enormous potential may exist for investigations 
of micro-

physical processes related to natural clouds in large vessels, 
the giant

step to very large devices may not be the best way to proceed. 
Instead,

the evolution of such a research program might best come 
from stepwise

progress through a planned expansion based on increasing 
knowledge

about the behavior of dispersed systems. To initiate such an evolu-

tionary project, I recommend that a new long-term program of five

years or more in laboratory aerosol-cloud physics begin 
as soon as

possible. The course of this project should be set initially by the

requirements of three important sets of questions about 
the behavior

of groups of particles suspended in gases:

a) It is known on theoretical grounds that vapor condensation 
on

atmospheric aerosols in an assumed stagnant, homogeneous 
medium cannot

explain the broadness of the size spectrum of cloud droplets. 
What

role do microscale heterogeneities in the supersaturated 
vapor, and

(associated) microscale turbulence play in causing this 
spectral poly-

dispersity?

b) Although the aerodynamics of capture of a small particle by 
a

larger one falling in a stagnant medium has been studied, 
virtually no
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experimental investigations of the growth of a large droplet falling

through a collection of smaller particles have been undertaken. Does

this complication affect the polydispersity of a cloud? What is the

effect of mechanical disturbances (turbulence), or electrostatic per-

turbations on the growth of such large particles as they fall through

swarms of small particles?

c) The contribution of the ice phase to the stability of clouds

of growing water droplets remains a mystery. What is the effect of

sudden freezing of certain supercooled droplets in a collection on the

growth of the entire group of particles? Is there an apparent trigger-

ing mechanism leading to a chain reaction of ice crystal formation in

the cloud which is analogous to crystal growth in supersaturated

liquids? Can the questions surrounding the nature of ice nuclei be

elucidated by observations of the behavior of a supercooled cloud under

controlled conditions? Can the efficiency of the mechanism of cloud

seeding be better understood by introducing various nuclei like silver

iodide into a stable supercooled cloud contained in a chamber?

Experimental work in all three of these categories should be pre-

ceded and accompanied by careful theoretical studies.

To meet the needs of sets (a) and (c), either an expansion chamber

or a diffusion chamber (or both, or a combination of the two) should

be constructed of a size sufficiently large to allow mechanical or

thermal disturbances to be induced conveniently (possibly in analogy to

the device of Deardorff and Willis, 1966), and to allow direct sampling

in parts of the cloud without disturbing the entire volume of dispersed

phase. This implies that the devices should have volumes of the order
3

1 to 3 m . To study the effects of ice nucleation, the chambers should

be controlled to + 0.1 C over the range of -50 to 50 C. The expansion

chamber should have an operating range of pressure from 200 to 1500 mb.

Injection systems for introducing water droplets and aerosols, plus

filtered air supplies, and means of inducing controlled air circulation

and electrical properties, will be needed.
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The investigations noted in (b) can best be implemented in a 
cloud

column. Requirements on temperature, pressure, injection systems, 
etc.,

will have to be met in designing this device. In addition, a cross-

2
sectional area of about 1 m will be useful to insure spatial uniformity

across the column. A test section length of 2 m, with an overall

column length of 6 to 8 m, seems reasonable as a preliminary 
estimate

for maintaining proper control of the flow in the column.

A key factor in carrying out experiments in all three categories

is the requirements of proper instrumentation for a cloud sampling.

For example, the size spectrum of aerosols put into the chamber 
will

have to be monitored and the changes in size distribtuion will 
have to

be measured either by sampling directly or by optical techniques. 
The

structure of air turbulence in the devices will have to be 
measured,

possibly by known methods using hot-wire anemometry. Also, 
in principle,

the temperature field in cloudy air will have to be measured. 
Instru-

mentation development during these projects will be a natural 
outgrowth

of the experiments.

The cost of the design and construction of the two chambers 
and

the cloud column with adequate instrumentation and staff is 
estimated

to be under $1 million. By a rough appraisal, at least one staff

scientist and one technician would be involved initially in the 
program

for each device. The total cost then can be estimated arbitrarily on

the basis that the three devices and their instrumentation would 
require

roughly equal cost for development and construction. For one 
unit,

the following items are considered: (a) insulated vacuum-tight vessel

($10 ); (b) refrigeration and vacuum ($2 x 10 ), control of 
pressure,

temperature and humidity ($10 ), instrumentation (including 
multi-

channel tape recorder, strip chart recorders, dual channel 
hot-wire

anemometer, temperature and humidity probes, multipliers, 
electrical

signal spectrum analyzer, aerosol size spectrum analyzer, 
photographic

devices, aerosol generators, and optical scattering measurement 
equip-

ment ($6 x 10 ); (c) design and engineering ($1.5 x 10 ); 
(d) staff of

one scientist ($1.2 x 104) and one technician ($0.8 x 104) 
(times five

years) ($10 x 104), and (e) miscellaneous and overhead 15% 
of total
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above ($32 x 10 ). For three equivalent units, the total cost is

3 x $2.47 x 10, or $7.41 x 105

Systematic experimental programs like those outlined in categories

(a) through (c) will lead to other studies with similar questions to

be answered. With the research will come more knowledge about the need

for larger devices, and better understanding of the technology involved

in handling dispersed systems. An evolutionary process of this kind

should lead to definite specifications for a new generation of larger

cloud chambers, columns and tunnels, if they are really required for

future efforts of a long-term nature.

A program in laboratory cloud physics as outlined above would have

value in itself. However, its value will increase considerably if the

work is carried out in such a way that is closely linked to theoretical

programs and programs of careful, systematic field observations. Such

an extensive cooperative investigation is best located within the struc-

ture of a national laboratory like NCAR or ESSA's atmospheric physics

laboratory. Since NCAR has existing programs of a theoretical and

laboratory nature, as well as capabilities for implementing research

aircraft and ground stations, I believe that the particular equipment

discussed above should be undertaken at this laboratory to serve the

NCAR programs. Concurrently, ESSA is beginning to formulate plans for

a major program of laboratory study of processes related to clouds.

Co-operation between these groups and others, such as workers at the

RAND Corporation and the Desert Research Institute, will be essential.

Furthermore, certain parts of the Public Health Service (PHS) support

for research in aerosol physics and chemistry is closely tied to exper-

iments (a) and (c) above. Therefore, co-ordination with PHS planning

also should be sought.

To implement the development of a major program for laboratory

aerosol and cloud physics, I recommend the following initial steps:

Step 1. In co-operation with ESSA and PHS, begin planning for

programs based on series of specific experiments to provide for a step-

by-step evolution of experimentation on the dynamics of dispersed sys-
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tems. Such planning should lead to better delineation of requirements

ultimately for devices possibly much larger than the ones described

above for an aerosol-cloud physics laboratory complex.

Step 2. Undertake a theoretical study to attempt to determine

criteria for modeling the dynamics of collections of particles sus-

pended in a moving gas.

Step 3. Incorporate the program outlined above in present LAS

groups with the full support of NCAR. For example, the work under

part (a) could be initiated under the efforts in cloud physics of

Squires and, in aerosols, of Hidy. The research on the cloud column

(b) fits into the present commitments of Sartor's group and into Rosin-

ski's plans. Studies Involving the role of ice particles (c) are linked,

for example, to the LAS programs of Knight, Rosinski, and Goyer.

Step 4. The activity in Step 3 should be carefully co-ordinated

with field observations and instrumentation development proposed, for

example, by Squires and Telford (see also Priority A).

Step 5. The experimental program outlined above should be viewed

partly as a vehicle for answering within the next five years the ques-

tions involved in the possible construction of a "next stage" of larger

facilities. In connection with this, it is essential that communication

on a personal level be established with the Russian workers at Obninsk

for evaluating the progress and usefulness of their laboratory complex.

In addition, close liaison should be maintained with Carte's group in

South Africa to assimilate the results of his proposed work in the

deep mineshaft study.

PRIORITY C: A Program for Studying the Aerodynamics over Mountainous

Terrain

The theoretical principles of the flow of a stratified fluid over

a two-dimensional barrier are fairly well understood, and the theory

has been applied successfully to hydrodynamic modeling of internal

waves forming to the lee of mountain ranges. Therefore, a major study

seems in order for examining in detail many aspects of orographic effects

in the atmosphere for one particular topography. Such a program would
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employ a three-pronged attack on the problem of forecasting weather in

mountainous regions, which would include (a) numerical studies extending

existing theory, (b) modeling in a water channel or a wind tunnel, and

(c) systematic field observations on the ground, by balloon, and by

aircraft at key locations and times. Such a project could very well

demonstrate just how modeling of dynamic processes can fit in a defini-

tive way into developing better techniques for forecasting mesoscale

weather.

Initially, the modeling study should concentrate on (a) experiments

looking for better specification of the consequences of nonlinear

effects in flow over two-dimensional barriers, and their relation to

air motion over a particular topography, (b) answering the questions

about the role of viscous effects near the boundary in limiting complete

similarity between the model and the geophysical prototype, and (c)

the advantages and disadvantages of wind tunnel analogies compared to

hydrodynamic models for this class of mesoscale problems. Part (a)

should help to establish the key locations for making efficient and

critical field observations under given atmospheric conditions to

verify predicted patterns of flow. Parts (b) and (c) will contribute

information to better plan for the possible role of modeling in future

research of atmospheric dynamics.

For convenience, it makes sense to provide for a mountain flow

project in a region just east of a large mountain range. A location

near the Sierra Nevadas, the Rockies, or the Central or Northern Appa-

lachians would be suitable.

The cost of the mountain flow project would largely depend on the

elaborateness of the field observation network and the type of simu-

lation equipment to be used. For a complete, and well instrumented

program over a five-year period with field observations, and employing

both a water channel and a wind tunnel, up to $10 million including

staff might be realistic. The size of the technical staff will largely

depend on the magnitude of the program once it becomes organized.
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The highest estimated cost of this program is based on the follow-

ing: (a) ground based network of instruments, an instrument package

every 10 mi (100 instruments) to measure pressure, temperature, humid-

ity, wind speed and deviation, condensation and freezing nuclei counts,

and atmospheric electrical fields; 10 of these units would include

masts and sets of instruments for measuring vertical profiles of wind

speed and direction, temperature and humidity ($4 x 10 ); (b) aircraft

and instrumentation (including operation) ($2 x 10 ); (c) wind tunnel

($106); (d) water channel ($0.1 x 106); (e) computer time 100 hr x $500

($5 x 104); (f) data processing and communications ($1 x 106); (g) staff

of 20 people ($10,000/yr) ($10 ); (h) overhead and miscellaneous at

15% of sum (a) through (g) ($10 ). The total is about $10 .

Because of the possibilities for co-ordinated planning and activity,

as well as access to computers, aircraft and instrumentation, it seems

logical to recommend that the mountain flow work be undertaken by

ESSA's research laboratories in Boulder with co-operation from NCAR's

dynamics groups and with links to the CSU efforts in the meteorological

wind tunnel, and to Colorado University's programs in experimental

fluid dynamics. Because of ESSA's close ties with forecasting prob-

lems, perhaps this project should be headed by this organization's

research groups.

To implement such a project, I recommend the following steps:

Step 1. Organize the mountain flow project around the structure

mentioned above. Begin outlining the realms of responsibility in a

co-ordinated program between various divisions of ESSA, NCAR and CSU.

Step 2. Examine the existing two-dimensional theory of orographic

effects on stratified fluids, especially in the light of possible non-

linear effects, and attempt to extrapolate the possible role of three-

dimensional influences of terrain. Continue aerodynamic experiments

Much of this work could be an extension of the existing NCAR field

study of Lilly, the numerical integrations of D. Houghton, and the

present wind tunnel investigations of Binder in the CSU tunnel.
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on two-dimensional barriers like those at CSU to better define design

criteria for a special wind tunnel to study lee waves. Begin experi-

ments for two-dimensional barriers in a water channel to explore pos-

sible influences of Froude number and the Reynolds numbers. Compare

results of wind tunnel work with the hydrodynamic models. Continue

NCAR's present program of field observations of weather in the Rocky

Mountains near Boulder.

Step 3. Begin modeling experiments on a particular topography,

and begin laying out programs for systematic field observations based

on the results of the model flows.

Step 4. After the usefulness of such a project is demonstrated,

expand the program if desirable.

PRIORITY D: Data Processing Equipment

In the many quantitative investigations of the laboratory, there

is an ever pressing need for easy-to-use, accurate, high-speed equip-

ment for data processing. As a part of this Colloquium, it is important

to add a recommendation for a general program for developing new

research-oriented recording and analyzing equipment. Such equipment,

once available, would provide incentive to devise more elaborate experi-

mental studies, and, of course, would have wide use in the scientific

community over and beyond the handful of laboratory experimenters for

whom it was created. One easily can see that data processing for

geophysical operations could cover a vast range of activity from labora-

tory investigations to field observations.

As an example of the magnitude of development required for such

data processing systems, Fultz (A-8) and Eden (A-5) have given some

suggestions of the needs for experiments in rotating fluids. In

Fultz' view there are two possible systems of interest to the experi-

menter, both of which give great encouragement to undertake more

sophisticated and detailed studies than presently foreseeable.

The first unit would be a small package to be used at individual

laboratories in connection with large existing computers. Such a
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device might consist of special strip charts or photograph readers

connected to a high-speed multi-channel analog-to-digital converter

with capabilities for (digital) magnetic tape storage. The second unit

would be a very large, but flexible multi-channel analog-to-digital

converter which could handle all types of input data from photographs

and strip charts to analog magnetic tape recordings. This kind of

equipment could be located centrally and attached as an input device

to a large national computing facility. Individual workers could sub-

mit their laboratory data in several different forms routinely to the

central facility for various kinds of analysis.

Fultz has estimated that either one of these possible configurations

for data processing might require up to $10 million for development and

purchasing. However, Frenzen has suggested that similar equipment

might be developed for specific objectives for at least an order of

magnitude less cost.

In view of the widespread interest in the development of data

processing units, I recommend that the following steps be taken to pro-

vide the initial impetus to such a project:

Step 1. A feasibility study of a unit flexible enough to combine

the needs of laboratory workers and field observers should be under-

taken by the NCAR Facilities division in connection with its computer

efforts. Possibly the help of one of Fultz' associates could be enlisted.

for one or two summers to implement this study.

Step 2. Based on the findings of the Facilities study, planning

for the design and construction of the data processing units should be

started with the use of a reliable and interested electronics company

as subcontractor.

PRIORITY E: Geophysical Fluid Dynamics and Plasma Physics

The general field of basic experiments on dynamics of geophysical

fluids is an expanding one in which a number of investigators are

contributing interesting and important results. Particularly helpful

to the meteorologist are the studies of the behavior of stably stratified
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fluids in non-rotating and rotating systems. Since experiments in

geophysical fluid dynamics provide a great wealth of fertile areas for

the investigations of graduate students at relatively small expense,

universities should be encouraged to support and expand existing pro-

grams, and to begin new efforts in this area if staff become interested.

The philosophy of Hide, for example, in seeking fundamental theo-

rems for the behavior of rotating fluids appears to be a particularly

fruitful approach. This sort of view may lead to generalizations that

will be much more aid to the study of the atmosphere than attempts to

model special effects based on ideas of partial similarity.

The idea of Rosensweig (1966) of applying the peculiarities of

liquid suspensions of ferromagnetic particles to geophysical fluids

problems should be explored further to see if the behavior of these

colloidal suspensions can tell us more about the dynamics of the

atmosphere.

Major Projects in Geophysical Fluid Dynamics. Three major prob-

lems in the hydrodynamics of rotating fluids may be sufficiently time

consuming and extensive in equipment requirements to rule out student

efforts in university groups. These are (a) extensive study of the

development of fronts in a rotating, stably stratified fluid, (b) com-

parison of the average properties of flow in irregular wave regimes of

a rotating annulus with the statistics generated by a numerical inte-

gration of the equations of motion governing such a system, and (c)--as

a sequel to (b), if (b) proves to be an interesting and fruitful study--

a comparison between the climatology generated in a rotating annulus or

a dishpan and those generated by a numerical solution of the equations

governing motion in the laboratory experiment. If interest in such

projects develops on the part of qualified workers, these experiments

possibly should be undertaken in connection with atmospheric dynamics

programs at NCAR and ESSA.

Over a period of years, many individual scientists may wish to

try out certain ideas about different kinds of geophysical fluid flows

in the laboratory. These workers may have no immediate access to proper,
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specialized equipment like rotating 
tables, water channels or wind

tunnels. In view of this potential need, 
it may be desirable to work

out an association of individual 
university laboratories presently

having strong resources of equipment 
for various classes of simulation

experiments. Such a co-operative program (upon 
agreement of the scien-

tists involved) would require a 
certain amount of support from 

the

National Science Foundation, for 
example, to keep equipment maintained,

and to provide for the overhead 
of short-term visitors at the 

insti-

tutions.

One of the flaws in the organization 
of the present Colloquium was

the fact that no allowance was made 
for the visitors to NCAR to explore

with each other plans for future 
work in geophysical fluid dynamics.

Therefore, I recommend that a symposium 
be organized in the summer of

1968 as a part of the NCAR summer 
program to give opportunities 

for

wider discussions about various 
aspects of dynamic models of the 

behav-

ior of geophysical fluids. Support for this symposium perhaps 
should

be sought through the American 
Meteorology Society, the American 

Geo-

physical Union, and the Fluid Dynamics 
Division of the American Physical

Society.

Basic Research in Plasma Physics. 
The state of knowledge of the

behavior of plasmas, or more generally, 
hydromagnetic systems, is very

limited. The failures of many groups to resolve 
the practical prob-

lems of controlled thermonuclear 
devices has driven scientists back 

to

basic studies of plasma physics. 
Many processes involving plasmas 

are

believed to be relevant to the 
behavior of the sun and its interaction

with the atmospheres of other planets. 
However, the basic dynamics

of ionized media are not sufficiently 
well understood at this time to

warrant a strong program specifically 
directed towards geophysical and

astrophysical applications. Because of the expense of undertaking 
a

first-magnitude operation for studying 
plasma dynamics, the National

Academy of Sciences in a recent 
report of recommendations for future

effort in physics (e.g., Science 
151, 1363-1366, 1966) proposed 

that

a stronger program in advanced research 
for plasma physics should be
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organized. Until the behavior of plasmas is better understood, those

interested in the application of the theory of plasma dynamics to the

upper atmosphere perhaps should lend complete support to such a cen-

tralized, basic program.

PRIORITY F: A New Wind Tunnel Program for Investigating Features of

Turbulent Shearing Flow in Stratified Media

Many fundamental questions about the structure of turbulent motion

in stratified fluids remain to be fully answered. For example, (a)

What is the relation between the effects of stable stratification and

the degree of anistropy in the turbulence? (b) How does stratification

influence the spectrum of turbulent energy? (c) How do the effects of

time variations in turbulent energy influence the development of bound-

ary layers? (d) What are the details of the "turbulent" exchange pro-

cesses near an inversion layer? Answers to such questions as these

will help investigators to better understand many aspects of the micro-

scale behavior of the atmosphere.

In addition to their use as tools for basic studies of turbulence,

wind tunnels will play an expanding role in examining a wide variety

of problems of an applied nature including: investigations of disper-

sions of pollutants from smoke stacks and from release of toxic gases

by an explosion or other sources; engineering studies of the aero-

dynamics of structures such as bridges and buildings; and the scattering

or distortion of the propagation of electromagnetic waves in a

turbulent medium.

Some of this type of research can be undertaken in existing

tunnels. However, most of these units are not equipped to operate

under conditions of stratified air flow. Facilities specifically de-

signed as meteorological tunnels (like the one at CSU) are already

being used nearly full time. With the growth of programs in wind tunnel

research on meteorological problems, new facilities having design re-

quirements for specific experiments will certainly be needed.

The work at CSU, and the studies at New York University and other

institutions, have just begun to fully exploit the potential usefulness
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of wind tunnel modeling. Based partly on the initial success of these

and other investigations, H. Moses at the Argonne 
National Laboratory

recently submitted a proposal to the Atomic Energy 
Commission for a

new meteorological tunnel. Because of reservations about the future

directions of wind tunnel modeling, the Argonne 
people have been asked

to make a thorough feasibility study of such 
new facilities based on

present knowledge of this field. The decision to build a major new

wind tunnel for meteorological research should 
be held in abeyance

until the Argonne study, presently undertaken 
by Cornell Aeronautical

Laboratory, has been completed.
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1. CHARGED PARTICLE STREAMS IN THE

EARTH'S MAGNETIC FIELD

(Lecture of W. H. Bennett)

The aurora is one of the more intriguing phenomena that one can

observe in the earth's atmosphere. Although the exact causes of the

aurora are not fully understood, it is believed that this phenomenon is

closely related to the effects of charged particles from extraterres-

trial sources impinging on the earth, and interacting with the planet's

magnetic field. A particularly interesting possibility for laboratory

study of atmospheric physics lies in the simulation of the aurora.

This discussion outlines briefly one of the more successful attempts to

do this kind of simulation. In addition, certain more recent funda-

mental work in physics is examined in the light of possible mechanisms

for auroral phenomena.

In 1953, four years before Sputnik, we at the Naval Research Lab-

oratory became interested in the possibility of checking in a labora-

tory device the idea that beams of protons of 100 to 1000 km width,

coming from the sun and interacting with the earth's magnetic field

might be responsible for the aurora. It was determined that one could

simulate solar beams of protons impinging on the earth using electron

beams directed towards a small spherical magnet (Bennett, 1959a).

Prior to our work, many orbits of protons had been calculated,

notably by Stormer (e.g., Bennett, 1959b), but many others had not been

calculated. In none of that prior work had studies been made on beams

of finite diameter.

The principles of similitude were applied to the governing equa-

tions for the dynamics of charged particles to scale the laboratory

experiment to the geophysical conditions. The similitude relations
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applied equally well to both non-relativistic and relativistic par-

ticles because the interaction between the particles and the magnetic

field does not involve an energy change of the particles.

One process which could not be simulated precisely in the labora-

tory was the pinch effect in the beam. However, there is an analogy

between electrically pinched beams and magnetic pinched beams and since

our streams in the Stormertron were electrically pinched, at least

qualitatively, we were indeed modeling pinch effects in the beams. In

any event, we really modeled the orbits of charged particles in a mag-

netic field similar to the earth's.

After we had completed the study of orbits around a magnetic

sphere, it was shown that a simple model of proton streams entering

the earth's magnetic field is inadequate to explain the aurora. The

electromagnetic processes in the atmosphere are more complicated than

the older simple ideas. Current theory leads, for example, to concepts

of electromagnetic shock fronts resulting from the impact of neutral

charged clouds with the earth's magnetic field, and observations sug-

gest the existence of "shadow cones" and other effects around the

earth. These kinds of interaction are not observed in the simple beam

model. Nevertheless, some recent advances had been made which would

make it appear that the old beam-orbital model for streams should be

reconsidered.

The laboratory device for studying the interaction between elec-

tron beams and a magnetic sphere, called the Stormertron, was ar-

ranged so that the beam could sweep the sphere, simulating the

change in orientation of the beam due to the rotation of the sun. The

orbits of the electrons and the stream forms were traceable in full

detail because the glass enclosure around the sphere was filled with

mercury vapor.

The best records of the orbits of the charged particles were ob-

tained by time lapse photography of the Stormertron. A set of slides
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and movies show the striking effects that were observed when a "pencil"

of electrons in a beam encountered the magnetic field of the sphere.

When the electrons were beamed towards the sphere, the particles

spiraled inwards and around the sphere until the beam made contact.

Contact was made first in the auroral altitudes on the dawn side of

one hemisphere. Later the beam would back away and recontact the ball

at "midnight" at auroral latitudes on the opposite hemisphere.

Many of the details of the particle orbits were not found in the

theoretical predictions. Some features of the detailed behavior of

the particles, especially at contact, were a surprise even to St'rmer

himself, who spent most of his life working on the theoretical calcula-

tions.

In addition to the primary orbits, we found that particles could

be trapped in belts around the sphere. These Stbrmer "ring currents"

which developed were identical with the Van Allen radiation belts as

they are now known. At first, we thought the observed trapped orbits

meant that the device was not behaving properly. Later, however, we

realized that the Stormertron was actually giving us a display of the

effects of scattering as well as the primary interaction. This de-

tailed structure was not suggested at all by the theory which existed

at the time of the experiments.

The Stormertron showed how a beam of charged particles could

interact with a magnetic field around a sphere and make contact with

the earth only at the right locations, and at the right times of day

as observed for the aurora. This generally has been ignored by re-

cent studies of the mechanism of the auroral phenomenon. The newer

theories based on electrically neutral clouds of particles approaching

the earth inherently require that the aurora should occur predominantly

on the daytime side of the earth. Some new experiments by Baker and

Hammel (1965) have opened up a quite new approach to the development of

a theory of the aurora.
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Baker and Hammel have recently observed the 
penetration of an

electrically neutral plasma beam into a transverse 
magnetic field and

found that the magnetic field would not stop 
the beam at magnetic field

intensities which if previously had been supplied 
would have been suf-

ficient. However, if a small bit of conductor was placed 
off to one

side of the plasma jet the part of the plasma 
encountering lines of

force passing through the piece of conductor 
stopped dead while the

rest of the plasma passed by. The observations may be explained as

follows. As the electrically neutral plasma passes the 
mirror coils,

it becomes polarized. This in turn produces an electrical field that

just neutralizes the magnetic force of the mirror 
field. Thus the

electrically neutral plasma may pass through 
the magnetic field at

mass densities of particles n given by

2

n2B (1)

4Wmc

where B is the field strength, m is the particle 
mass, and c is the

velocity of light.

The second observation of Baker and Hammel involves 
the generation

of electrical currents spiraling along lines of 
magnetic force. This

short circuiting currently eliminates the electrical 
field produced by

charge separation in the plasma, allowing the 
v x B force to have full

effect on the plasmas. In this case the plasma is stopped by much

smaller magnetic fields:

B2

n' Z1imv

where v is the velocity of the plasma. This suggests that the cri-

terion (1) currently used for stopping a plasma 
may be in error by as

much as a factor of 500.

These fundamental observations have some rather 
important
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implications in understanding the processes which produce the aurora.

Suppose we consider only the upper regions of the atmosphere where

ionized particle streams interact with the earth's magnetic field.*

Streams of electrically charged, neutral (equal density of positive

and negative charged particles) clouds encounter the earth's magnetic

field. Because of the arguments above,the particles first could pene-

trate to much lower altitudes than predicted by Eq. (1). During pene-

tration, there is separation of charge in the stream, possibly causing

short circuiting currents to be set up in the conducting part of the

atmosphere. Under this condition, penetration may be stopped at

higher altitudes than anticipated by the action of the magnetic field

alone. The existence of the short circuiting currents in the atmos-

phere could return us to the older "beam" model.

Because the short circuiting currents are indeed currents moving

in the earth's field, then it follows that the Stormer considerations,

leading to the result that all latitudes and longitudes are forbidden

except those at which the aurora occur, will apply.

I believe that it is now time to re-evaluate many aspects of

auroral theory in the light of the old Stormertron work, and the new

results of Baker and Hammel. Perhaps the best route to proceed on

this class of geophysical problems lies in new, good theoretical

work combined with basic laboratory studies of steadily generated

plasma beams at low mass densities, and relatively low electrical cur-

rents. After the basic work, there may be new clues to better methods

for simulating in the laboratory electromagnetic processes on a geo-

physical scale.

*The question of the auroral phenomena at lower altitudes, where
ionization and excitation of neutral particles occurs, is much more
difficult. It is unlikely that this region can be modeled because
of limitations in the range of excitation levels in real gases.
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2. INDIRECT SIMULATION IN ATMOSPHERIC CHEMISTRY

(Lecture of R. D. Cadle)

In one of the first seminars of this series it was proposed that

simulation experiments could be divided conveniently into direct and

indirect studies. Direct simulation involves an attempt to reproduce

some atmospheric behavior in the laboratory, and to apply the results

directly back to the atmosphere. Indirect studies, on the other hand,

assume that a worker knows certain processes occur in the atmosphere,

and he designs experiments to obtain as accurately as possible classes

of data needed to specify quantitatively the details of these processes.

Since most of the talks in this series so far have been concerned with

the direct methods, I want to concentrate on indirect simulation with

particular reference to atmospheric chemistry in this discussion.

There is a variety of chemical reactions that occurs in the atmos-

phere. Although many reactions are quite important to different

aspects of atmospheric science, relatively little is known about them

in a fundamental sense. Fortunately, it is possible in many cases to

study atmospheric reactions under laboratory conditions, and to extend

these results to atmospheric conditions by well known methods of ther-

modynamics and chemical kinetics.

Interest in groups of chemical systems that may be studied in the

laboratory can come up for several reasons. First, knowledge of re-

actions can provide information for estimating the concentration of

reactive species in the atmosphere where no other means for obtaining

their concentration exists. Second, if one wants to estimate certain

reactions like those involved in production of photochemical smog,

studies of various reactants and reactions give clues to controlling

mechanisms of smog components. And third, concentrations of certain
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trace materials even obtained indirectly can lead to information about

circulation of the atmosphere.

Nearly all reactions in the atmosphere are either primary or

secondary photochemical reactions. Primary reactions involve direct

absorption of photons, while secondary reactions proceed through inter-

action between various interacting ions, atoms or molecules.

To illustrate the kind of information needed for specifying the

kinetics of a chemical reaction, let us consider a general secondary

reaction,

aA + bB -> C + D

where a and b are stoichiometric coefficients, A and B are react-

ants, and C and D are products. The rate of disappearance of A can be

written

d[] = k [A3a [Bb,
dt

where k is the rate constant and the bracketed quantities denote con-

centration of species. The rate constant is generally a function of

temperature given by

-E/RT,
k = P(T)eE/

where R is the gas constant, E is the activation energy, and P(T),

weakly dependent on temperature, contains the effective probability of

reaction once species A and B collide. Thus in general, one needs to

know the concentration of species, and the rate constant as a function

of temperature to describe reacting systems.

If the rate constant is determined in the laboratory, it is pos-

sible to find a concentration of a particular species, say an excited

one, by applying a classical technique of chemical kinetics. To illus-

trate this, consider the reactions

A + B - C + D, and
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C + E ~ products,

where C is the excited species. The rate of disappearance of [A],

then is:

dt =kl ~A~ , (1)

and the rate of disappearance of [C] is:

dC] = k2 [C] D] + k3 [C[E] (2)
dt

Assuming that steady-state conditions exist, -d[A]/dt = d[C3/dt, then

from Eqs. (1) and (2),

kl EAJ[BI
IC] = k2 [D] + k3 [E]

Thus, if concentrations of stable species are known, the concentration

of the unstable body may be determined, provided the reaction con-

stants have been obtained independently.

The assumption of steady state in the atmosphere is sometimes

partly true, and sometimes not true at all. Nevertheless, this tech-

nique has been used effectively for approximately estimating concen-

trations of atomic oxygen, atomic nitrogen, ozone, and several other

unstable materials.

The question of the applicability of the steady-state assumption

and the use of k values to atmospheric chemistry is of particular im-

portance. Information about the rate constants has to be obtained in

the laboratory under conditions remote from the atmosphere. A number

of key factors have to be taken into account in using the laboratory

data. For example, the steady-state solution implicitly requires that

the energy in reacting species have an equilibrium or Maxwell-

Boltzmann (MB) distribution. Under conditions where "hot" atoms or

molecules exist in the atmosphere, this requirement is not fulfilled.

In the absence of detailed information of atmospheric conditions, the



74

Appendix A-2 ................... 0 0 

(MB) assumption constitutes a reasonable starting point for studying

chemical reactions.

There are other pitfalls involved in using laboratory data. For

example, the extension of rate constants to wide ranges of temperature

assumes that the activation energy is constant. Under extreme tempera-

ture ranges, E may change somewhat with temperature. However, this

difference usually introduces a small error under normal application.

It is also observed that k may be sensitive to pressure changes.

Careful laboratory experimentation is vital in these cases to deter-

mine the region where k may be insensitive to pressure. Pressure

effects often come into cases where a foreign body M is involved in a

reaction. For example,

M + A + B -> C + D + M.

Here the nature of M comes in despite the fact that M is on both sides

of the reaction equation.

Laboratory studies are usually carried out under conditions

where the surface to volume ratio of the reaction vessel, S/V, is rel-

atively large. This means that one has to be careful about obtaining

data for a heterogeneous reaction when you think you are studying a

homogeneous reaction. Atmospheric reactions, of course, are virtually

all homogeneous in nature. Results for heterogeneous reactions can

only give the maximum rate of change in concentrations to be found 
for

analogous systems in the atmosphere.

In the study of primary reactions, say

h ) + A -- products,

some difficulties arise. For example, the rate of disappearance of [A]

is given by

where is the photochemical yield, the fraction of photons absorbed

where ( is the photochemical yield, the fraction of photons absorbed
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that are actually involved in producing a reaction. And f is the

specific rate constant, equal to the rate of absorption of photons per

molecule or atom over the range of wavelength in which the species A

is absorbing. Both f and ~ are nearly independent of temperature,

fortunately. However, 9 may be slightly dependent on pressure.

Worst of all, f is difficult to measure and calculate for atmospheric

cases because this function involves the spectral distribution of

radiant energy at each level in the atmosphere.

Our studies in the laboratory deal primarily with secondary

photochemical reactions, and the determination of rate constants. We

also have interests in certain classes of primary reactions. Some

theoretical studies are being undertaken to apply our laboratory data

to atmospheric conditions, and try to determine where the (MB) distri-

bution and steady-state assumptions may be applied to the atmospheres

Illustrations of results of several studies are given by Allen and

Cadle (1965), Cadle and Ledford (1966), Cadle and Allen (1965), and

Cadle (1962, 1963).

Several examples of rate studies, primarily in laminar flow re-

actors, serve to illustrate some of our experimental techniques, as

well as some consequences of our results (for details, see references

listed above).

From samples of these investigations it is clear that our experi-

ments generally are small in size. These indirect studies do not re-

quire a long-term use of a large facility. However, we could use a

large, environmentally controlled room from time to time. Such a

temperature controlled box, with gas sampling outlets, would provide

us with a means of reaching much lower values of S/V. A large vessel

has drawbacks, of course, in that it is difficult to vary S/V much.

A large tank also would be useful for making mixtures of gases at

very low partial pressure for one species. There are some interesting

spectroscopic investigations that could be done on a large volume.
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The use of a large chamber for such cases is needed primarily because

greater intensity of light can be attained in some cases in the larger

volumes.

DISCUSSION

Although aerosols are always present in the atmosphere, it is un-

likely that these particles have a catalytic effect on most atmospheric

reactions. These concentrations are generally too low to give enough

surface area to be significant.

There is another aspect to the aerosol problem. One also has to

consider the actual reaction of an atmospheric gas with the particles,

as contrasted with the catalytic effect mentioned above. For example,

the reaction of nitrogen dioxide with sea-salt particles liberates

hydrogen chloride into the atmosphere.
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3. WIND TUNNEL SIMULATION OF ATMOSPHERIC PHENOMENA

(Lectures of J. E. Cermak)

Wind tunnels have proved to be very useful tools for modeling

certain kinds of atmospheric phenomena. The effective utilization of

wind tunnels for modeling purposes depends largely on the successful

application of the principles of geometric and dynamic similarity. In

the two discussions to follow, several concepts and experiments will be

described which deal primarily with modeling of atmospheric surface

layers. The first talk concerns the mean motion that develops in tur-

bulent shear layers, while the second talk covers certain aspects of

the structure of turbulence, and the diffusion of heat and matter in

shear layers having thermal stratification.

LECTURE A

Recently a large meteorological wind tunnel has been built at the

Fluid Dynamics and Diffusion Laboratory, CSU. This facility has been

designed to simulate the behavior of atmospheric surface layers with

various degrees of thermal stratification. The floor of this wind

tunnel can be heated or cooled to give flows different stability. The

test section is square in cross section (1.8 by 1.8 m), and is about

25 m long to allow the turbulent boundary layer developing along the

floor to grow naturally, and to approach an equilibrium configuration

where the flow properties remain nearly invariant in the streamwise

direction.

The limitations for modeling fluid motion of surface layers in the

laboratory center around the magnitudes of dimensionless parameters,

the Rossby number Ro, the Reynolds number Re, and the Froude number Fr

(which is analogous to the Richardson number Ri). Since the wind

tunnel has no horizontal curvature and does not rotate, the scale of
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motion to be modeled must be confined to the regime where Ro > 1 or

larger. This means that only small-scale to miscroscale atmospheric

motion can be modeled. The difference in Re between model and proto-

type sometimes may be as high as 103. Using the heating and cooling in

the tunnel, equality of the Fr between model and prototype can be taken

care of within an order of magnitude.

In modeling flow around small structures in the lowest meters of

the atmosphere, the Reynolds criterion usually can be met. Motion in-

volving larger length scales can be studied when looking at flow over

or around sharp-edged bodies. In this case, the viscous effects are

small away from a region very near the boundary. If it is assumed that

the molecular viscosity can be replaced by a turbulent eddy viscosity

in defining Re, the motion on still larger length scales can evidently

be modeled, at least in appearance of the gross features.

Some examples of a reasonably successful modeling of flow around

sharp-edged structures include our work in Candlestick Park near San

Francisco (Cermak, et al, 1963) and the World Trade Center Building to

be constructed in New York, Here, it was found that the basic flow

patterns were the same even though the ratio of Reynolds number, proto-
2 3

type Re to Reynolds number, model, Re -- 10 - 10
p m

For a model of flow on a larger scale such as our studies of Pt.

Arguello, California, of San Nicolas Island, and for lee wave formation

over simple two-dimensional triangular "mountains," the ratio Re /Re
4 pm

104. However, the gross features of the model flow near these

kinds of topography appear to be similar to the natural flow, provided

the Froude criterion is met. Even gravity waves are observed to the

lee of the mountains, and secondary flow up valleys is found. This

seems to provide evidence for the applicability of a turbulent Reynolds

number criterion since the turbulent Reynolds number ratio between pro-

totype and model in these cases is about unity.

There remain problems in the use of an analogy between Reynolds
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criteria based turbulent and molecular viscosity. For example, the

eddy viscosity varies spatially. This feature cannot be modeled pro-

perly in the wind tunnel. Furthermore, care must be taken to insure

that the viscous effects near the surface of the model are well under-

stood before this kind of technique will be completely reliable.

Gross features may be consistent between model and prototype distor-

tions in horizontal and vertical length scales involved here.

In dealing with modeling in boundary layers, two additional cri-

teria have been proposed, particularly with reference to a quasi-

geometrical similarity. First, an analogy of atmospheric flow around a

body requires that the object must be well submerged in the surface

layer. That is, the thickness of the boundary layer must be greater

than the height of the object h. Second, Jensen (1954) has proposed

that the ratio h/zo, where zo is the length characterizing the rough-

ness of the boundary, must be the same in the model and the prototype.

Jensen has tested this hypothesis with some success. The first criter-

ion involves the generation of thick boundary layers in the tunnel.

This can be done either by using a long tunnel like ours, or the layer

can be artificially thickened at the inlet by using grids, and screens.

The latter cases are being studied by Strom and colleagues at NYU. The

second criterion can often be met by artificially roughening the floor

of the tunnel to match the h/zo ratio properly.

The problem of modeling unsteady flows has not been studied in any

detail. However, the people at the University of Michigan evidently

have done some preliminary work in this area, and there have been some

experiments reported by Karlsson (1959).

LECTURE B

In this session, we shall discuss the application of wind tunnel

experiments to the study of turbulence in atmospheric surface layers.

Modeling turbulent flow so far has centered attention on the sim-

ilarity theories for shearing flows. These theories generally require
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the turbulence to be homogeneous in the direction 
of flow. Hence, the

long test section is necessary again to insure 
boundary layer develop-

ment to a point where there is little variation 
in turbulence proper-

ties in the downstream direction.

Basically, the modeling of atmospheric turbulence 
appears to re-

quire similarity between the mean velocity 
profile, a Reynolds number

based on turbulent intensity and a length 
scale, and perhaps the dis-

sipation rate s .

In our studies, most of the effort has 
been concentrated on cases

of "level ground" where the surface roughness 
height is much less than

the boundary layer thickness. It has been useful to apply the theoret-

ical development of Monin and Obukhov (1954), 
who noted that essential-

ly three quantities, which are roughly 
independent of height, should

control turbulence near ground. These are: the ratio of gravity

to temperature g/T, the shear velocity u 
, and a heat transfer para-

meter H/cp , where H is the heat flux, and 
ec is the product of den-

sity and heat capacity. The mean velocity and temperature distribution

can be written in similarity form. For example, the mean velocity

reads:

K (

where L is the Monin-Obukhov length scale. The length L contains the

three parameters above. Unfortunately L is difficult to measure di-

rectly, so another parameter, Ri, often is 
used to characterize the

turbulent flow. Values of Ri depend on the height so that 
this para-

meter is not completely satisfactory either.

Using either L or Ri as characteristic parameters, 
suitably de-

fined for flow in the wind tunnel, the turbulence 
in thermally
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stratified motion for boundary layers can be studied, and the labora-

tory results can be compared with corresponding field measurements.

Our program has just begun in this area, but we have some preliminary

results that are of interest.

Data for the vertical component of motion are presented for vari-

ous heights above the boundary, for Ri 0.02 and 0.5. These results

are compared with the field work of Gurvich (1960), who used a sonic

anemometer to measure vertical velocity fluctuations. Frequency spec-

tra for the velocity are also presented and are shown with field data

taken under field conditions. Agreement between the wind tunnel re-

sults and the field studies is moderately good. The lack of agreement

may be related to differences in Reynolds numbers between these

studies. These results are discussed in more detail by Cermak and

Chuang (1965).

Another important problem associated with turbulent flow in shear

layers is the diffusion of heat and mass. Our studies of diffusion

center attention on the application of the Lagrangian similarity hy-

pothesis to modeling of particle dispersion in atmospheric layers.

This hypothesis again deals with properties of turbulence which are

homogeneous in the streamwise direction, and the theory leads to a

statement that two parameters h /L and z /L are of primary importance

for diffusion (hs is the height of the source). The key then to

modeling diffusion using this approach lies in the ratio h/zo . This,

of course, is analogous to the hypothesis of Jensen. Some of our

data from wind tunnel tests, and some results from the Prairie Grass

studies have been correlated within the framework of the Lagrangian

similarity hypothesis. These data are discussed briefly. The agree-

ment between theoretical predictions, model studies, and the available

field results appears to be satisfactory. For the details, see Cermak

(1963).
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4. MODELING THE EFFECTS OF SMALL-SCALE EDDIES

IN NUMERICAL STUDIES OF TURBULENT FLOW

(Lecture of J. W. Deardorff)

Most of our efforts in this Colloquium have been directed towards

laboratory experiments and modeling. However, it is of interest to

cover briefly a few special problems in numerical modeling, particu-

larly with a view of the interplay between basic laboratory studies and

progress in numerical calculation of fluid motion.

In one of their greater contributions to the understanding of tur-

bulent flow, laboratory studies have shed light on the behavior of the

fine-scale eddies of motion. One of the key problems in numerical

modeling of turbulent flow in the atmosphere has involved the question

of dealing with the effect of small eddies whose scale is less than the

grid scale of the finite differencing scheme. Accurate computation of

the behavior of the fine structure of motion is essential to this kind

of motion because this region usually contains the major contribution

to the dissipation of kinetic energy of the flow. A combination of

theoretical reasoning, numerical testing, and laboratory experiments is

providing some interesting new directions to pursue for solving the

problem of accounting for the effects of the small eddies.

In this talk, the general scheme for integrating numerically the

small-scale averaged Navier-Stokes equations for turbulent flow is

reviewed with reference especially to the problems of representing the

small-scale Reynolds stresses. With some misgivings, the usual pro-

cedure is adopted here of relating these Reynolds stresses to the

larger-scale motions.

Using the concept of an eddy viscosity and Kolmogoroff's hypoth-

esis for the dissipation of turbulent kinetic energy, the semi-
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empirical scheme of Lilly (1962) is presented for dealing with the

effects of small eddies in a numerical integration.

When an inertial subrange exists, the eddy viscosity K. in the x,

y or z coordinate is given by the relation:

K = (t )4/3 l3 (1)

where k is a constant,AXi is the grid spacing in the x, y or z direc-

tion, and 6 is the dissipation rate of turbulent kinetic energy. Once

values of k are known or assumed, K. can be calculated from the nu-
1

merical model by implicitly evaluating .

Recent numerical studies indicate that k 0.23 if an inertial

subrange exists. In the absence of an inertial subrange laboratory

studies of small scale turbulent convection suggest a value of k n 0.3.

The use of Eq. (1) may be extended to cases of shearing flow near

a boundary if we assume the distribution of mean velocity near the

boundary to be logarithmic. Under these conditions, KZ increases with

distance z from the boundary, and exceeds the value from (1) when

g^ ^, the grid interval. The problem centers around the merging of

these values of K with those of Eq. (1) at greater distances from thez
boundary. Possibly K and K can still be given from Eq. (1) even when

x y

K is obtained by this different method.
z

The scheme using the principles involved in Eq. (1) has been ap-

plied to a three-dimensional numerical model of plane Poisueille flow.

Preliminary results of this model are discussed for cases above and

below the critical Reynolds number for this type of flow. The numeri-

cal integration gives amplification of disturbances suggesting a

quasi-turbulent motion for a Reynolds number above the critical value.

The results for the mean motion, the turbulence intensities, and the

Reynolds stresses are examined and compared with some experiments of

channel flow by Laufer. For the details, see Deardorff (1965).
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5. TWO LABORATORY EXPERIMENTS WITH CONVECTION; THEIR RELATIONSHIP

WITH NUMERICAL AND FIELD EXPERIMENTS

(Lecture of H. F. Eden)

AN ELECTRIFIED CLOUD SIMULATION

Convective processes in clouds have been simulated in a number of

hydrodynamic models, and many interesting results have been obtained

from these studies. It appears, however, that certain features of

cloud behavior also may be investigated in clouds of water droplets on

a laboratory scale (particularly the effects of electrification, and

light scattering or transmission). One interesting experiment of this

kind has shed some light on the perturbations in electrical fields as-

sociated with thermal penetrations through large thunderstorm anvils

(Eden and Vonnegut, 1965).

It is easy to generate clouds of water droplets in several ways.

One method with which we have had success consists of dropping dry

ice (solid CO2) into warm water. A dense cloud of droplets then is

generated by condensation of water vapor that has been released by

heating of the water (from heat of solution of the dry ice). This

cloud will persist for several minutes. The droplet distribution in

such clouds is relatively narrow, in ranges from 3 to 8/ radius,

while the liquid water content is about 20 gm/m . This yields a cloud
6 -3whose concentration of droplets islO10 cm 

The observations of the laboratory clouds were made in a tank

1.5 m square by 1 m high. The clouds, 0.3 m high, were located in the

bottom of the tank. The droplets were charged by point discharge from

a high tension probe. To simulate the ionosphere, a charged polonium

strip was suspended above the charged cloud. We then made measure-

ments of the current flow between the suspended strip and the cloud.



86

Appendix A-5 . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Initially a small current flowed which decayed to zero, 
presumably as

the result of the induction of a sheathing layer at the 
top of the

charged cloud.

If, after the decay of the initial current flow, a turret 
or a

thermal is induced to penetrate and to perturb the sheathing 
layer, a

new transient current flow is measured from the polonium 
strip to the

cloud. After the sheathing layer becomes re-established the 
current

again reduced to zero. This behavior is analogous to changes in at-

mospheric potential gradient near turrets penetrating 
through thunder-

storm anvils as measured from recent U-2 aircraft flights 
in Florida

(Vonnegut, et al., 1966).

It may be possible to extend these results to more quantitative

analogies, including, for example, studying the thickness 
of the

sheathing layer.

PROPERTIES OF CONVECTION IN ROTATING SYSTEMS

A number of experiments have been undertaken recently 
to try to

understand better the dynamics of heated fluids in a rotating 
annulus.

The work of Fultz and his colleagues has indicated that 
the fluid mo-

tion in such systems appears to be closely related to the 
large scale

circulation in the atmosphere, provided that the Ro numbers 
are the

same for the model and the prototype.

In parallel with the work of Fultz' group, Hide and co-workers

have carried out similar experiments in rotating systems 
to map out

the properties of (laminar) flow in a rotating annulus over 
the re-

gions of steady, axially symmetric Hadley circulation, and steady

Rossby-like wave development. Several general features 
of the convec-

tive fluid motion and the associated temperature fields are 
described

for these regimes. The behavior of the boundary layers which develop

near the hot and cold walls of the annulus are also discussed. 
For

the details, see Bowden and Eden (1965).
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Perhaps the studies of greatest meteorological interest in use of

the rotating hydrodynamic models came several years ago. The early

results were largely qualitative, but provided considerable insight

into the behavior of fluids at different Rossby numbers. There are

many experiments of this kind which remain to be done. However, they

will probably be of primary interest to fluid dynamicists, and experi-

menters who want to check results of numerical models with simple

experiments. It would certainly be worthwhile to extend the type of

studies described for example in Bowden and Eden (1965) to the unsteady

wave regimes and to rotating systems in turbulent flow.
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6. HYDRODYNAMIC MODELS OF ATMOSPHERIC CIRCULATION

(Lectures and Discussions of A. J. Faller)

LECTURE A: EKMAN BOUNDARY LAYERS AS ANALOGS OF PLANETARY BOUNDARY
LAYERS

Analogs or models, if you want to make the distinction between

these concepts, may arise in two different ways: by design or by

chance. Experiments evolving by design usually fall between two ex-

tremes. On one side, laboratory study is undertaken to test concep-

tual theories or simplified mathematical models, and on the other side,

experiments are carried out, perhaps naively without theoretical

basis, to try and construct analogs to certain kinds of atmospheric

motion. During some investigations, a worker may recognize a "new"

circulation by chance which looks very similar to a geophysical proto-

type. Since many of the previous discussions have dealt with experi-

ments by design, I want to place emphasis in this lecture on the

second category, chance discoveries.

To illustrate how an analog may develop by chance, the case of

instabilities in an Ekman boundary layer will be treated in relation

to the roll vortex structure in the planetary boundary layers in the

atmosphere, and in the oceans.

Our study of (laminar) Ekman layers arose from some work of

Stommel, et al. (1958), in which a model was developed to test

Stommel's conceptual theory of general ocean circulation. In this

experiment, a sector of a rotating tank was used to simulate an ocean

basin. The rotation of the tank caused a variation in water depth

with tank radius, which essentially simulates the- -effect in homoge-

neous fluid motion over a plane surface. When a source and a sink of

fluid are established in such a sector, a western boundary current is
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observed, which is analogous to similar currents in the oceans. 
These

boundary currents thus are believed to be the direct consequence 
of the

3 -effect.

During this study, it became apparent that the Ekman layer 
at the

bottom of the tank was very important to the behavior of the 
circula-

tory structure in some cases. Therefore, we continued these experi-

ments using the entire rotating tank with a sink at the axis 
of

rotation, and a source distributed uniformly about the rim 
of the

tank. These studies indicated that the Ekman layer at the bottom

dominated the circulation in the tank. That is, the primary horizon-

tal flow from the source was a spiraling motion in towards 
the sink,

all within the boundary layer.

The Reynolds number for the Ekman layer of depth (D= (0/.)n),

where ) is the kinematic viscosity of the fluid and n-is 
the rotation

rate, is proportional to l/r. Therefore, a critical Reynolds number,

Re , is reached towards the axis of rotation, in the laminar 
Ekman

layer where there is a transition to unstable modes of flow. 
Later,

of course, there may be a second transition to turbulence. 
The insta-

bilities were observed in the bottom layer of the tank by 
dye traces.

Spiral bands of dye were found to develop at an angle to 
the "geo-

strophic" flow.' The bands are related to rows of vortices 
superim-

posed on a steady, horizontal flow. The first class of unstable

motion to be observed, Type I, consisted of band spiraling 
inward

towards the center of the tank at angles of~140 to the geostrophic

flow, with wave lengths of ~llD. These turned out to be related to

regions of inflection in the mean vertical profiles of horizontal

velocity. A second independent class of unstable modes, Type 
II,

also was found. These bands were oriented about 150 to the right of

the geostrophic flow with wave lengths of about 24 to 30D 
and traveled

rapidly to the left of the geostrophic direction.

* This class has been called the parallel mode of instabi ity 
by

Lilly (1966).
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Two similar analogies by chance came out of these basic studies

to understand the behavior of the unstable Ekman layer. First, the

banded structure observed in the rotating tank experiments suggested

an analogy to the hurricane vortex. The observed cloud bands in

hurricanes look quite similar to the dye structure in the rotating

tank. To be sure the hurricane system is rather complex and is driven

by a different mechanism than the experimental vortex. However, it is

very interesting that the separation of cloud bands in the hurricane

is llDh , remarkably close to that found in the experiments. The

connection between model and prototype here depends, of course, on the

use of eddy viscosity and a turbulent Reynolds number compared to the

"laminar" Re in the model.

The second analogy to be suggested is the relation between roll

vortices in the atmosphere and in the mixed layer on the ocean, which

tend to be oriented at a small angle to the wind direction, and change

direction with the wind direction. The roll vortices in the ocean

were first observed by Langmuir some years ago in connection with

regularly spaced rows of seaweed on the surface of the water. The

spacing of the wind rows on the ocean, combined with their angular

orientation to the wind suggests a close relation to the instabilities

associated with an Ekman layer in the water. Similar arguments can be

proposed for the structure of the roll vortices in a "quasi-Ekman"

planetary boundary layer in the atmosphere.

We also note that the use of the criterion, (turb)Re p
prototype

(lam)Re odel fits the geophysical observations and the model experi-

ments satisfactorily. That is, with reasonable assumptions about the

eddy viscosity, Re for the (turbulent) atmospheric layer is -500 to
cr

1000, and for the ocean Re 100. These ranges are the same as the

laminar Re for the model.cr~ ~crlaminar Re for the model.

To better understand the role of vortices produced by shearing

flow instabilities, the connection between cells of thermal convection
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and the behavior of Ekman layers has to be investigated. It has been

suggested, for example by Kuo, that roll vortices in the atmosphere

can be of thermal origin. We do not know at present the relative im-

portance of the two mechanisms in establishing the observed helical

cellular structure of circulation in the planetary boundary layer.

However, one can guess that because of the greatly reduced importance

of baroclinic effects in the oceans, the mechanism of shearing flow

instability controls the wind row pattern of circulation. For further

details, see Faller (1964).

One of the interesting features of our investigation of the in-

stabilities of the laminar Ekman layer is the result of numerical

studies which have accompanied the laboratory work. Our numerical

computations for the modes of Type I and Type II instability, e.g.,

Faller and Kaylor (1966), and those of Lilly (1966), show agreement

which is quite satisfactory with the experimental results.

We incidentally have found indications of a third independent

mode of instability. Although relatively little has been done on this

aspect of the Ekman layer, it appears that, for Type III, A; 3D, and

the angle is about 20 to 40 to the left of the geostrophic flow.

Our work on these problems is continuing. For example, we are

investigating the roll vortices in the atmosphere and in the oceans

through a field observation program off the coast of Bermuda to see to

what extent the laboratory analog actually is similar to atmospheric

and oceanic convection. New laboratory experiments of instabilities

that develop in the Ekman layer near a free surface also have been

undertaken. These studies are of particular interest because they have

shed some light on the role of surface films in changing the direction

of the surface stress, and in affecting the development of small sur-

face waves.

Our experience with laboratory modeling resulting from "chance"

discoveries has been quite illuminating as basic fluid dynamical
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studies, and, I believe, has certainly been at least partially succes-

ful in pointing towards unexpected mechanisms for explaining geophysi-

cal phenomena. I would recommend therefore that those who want to do

these kinds of experiments should go ahead and try, and see what may

be found. Sometimes qualitative results from these investigations can

be just as useful as the quantitative results.

LECTURE B: SOME UNPUBLISHED ATMOSPHERIC MODELS

Before going into some different experiments, there are one or

two additional comments to make about the Ekman layer study.

Reviewing the previous discussion, the modes of instability that

we have found number three. The second mode appears at a lower Rei
crit

than the Type I mode. However, the Type II class travels very rapidly

as it grows so that unless an initial finite disturbance occurs in the

fluid, these bands of Type II will not be observed. Indeed, Gregory,

Stuart, and Walker (1955) failed to find the Type II mode for flow due

to a rotating disc because of this fact.

The transition to turbulence in an unstable Ekman layer occurs in

an interesting manner. Evidently, the onset of turbulence is related

almost entirely to the Type II band structure. As these bands develop

and travel outwards, waves appear on these bands which break down

quickly into turbulence. This breakdown is related to an interaction

of the Type II mode with the (distorted) mean flow rather than to the

Type III mode.

Cold Fronts

The next group of experimental analogies again arose more or less

by chance. These began in 1953 with the study of thermal convection

in a rotating tank, a dishpan experiment. During the investigation of

heat transfer under transient conditions, where the tank was heated

continuously at the rim, we found at low rotation rates, that very

reproducible systems of frontal disturbances appeared. These



94

Appendix A-6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

propagating frontal discontinuities seem to be somewhat analogous to

fronts in the atmosphere (see also Faller, 1956).

The lessons to be learned in these experiments are: that it is

not necessary to have clouds and precipitation for fronts, and that

cold continental air masses are not needed for fronts. However, fric-

tion in the bottom layer may well be required for forming fronts in

the dishpan experiment. The interesting question comes up, of course,

as to how closely the laboratory fronts are related to the atmospheric

case. This can only be answered by a more detailed laboratory study

of these transient experiments than I have been able to do so far.

Needless to say these experiments are quite suggestive and worthy of

further study.

General Circulation Analogies

The well known dishpan experiments of Fultz and Hide may be ex-

tended to at least qualitatively explore some features of atmospheric

motion. The early experiments involved symmetric and constant sources

of energy, and constant rotation rate. But there are many experiments

that can be done using simple non-steady boundary conditions. For

example, one might examine the seasonal variations and certain zonal

asymmetries, or orographic influences. Such external conditions would

superimpose irregularities on the circulation as developed by symmet-

ric heating. Perhaps orographic effects will introduce favored loca-

tions for trough formation in the long Rossby wave, but irregularities

in the shorter waves. It also should be possible eventually to intro-

duce other modifications to account for feedback mechanisms involved

in snow cover, clouds, ocean circulation, etc. Some time ago, I built

an open centered rotating tank that was designed to explore some of

these features, especially in the realm of sectorial heating and cool-

ing. The preliminary results that were obtained are quite interesting

and suggest some qualitative analogies to atmospheric circulations.

Under conditions of symmetrical heating at the rim of the
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rotating tank without center cooling, we studied the temperature

changes with time in the fluid. From the mean temperature and the

perturbations in temperature it was possible to deduce some informa-

tion about the potential energy cycle in the tank, in a manner similar

to the circulation studies of E. Lorenz, N. Phillips, and others.

When the cold region at the center of the tank was added, the

mean temperature distributions suggested conditions analogous to the

stable temperature distribution associated with air over the cold

Antarctic continent. Without cooling at the center, but with complete

insulation including the top and bottom of the tank, a temperature

distribution developed that was qualitatively analogous to an equiva-

lent radiative loss from the entire body of the fluid. For the same

rotation rate, an irregular five-wave pattern appeared for the insu-

lated case while a nearly symmetrical one-wave pattern formed with the

centered cold source in the experiment.

When there was evaporation at the "free" surface, a completely

different small-scale cellular-convective pattern of flow developed.

This particular case may be somewhat analogous to conditions of high

cloud level and radiation from the upper troposphere.

The exploratory experiments using sector heating also yielded

some interesting results. Two geometries were used: one consisting

of two heated sectors and two insulated sectors, and the other, three

heated sectors and three insulated sectors. In both cases, an analy-

sis of streamline patterns indicated a behavior very similar to the

circulation in winter as observed over an eastern side of a cold con-

tinent adjacent to a warm ocean. Examination of the zonal component of

flow indicated zonal maxima near the east coasts of continents, as ob-

served in the northern hemisphere. The variations in temperature also

oscillated periodically in a frequency corresponding to the time re-

quired for short waves to travel from warm regions to cool regions.

Similar periodic variations were found in the kinetic energy change,

and the transform function for kinetic energy.
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Although the meridional component of flow in these studies com-

pared favorably with the atmosphere, the average zonal component in

the experiment was considerably less than that in the atmosphere.

This discrepancy may well be related to the missing feature in these

pan experiments-- the #-effect.

In general, these dishpan experiments have revealed some very in-

teresting features. Although the experimental results are complicated,

they are sufficiently intriguing to do further, more detailed studies

in this class of hydrodynamic systems. Particularly important in

future work of this kind must be the quantitative checking of numeri-

cal models of the laboratory experiment with results from the labora-

tory experiment. One would be hard pressed to defend many of these

experiments on grounds of dynamic similarity between the model and

the atmosphere. Nevertheless, hydrodynamic analogies can be very use-

ful for testing and extending conceptual theories as well as for

suggesting new or different mechanisms for geophysical phenomena.

DISCUSSION

Rotating Tank Experiments

One of the important possibilities for the hydrodynamic experi-

ments is the more effective use of the combination of numerical com-

putation and laboratory experiment. Numerical models specifically

designed to correspond to the hydrodynamic experiment can lead to

insight into the observed motion on the one hand. On the other hand,

this combination may give insight into the reliability of numerical

integration schemes which later may be applied to the atmosphere.

There are two classes of numerical-laboratory studies that can be done:

(a) the transient problem where some "end" circulation is followed

after given initial conditions, and (b) the steady-state problem,
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where one examines the statistics of a fluctuating system after the

initial conditions no longer influence the flow. Both kinds of studies

should be undertaken. However, it does not seem necessary at this

stage to go to very detailed comparisons between experimental flow

patterns and numerical calculations. A careful comparison of statis-

tical properties like the mean temperature distribution should be a

sufficient "test."

I have begun combining numerical models without laboratory exper-

iments, of course, in the Ekman layer work. In Stockholm, Sundquist

and I worked together on a numerical model to predict flow patterns in

a simple disturbed, barotropic, rotational flow in the laboratory.

This case worked satisfactorily, with a predictive "skill" of .90%.

We have hopes of successively complicating such models to incorporate

baroclinic effects, including irregular boundary conditions.

In connection with the general circulation analogies discussed in

Lecture 6-B, we also have tried introducing orographic effects. The

addition of a ridge in the tank, oriented with crest radially, pro-

duced circulations surprisingly similar to the large-scale atmospheric

motion over North America. That is, a semi-permanent cyclonic low

developed upstream of the mountains "near" the region equivalent to

the Alention region, and over and over again disturbances would break

away from a zone off the "west" coast and travel across the continent

towards the "north-east."

It is worth noting that there has been a substantial increase of

interest in rotating tank experiments. In addition to our program,

there are groups working on such projects at the University of Chicago,

Woods Hole, Harvard, Amherst, Columbia (Lamont Geological Observatory),

University of Washington, Florida State and UCLA. I believe that the

really large turntables exist only at Woods Hole, and at the Univer-

sity of Maryland.
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The Facility Question

A versatile new facility might be useful to consider. Such a

piece of equipment might consist of a turntable aJout 8 ft in diam-

eter, accompanied by a good set of slip rings, and standard fluid

dynamical instrumentation. The turntable and slip rings could 
be

built for about $10,000 to $15,000. An apparatus of this kind would

not represent a large expenditure, and could be operated in a 
way that

would be useful to outsiders as well as to the NCAR staff. 
To use the

turntable efficiently, one would require that different experiments 
be

designed as units in such a way that they could be lifted on 
and off

the turntable very rapidly. The change-over for a given experimenter

should not require more than a few days.

A user could either design and build his own equipment to be

placed on the turntable, or the central operator could make 
shop

facilities available to users who supply a design on paper.

A general, flexible rotating platform of this type would certain-

ly be welcome to workers who want to do certain experiments rather

quickly. This kind of facility should see wiser usage as more groups

get interested in these hydrodynamic studies and provide a supply 
of

students, and interested personnel. The fact that the turntable might

sit idle from time to time should not necessarily be a detracting 
fac-

tor in considering the equipment.

It is possible that a "co-op" system might work out as a national

facility. The resources of individual groups specializing in certain

equipment could be utilized effectively in this way, provided 
that

certain precautions are taken to insure proper management of experi-

mental programs. One of the main drawbacks to such a co-op system is

that people may want to come to a central location like NCAR 
to work

with certain people as well as a particular piece of equipment.
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(Lecture and Discussion of P. Frenzen)

C. G. Rossby, who can be considered one of the fathers of modern

meteorological modeling (cf. Rossby, 1926), once wrote of his teacher,

V. Bjerknes, that he combined an exceptional ability to reduce compli-

cated physical problems to their essentials with a remarkable capacity

to generate enthusiasm among those around him. Those who knew Rossby-

will recognize these qualities to be his own as well, while in the

present context, it can be noted they also represent the attributes

of a good meteorological model. Successful simulation of complicated

geophysical phenomena in uncluttered laboratory experiments usually

leads to clarification of analysis and understanding, while the ability

of working meteorological models to generate enthusiasm (notably, the

"dishpan experiment") makes these devices very effective teaching aids.

This presentation will outline three different meteorological

model experiments related to as many different scales of atmospheric

motion, the planetary, meso-, and microscales, respectively. Emphasis

will be placed upon a few aspects of each model, these selected in order

to illustrate some similarity (or lack thereof) with certain features

of prototype circulations in the atmosphere.

WESTERLY FLOW PAST A BARRIER IN A ROTATING HEMISPHERICAL SHELL

Experiments in rotating shells at Chicago led to studies of

relative flow past barriers mounted within these systems (Fultz and

Long, 1951). It was found that although easterly flow remained rela-

tively undisturbed, westerly flow produced meteorologically realistic

patterns of long waves with periodicities in close agreement with a

frequency equation given by Haurwitz (Long, 1952):
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Ro = 2 ; Ro = _m_ /eo
(m + 1) (m + 2) - 2re obs

Here m is the planetary wave number, while the kinematic Rossby number

Ro (the ratio between the angular velocity of the fluid relative to

the obstacle, and the absolute angular velocity of the obstacle itself)

represents a single similarity criterion for the model.

A motion-picture study of the westerly-wave case (Frenzen, 1955)

found that wave amplitude varied considerably with the latitude of the

barrier. A 200 diameter obstacle at latitude 300 produced strong,

V-shaped troughs with a closed anticyclone in at least the first ridge

downstream; at 450 latitude, the same barrier produced weaker, U-shaped

troughs and no closed anticyclones. With the obstacle at latitude 60 ,

no steady pattern appeared at all; but slow-motion pictures revealed

that here a series of cyclonic vortices periodically formed and moved

off in the wake, an observation which was qualitatively compared with

Exener's barrier cyclone theory.

Time-lapse, "streak" motion pictures of increasing westerly flow

showed that reduction in wave number occurs discontinuously, the last

wave downstream gradually weakening while the rest of the pattern re-

mained relatively undisturbed. When Ro attains a value about midway

between that appropriate to the old and the new stationary patterns,

the length of the remaining waves begins to increase, eventually relo-

cating the reduced pattern in a stationary position symmetrically

located relative to the obstacle. This behavior permits a one-wave

single vortex to first appear only about 1000 of longitude downstream

from the obstacle, a pattern reminiscent of the eccentric circumpolar

vortex found to occur with strong westerlies in the northern hemisphere.

When it pulls out, the vortex centers in the Gulf of Alaska, very nearly

1000 downstream from the Himalayas (Frenzen, 1956; LaSeur, 1956). Since

the model suggests low latitude barriers should be even mo'e effective,
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it was suggested that the Andes might produce similar eccentric vortex

circulations in the southern hemisphere. Recent analyses (Van Loon,

1965) do show a tendency for a single wave at 500 mb, but the vortex is

centered 150 rather than 1000 from the Andes. Conceivably this could

result from the superposition of effects of both the Andes and the

lesser mountains of South Africa. Interestingly, the strongest phase

of this pattern sets in during periods of maximum zonal index. However,

Van Loon maintains the effect is largely of thermal origin.

The point of discussing this apparent model-prototype analogy is

not to argue for a purely barotropic mechanism for eccentric circum-

polar circulations in either hemisphere, but rather to illustrate the

model experiment's ability to isolate dynamic effects. It would, for

example, be useful to repeat the obstacle experiments, using heated

sectors in place of physical barriers. After isolating large-scale

thermal effects in this way, the barrier could be reintroduced and a

study of combined orographic and thermal effects could be carried out.

In their enthusiasm, visitors often suggest that literal analogues

of continents and oceans be included in the laboratory models. Some

form of this procedure will certainly come in time (alternate warm and

cold sectors have been used in the dishpan); but, in consideration of

the state of our knowledge of the atmospheric prototype, the most use-

ful virtue of meteorological models today is their simplicity. By con-

tinuing to isolate individual effects in well designed models, one can

contribute to the understanding of the prototype; but, in consequence,

only limited, direct comparisons can be drawn between the simplified ex-

periments and the complex atmosphere.

CELLULAR CONVECTION IN FLUIDS UNIFORMLY HEATED FROM BELOG

Since high-altitude photographs confirm that several forms of

quasi-cellular convection are prominent mesoscale features, laboratory

models of these atmospheric modes could be quite useful. The most

obvious small-scale candidate, laminar cellular convection, has been
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known for some time. Following James Thomson's famous identification

of convection cells in a tub of warm, 
soapy water in 1882, Henri Benard

carried out a systematic study of the 
cellular mode in thin layers of

liquid in 1900. But as early as 1882, Friedrich Vettin, 
a Berlin

physician and amateur meteorologist, 
carried out some unusual cellular

experiments with the specific intent 
of modelling cirrocumulus clouds.

After introducing smoke between two horizontal, 
electrically charged

plates, he observed that "the smoke organized 
itself in bands divided

into many small cloudlets which climbed 
toward the upper plate and indi-

vidually surrounded themselves with vortex 
rings" (Vettin, 1882). Note

that, even though the instability mechanism 
was wrong (Vettin associated

this form of convection with strong 
thunderstorm activity), this early

attempt to model organized convection 
did succeed in "simulating" the

circulation desired, a circumstance illustrating 
an important distinc-

tion between "simulation" and "dynamic 
modelling."

Beginning with the basic treatment by 
Rayleigh in 1916, theoretical

analysis of cellular convection has been 
extended to include a variety

of boundary conditions (summarized by 
Stommel, 1947), rotation (Chand-

rasekhar, 1953; Nakagawa and Frenzen, 
1955) and non-linear effects

(e.g., Stommel and Veronis, 1958; Kuo, 
1961). More recently, efforts

have been made to include in both laboratory 
and numerical models the

additional instability contributed by 
the release of latent heat

(c.f.,A-19, J.S. Turner>.

Besides the usual qualitative comparisons 
drawn between regular

cells in the model and uniformly distributed 
fields of altocumulus or

cirrocumulus in the atmosphere, it has 
been suggested that the simul-

taneous excitation of two cellular modes 
of slightly different wave

length could generate two-dimensional, 
"beat-frequency" patterns of

organized convection on the mesoscale 
(Frenzen, 1962). Two superimposed

hexagonal cellular distributions could 
form patterns of regularly spaced

cloud groups, each group with its strongest 
members in the center and

the groups themselves uniformly located 
relative to one another on the
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vertices of equilateral triangles. Individual cloud groups of this

general appearance have been observed by Plank (1960) on days with

insufficient vertical shear to generate rolls; however, the antici-

pated larger scale distribution of the groups themselves was not de-

tected. Another "bimodal" cloud distribution could perhaps result

from the modulation of a rectangular cellular pattern (associated with

significant shear) by a train of gravity waves, a combination which con-

ceivably could form large-scale convective bands similar to those seen

to spiral around cyclones in satellite photos. Again, such bands would

resemble the cloud groups in that the tallest cloud rows would lie

along the bands' central axes with convective activity tapering off on

either side.

Early criticisms of the lack of similarity between the cellular

models observed in the laboratory and proposed convective prototypes

in the atmosphere called attention to two purely qualitative defects:

1) realistic circulations with ascending central cores had

only been observed in liquids; cores in gaseous cells

always descended;

2) cells in the laboratory exhibited depth: diameter ratios

of 1:3, whereas convective clouds suggested ratios of

1:1 or more.

An early suggestion that the opposite vertical circulations ob-

served were due to the opposite temperature dependence of viscosity in

liquids and gases was later confirmed by Tippelskirch (1956) in experi-

ments with molten sulphur a liquid whose viscosity variation reverses

at 153 C. On the other hand, results of rotating experiments appeared

to satisfy both qualitative objections. With the additional radial

constraints imposed by rotation, it was found that steady cells with

very large depth: diameter ratios could be created, only very weak

rotational effects being required for atmosphere-like ratios of 1:1.

Moreover, in both water and air, cell cores were observed to move either

way, the direction only depending upon the position of the boundary
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where instability first set in; cores always ascended when heat was

added from below, and always descended when heat was removed from the

top (Nakagawa and Frenzen, 1955).

Of course, the fundamental difficulty precluding true dynamical

similarity between these laboratory cellular experiments and atmospheric

convection arises from the fact that small-scale flow in the model is

laminar whereas full-scale flow in the prototype is turbulent; thus the

molecular transfer coefficients appropriate to the model ( ) and k )
are properties of the fluid, whereas the eddy transfer coefficients ap-

propriate to the prototype (K and Kh) are properties of the flow. On

occasion this difficulty is ignored by suggesting that an experiment

might be considered an adequate model insofar as molecular transfer

can be taken to represent a scaled version of eddy transfer in the

prototype; but there remain second order problems such as:

1) i) varies with mean temperature, whereas K does not;

2) K varies with the scale of the circulation, whereas )
m
does not;

3) relative transfer ratios characterized in the atmosphere

by and "eddy Prandtl number" _ Km/Kh exhibit a variation

with fluid stability, whereas the laminar ratio,

Pr ) /K. does not.

In short, small-scale laminar convective experiments may be use-

ful as simulators suitable for heuristic demonstration and teaching

purposes, but they are not dynamically similar to full-scale phenomena

in the atmosphere. To successfully model atmospheric convection,

larger apparatus capable of sustaining quasi-steady, turbulent con-

vection would be required. It might be noted in passing that the use

of dense, cold gases in such experiments would grant significant ad-

vantages in the magnitude of the Reynolds numbers which the flow might

attain. Even at normal temperatures, the value of ) for carbon diox-

ide is only half that of air, while values for certain forms of butane

approach one fifth that of air; operating at lower temperatures would
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of course reduce these values further. Decreasing the scale require-

ments of a turbulent convective experiment by such exotic means could

be quite useful, especially since it might well prove desirable to

rotate the entire apparatus.

LAGRANGIAN TURBULENCE STUDIES IN A STRATIFIED FLUID

The dispersion of material particles in turbulent flow, an impor-

tant practical problem in micrometeorology, is described analytically

for the special case of stationary, homogeneous turbulence by the well

known Taylor equation for "diffision by continuous movements":

___ T t

x (T) = 2 u R() d dt

o o

Here the mean square displacement of an ensemble of dispersing particles

x (T) at time T is expressed solely in terms of the (Lagrangian) in-
-2

tensity of turbulence u (assumed constant) and the Lagrangian auto-

correlation function R( ), the average correlation of particle veloci-

ties with their own values after lag time . A series of experiments

were carried out in the lee of a moving grid in a 30-ft towing tank at

Argonne to measure the key factor R( ) over a range of initial turbu-

lence intensities and fluid stabilities (Frenzen, 1963). Data taken in

Lagrangian ccordinates (successive, I-sec displacements exhibited by

small droplets of a neutral-density oil mixture suspended in the flow)

were corrected for decay by a method suggested by G. K. Batchelor (1952).

Since the experiments were restricted to the so-called "first period,"

the grid-produced turbulence was characterized by a velocity scale (rms

velocity fluctuation) which decayed as t 2 and a length scale (repre-

sentative eddy size) which increased as t2. It follows that one can

define a time scale which is itself proportional to t:
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T* = L*/V* oC t / t = t.

Batchelor's corrections then consist of

1) multiplying all observed velocities (l-sec particle

displacements) by t2, and

2) dividing all time intervals by t.

Here the time of observation t is measured from the "virtual origin"

of the decay process. Note that integration of a consecutive series

of corrected, infinitesimal time intervals defines a new, decay-

corrected time for the experiment:

t

dt/t = ln(t2/tl)I '2
t1

With these adjustments, correlation estimates with identical lags do

not use velocities separated by equal time intervals, but rather those

whose central times are in equal ratios. In the experiment, velocity-

decay corrected data collated according to this scheme did succeed in

producing statistically stationary correlation estimates for constant

values of F = (ti/tj). Actually, this experiment utilized data

derived from a stationary, homogeneous turbulence field that never ex-

isted, except briefly as a decay-corrected data matrix in a computer.

Results obtained showed that, although the vertical component of

R( ~) was strongly affected by increasing stability (falling to zero

more rapidly and changing its shape from exponential to Gaussian), the

longitudinal and transverse components remained relatively unchanged.

These effects were expressed quantitatively in terms of the variation

of virtual diffusion coefficients as well as the integral Lagrangian
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scales

TL R(f) d

0o

using the Brunt-Vaisala frequency as a stability parameter:

2= g d
P dz

The range of prototype eddy circulations to which this model might

be considered dynamically similar was determined by appealing to

Batchelor's (1953) demonstration that the Richardson number affords a

single similarity criterion for atmospheric motions on the scale of

100 m and less. A "Richardson number of turbulence" characteristic of

the turbulent field was defined as follows:

Ri* - d / 2

Here, the denominator represents a typical eddy shear, written as a

ratio of the rms vertical velocity fluctuation and the vertical eddy

scale. Note that the numerator of this expression is identical with

N, while the denominator is equivalent to (1/TL ) in which
fi~~~~~~~~~~~ z

TL R ( ) T represents the vertical Lagrangian scale time;
z

hence the ratio reduces to

2 2Ri* 5 N T
L
Z
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Values of this parameter derived from the experiments were compared

with those extracted from available field observations. The model was

found to represent Ri* values of the order 3 x 10 , the field data

indicating that this magnitude characterized turbulence at stack height

(r-50 m) in comparatively weak, stable lapse rates (between -0.6 and

1.00C/100 m) where verticalLagrangian scales from 2 to 5 sec have been

observed. However, these similarity considerations are necessarily

tentative since truly adequate observations of the prototype have never

been made.

DISCUSSION

In conducting atmospheric model experiments, continuing compari-

sons must be made between laboratory results and observations of the

full-scale prototype. Without this interchange, there is the danger

to the implied purpose of meteorological modeling that the experimental

studies could assume a sterile, ivory-tower aspect. The real value of

modeling lies in its ability to reduce a phenomenon to its essentials;

its most rewarding applications are analytical rather than synthetic.

But because over-simplification can lead an experiment astray, continu-

ous contact with reality in the form of observations of nature should

be maintained.

Incidentally, the word "simulations" should perhaps be used with

care; its emphasis on the synthetic aspects of modeling implies qualita-

tive "look-alikes," rather than true dynamical models definitely re-

lated to prototypes through similarity principles. A "simulator" may

afford a restricted analogy, but a dynamically similar relationship be-

tween model and prototype is expected to be sufficiently homologous to

allow extrapolation of results to a wider range of experimental vari-

ables than that actually observed.



109

- a a a .. . . . . . . . . . . . . . . . . . . . . . . . . . . . *. P. Frenzen

Should some group undertake atmospheric modeling on a large scale,

success will basically lie with the scientists involved, and not with

the sophistication of the facility. A permanent cadre of technicians

would be required, this to include at least one scientist who actively

wants the facility from the beginning and who is both sufficiently able

and interested to work on model experiments for an extended period of

time. Research for answers is relatively easy, usually needing only

time and money; but formulating valid questions for such research is

difficult, since this requires people who combine training with talent.

Specific questions must be asked of an experiment in advance, since

these will largely determine a particular model's design. Construction

and operation of a complicated facility more or less to see what will

happen, or what almost amounts to the same thing, in hopes of attracting

outside users, could be a waste of time and money.

Given the promise of an adequate skeleton staff, the facility it-

self probably should not be committed to a single, large apparatus,

especially in view of the present state of the art. Rather it should

resemble a generalized physical research laboratory, well equipped with

basic instrumentation and tools; some idea of the range of techniques

involved can be gained from Section C of Frenzen, et al., (1956). The

laboratory should be attached to a large, open structure with a firm

floor, adequate utilities, and a controlled environment, within which

a variety of apparatus can be built and operated. To cite one example

of work that might be done, thermally stratified flow could be investi-

gated in a large room with insulated walls and uniformly heated and/or

cooled ceiling and floor. To reduce wall effects, the room should be

as much as twenty times as wide as it is high; but, to complicate mat-

ters, it might again eventually prove desirable to rotate the entire

volume.

Finally, with regard to the future prospects of atmospheric simu-

lation in the laboratory, the writer is neither overly enthusiastic

nor bleakly pessimistic; rather he remains hopefully realistic,
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sharing an attitude held by most of those who have carried out meteoro-

logical model experiments.
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8. CURRENT AND FUTURE PROSPECTS FOR LARGE-SCALE

AND MEDIUM-SCALE CIRCULATION MODELING

(Lectures and Discussions of D. Fultz)

One of the more striking examples of basic hydrodynamic experi-

ments which shed light on atmospheric motion is the well known dishpan

experiment. These studies depended on partial similarity, primarily of

appropriate Rossby numbers and vertical stability parameters, and pro-

vided considerable insight into the behavior of large-scale motions of

the atmosphere, particularly in the polar and middle latitudes. The

following lectures and discussions deal with a selection of interesting

features of the basic phenomena of a barotropic and baroclinic nature

which develop in rotating annuli and disks. The potential for exploit-

ing the experimental systems for better understanding of the processes

occurring in the atmosphere also is discussed.

LECTURE A

Successful modeling of atmospheric processes depends to a large

extent on the equal partnership of careful experiment in the laboratory,

geophysical observation, and theoretical developments. I will try to

illustrate some of the interactions in this triangle from the point of

view of the experimental vertex of the triangle.

Basic experiments on stratified fluids in rotating systems may

contribute to a better understanding of atmospheric motion in several

ways. These include: (a) one may obtain relatively simple and quali-

tative results that lead to the discovery of new fluid dynamical

phenomena, (b) experiments may be able to provide critical tests of

certain existing quantitative theories, (c) one may in properly de-

signed experiments be able to separate complicated phenomena into

simpler processes for study under controlled, reproducible conditions,

and (d) one may obtain rather vague and general insights which neverthe-
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less suggest new conceptual aids to understanding geophysical phenomena,

and which, in turn, allow improved theoretical models to be developed.

Each of these aspects of laboratory experiments can be illustrated by

examples of current experimental studies.

Several cases of new phenomena have appeared in careful study of

the astounding variety of modes of instability in rotating systems.

For example, inertial oscillations of the sort calculated by Kelvin

have been observed in a barotropic fluid rotating in a pan. The axi-

symmetric types have given certain specific eigen-frequencies in units

of CL that depend only on the radial and axial mode numbers. For the

higher radial mode numbers, the zonal motions at the top reverse in

alternate rings. This motion has been found to become unstable at a

definite finite amplitude to disturbances consisting of rows of pulsing

vortices located on the nodal cylinders. These kinds of instability

are three dimensional, and involve simultaneous vertical and horizontal

shear. Since this type of oscillation instability is independent of

Reynolds number over wide ranges, it appears to be primarily an inviscid

instability. Other oscillations and circulatory patterns have been ob-

served in the boundary layer at the bottom of the fluid. Some of these

phenomena are analogous to the streaks in Ekman layers, as observed by

Faller. They evidently are strongly dependent on viscous forces. None

of these oscillations has been predicted in existing theory of fluid

motion.

An example of a critical test has arisen with Kelvin's theory for

gravity waves on a rotating homogeneous fluid in a circular cylinder.

According to the theory, the ratio

2 2f -f 
rot non-rot , as - ' 0.

A -21, as
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Kelvin does not say but implies the result is independent of mode.

Here f is frequency, and f)- is the angular velocity of the cylinder.

Although this theoretical conclusion was never tested for restrictions

of validity, it has been used extensively, for example by Sverdrup, in

connection with the properties of gravity waves on a rotating fluid.

We found experimentally that A - a finite value as -L — 0 only for

axisymmetric modes, the limiting value is not 1 and depending on the

mode may be negative. Azimuthal modes do not behave according to this

type of relation at all.

An interesting example of a qualitative test of a very old theory

occurs in an idea of Halley concerning the subtropical trade easterlies.

Halley, in 1686, thought that the low-level trades were to be ascribed

to an average tendency to move in the direction of the zone of maximum

heating with the sun. This idea was largely forgotten until J. Thomson

discussed it again in 1892. Thomson suggested that there was no reason

to expect that the sun-driven winds should go either with the sun or

opposing it. We tried this experiment by rotating a burner under the

rim of a fixed pan in the laboratory. We found that indeed a circula-

tion could develop as a result of the rotating heat source. A slow

circulation near the bottom developed around the rim in the same direc-

tion as the burner rotation, while a much stronger circulation developed

in the center of the pan at high levels which rotated in a direction

opposing the burner rotation thus corresponding to upper westerlies.

Among the class of experiments of primary geophysical interest

are the experiments on thermal convection in rotating cylinders or

annuli. These studies, undertaken in pans with heated walls and cooled

centers, or in annuli with heating at the rim and cooling at the center

(or vice versa), have been described in detail in a recent review

(Fultz, 1961). However, as a refresher, several features of flow in

these geometries are considered over three ranges of Rossby number:

(a) Hadley regime, where the zonal flow is essentially axially symmet-

ric, (b) regular Rossby wave regime, where regular waves form in the
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zonal motion, and (c) the vacillating and irregular Rossby wave regimes,

where the waves on the zonal motion tend either to vacillate at regular

periods, or (at lower Ro, of a few per cent) the zonal flow tends to

break down into irregular eddy-wave motion combined with the develop-

ment of strong jets between eddies.

The structure of the irregular Rossby regime closely resembles

many features of atmospheric motion in the middle latitudes. These

similarities have been discussed in the light of dynamic modeling

(e.g., Fultz, et al., 1959; Fultz, 1961).

Generally, the annulus experiments, first attempted by Hide, pro-

duce much more regular, and well defined Rossby wave regimes than the

cylindrical, open centered experiments. Therefore, much of the study

of vacillation and transition in the wave number spectra has been car-

ried out in annuli. The effectiveness of stabilization by annulus geom-

etry of waves in the Rossby regime evidently involves the strong inter-

action of the wall boundary layers with the meridional and zonal flow in

the rotating fluid. We have here an example of separating relatively

clean phenomena in the annulus from the noise and irregularity of more

realistic Rossby regime convection experiments.

Quite frequently, we have observed modes of instability superimposed

on the normal baroclinic waves that develop in rotating pans or annuli.

Some of our recent work has been involved in trying to define these

modes, as well as to straighten out some of the inconsistencies in the

principal regions of vacillating wave motion and in the zones of tran-

sition between wave number regimes.

LECTURE B

In this discussion, I shall concentrate primarily on newer studies,

particularly with reference to detailed measurements of velocity and

temperature fields, and on some prospects for future work.
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In the examples of experiments mentioned previously, the results

were largely qualitative, based on dye traces, tracks of aluminum

particles on the rotating fluid surface, and limited measurements of

the temperature field. We are beginning to approach a new stage of

development now where we can realize the measurement of the local

velocity field at the fluid surface at least, and the local three-

dimensional temperature field in regular and periodic experiments. In

irregular experiments, long-term statistics of the temperatures can be

obtained at least for a few positions. In these classes of experiments,

much can be learned about the details of interaction of motion on

various scales, but the price must be paid of evaluating enormous amounts

of data. It is only possible to undertake such experiments if the

capacity and speed of data acquisition or processing systems are pushed

to their present limit. With such detailed measurements, it is just

beginning to be feasible to consider the "critical" testing of numerical

models by laboratory experiments.

Three examples of temperature measurements are described to illus-

trate what is involved in these cases. In the first example, the tem-

perature field along a meridian in a non-rotating flow is mapped. The

second corresponds to the meridional temperature field of a rotating

axially symmetric regime, and the third shows the temperature distri-

bution for a vacillating, five-wave Rossby regime. The last case covers

averages of some 30,000 data points. All three cases exhibit a stable

temperature distribution with height in the interior, and minima in

the layers near the hot and cold wall. Since all three cases display

similar temperature fields, the wall boundary layers must be largely

independent of rotation. These results do not follow recent theories

for similar configurations.

Careful study of the flow patterns which develop in a non-rotating

system indicates that boundary layers form at the walls, at the bottom

and along the free surface of the liquid. The boundary condition at

the top surface becomes quite complicated. That is, the radial compo-
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nent of velocity tends to follow a no-slip condition, while the

azimuthal component is something between no-slip and no-stress. These

conditions must be taken into account in attempting to compare criti-

cally the laboratory observations with a numerical model.

At present, there is no way of obtaining data for the local veloc-

ity field within the fluid. However, after several years, we have de-

veloped a photographic technique for obtaining horizontal velocities at

the top surface. This method is very tedious, and requires consider-

able effort to analyze even a small fraction of the data presently on

film. For example, the films for a single experiment consist of a se-

quence of 10,000 frames. With our present methods, reduction of this

data to results for computers would require about thirty years of time.

Clearly, the detailed study of field measurements in these experi-

ments requires data processing of the same magnitude as the worldwide

network for gathering meteorological observations. Of course, the

ultimate results of such a detailed study should yield much more valu-

able information than any of our previous qualitative studies. The

ultimate limitation in these experiments on rotating systems comes from

the limits of reasonable data handling. The better the technology for

this type of data acquisition and processing, the more sophisticated the

experiments can become, and hopefully the more valuable the information

gained from these studies.

In addition to the problems of data handling, it is vital in those

experiments involving thermal convection in rotating vessels to main-

tain a very well controlled environment. Temperature and humidity must

be controlled. For example, the sources in the experiment should be

maintained within tolerances of + 0.01 C for the thermal gradients

which develop in the vessels. And the environment should be maintained

to + 0.01 to 0.05 C. Furthermore, the axis of rotation of the vessel

must be held ideally to within 4 sec. of arc from the vertical direction.

Otherwise, it is possible to get coupling between tidal motions and

the baroclinic waves which can ruin an experiment completely. An
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example is shown in the case of a five-wave vacillation experiment which

would not develop properly when the axis deviated from the vertical by

25 sec. of arc.

As for the prospects of future work on fluid dynamics in rotating

systems, there are at least five classes of experiments which show prom-

ise for yielding valuable information.

The first group consists of further experiments on surface gravity

waves on a rotating fluid. This work could be extended to the internal

wave modes. In particular, there seems to be a close relation between

the waves that appear in a two-layer rotating fluid and the behavior

of the polar front. It may be possible to compare the experimental re-

sults with numerical computations similar to those of Kasahara, et al.

(1965).

Second, further study of inertial oscillations including barotropic

waves in the ? -regime, such as the experiments of N. A. Phillips and

A. Ibbetson at Woods Hole, should be of interest, especially in a two-

layer fluid in connection with the polar front model.

The third area would explore the tilt of the axis of rotation of

the turntable, and the non-linear interaction between simple gravity

modes excited in this way with vortex modes of motion.

In the fourth area, a continuation of more detailed measurements in

rotating systems undergoing thermal convection should prove useful. In

particular, the investigation of transient responses in the experiments

along with mapping out the properties of the steady wave regimes in

comparison to a corresponding numerical calculation should give some

information about the stability of existing procedures for numerical

integration. The vacillating wave case involves certain mechanical

processes which are closely related to the processes in the long waves

at mid-latitudes. However, the experiments are much better defined.

Therefore, a reproducible, controlled system is available for examining

these mechanical interactions.
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The fifth area of interest is the irregular Rossby regime. For

detailed measurements, this class of experiments presents very difficult

problems. It may never be possible to explore these systems in any

detail of the magnitude required to check a general circulation model.

However, it should be possible to measure certain statistical properties

which could compare with statistics generated in a numerical model.

One of the more intriguing possibilities in this class of experiments

is the possibility of investigating in hydrodynamic systems climactic

changes, and large-scale weather modification. It is now feasible to

undertake experiments involving 4000 equivalent years of time. With

one month's running time we can get 1000 equivalent years of temperature

and surface velocity data. The computer simulators cannot give this

kind of information yet, but it appears feasible to check sections in

time of a steady state behavior for statistics generated by computers

with the experimental results. One can also look at the effects of

changing the heating, say of the Arctic over a long period of equiva-

lent time. If the effects of modification are marked, knowledge of the

qualitative changes would certainly help. However, even if the results

of modification on climatology are more subtle, it should be possible

to isolate these effects by detailed field measurements. And these

results could be matched with computer results as they become available.

For climatological studies where long time integrations are involved,

it appears vital to provide critical tests of numerical integration

schemes. I believe that this can be done, in principle, using the

laboratory models even though the dynamical processes are not fully

similar. It seems to me that this might well be the most critical way

of establishing the credibility of long-term numerical integrations.
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DISCUSSION

Experiments in Rotating Vessels

The point is well taken that numerical integration schemes could

be checked by means of the model experiments. However, it should be

noted that this sort of check has not been ignored by numerical experi-

mentalists. There have been a number of numerical studies of laminar

flows of simple geometry which have been compared with laboratory

studies. The strong question comes up among workers as to the relevance

of many of the interesting fluid dynamic experiments in rotating vessels

to atmospheric processes. In the experiments, the flow is largely lam-

inar, or at best quasi-turbulent, but in the atmosphere the flow in-

volves turbulence of high Reynolds number. The laboratory experiments

say virtually nothing about this regime. In laminar flows, the behavior

of the Navier-Stokes equations is relatively well understood, and

satisfactory numerical models can be undertaken for these conditions.

Unfortunately, this is not the case where the fluid flow is turbulent,

and this is the regime where we need most of the information for dealing

with the atmosphere. These arguments are entirely correct. However, it

seems quite worthwhile to provide a truly critical check of numerical

results with experiments. This has not been done yet. In particular

for cases where these temperature gradients are large, the viscosity of

liquids (water) vary greatly. Hence, the term J V u in the Navier-

Stokes equations cannot be correct ( = kinematic viscosity, u is the

velocity vector). It is really the involvement of variation of physi-

cal properties locally in the equations of motion that should be ex-

amined along with the numerical schemes in such critical tests.

The rotating pan experiments historically provided considerable

insight into the large-scale motion of the atmosphere. However, very

little has been done in relating the fine structure of the laboratory

experiments to observations of mesoscale behavior in the atmosphere.

There is certainly potential for doing such studies, and we have ob-

served a lot of fine structure behavior which look similar to
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atmospheric phenomena. However, a detailed quantitative study of this

fine-scale motion would be very difficult. One might have to go to a

larger vessel, and go much farther in ability to process large columes

of data.

The question of data conversion and reduction is a major key to

future work on the laboratory experiments. Until automatic devices be-

come available that will be able to convert large volumes of data on

strip chart, on magnetic tape, and in photographs to more usable form

for analysis by computer, we are severely limited in our studies. By

way of illustrating the expense involved for development of equipment,

we figure about $10 /channel for at least 200 channels, or - $10 for

analog-to-digital conversion above. For good photographic scanning,

development will cost - $10 unless,for example,nuclear track scanning

devices can be adapted and cover the development cost.

In examining the question of the usefulness of a large-scale,

systematic program using rotating systems, it appears that, from the

standpoint of geophysics, the climatology problem looks most attractive

(see A-8,B). To do a really complete study, on say three different

"climates" even in a 40-cm diameter model would require an effort on a

larger scale than a university can undertake right now. Conceivably

one might want statistics on several properties of the flow, and one

would want to run about an equivalent of 4000 years (r 4 to 5 months

in the laboratory). This would require several people to analyze the

data and watch the equipment, and it would necessitate a redundancy of

certain equipment, plus very extensive and fast data processing units.

Needless to say, the environment of the laboratory would have to be

controlled within the tolerances I mentioned earlier.

The Facility

The problems of data conversion and reduction might be resolved

by a national facility of some kind. It might be useful for NCAR to

consider, for example, the project of developing a medium-scale, in-
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expensive data processing device (i.e., analog-to-digital conversion

system) which could be made available to workers to use as a package.

Either a centralized data processing system, or a "traveling" package

would be helpful, but the package idea is better, especially in the

early stages of work where trouble shooting and monitoring has to be

done on experimental equipment. The notion of a centralized photograph-

ic processing system would be very worthwhile considering. A fast,

elaborate system to scan photos and map out digitally velocity tra-

jectories (need coordinate, direction and magnitude) would be very ex-

pensive, as mentioned above. A flexible national facility for our use

and the use of other experimenters would be too expensive to operate

individually. Therefore, the concept of a centralized facility here

is much more attractive.

With our present arrangement of microscopes, we could tackle some

of the photo reduction work for our own experiments, provided that

enough money was available to hire about twelve operators. We could

also increase our speed capabilities by about two or three times if

funding were given to us to build servo drives to automatically scan

coordinates on a microscope stage.

The idea of a loose co-operative plan between institutions pre-

sently having capabilities in certain areas of simulation or modeling

may be useful. This would be an efficient way of using funds in this

area since the present facilities could all be beefed up by people who

know what new and better equipment is needed.

Simulation experiments depend largely on the researcher and not on

the equipment. Therefore, it seems vital to center the strength of a

simulation program in the hands of those who are interested and compe-

tent in particular phases of laboratory experimentation.

There are some problems that might require larger rotating vessels

of sizes unsuitable to construct, for example, at a university. For

example, one might want to avoid the viscous effects at the walls of
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the vessel by going to a larger diameter disk. However, there are a

number of troubles with larger systems. These are of course the ob-

vious mechanical problems of construction and maintenance and the data

handling. However, perhaps the most important reason is that there is

not enough known about the capabilities of small systems now to build

reliably a larger system. People at NCAR, for example, should undertake

such experiments only if they have a specific problem in mind and know

exactly what to do with the experimental procedure.

In using large facilities, one should be prepared for years of

trouble shooting, and many hours of operating time. Such "vague"

programs might tie up a given facility so that its use by many workers

for different studies would be very inefficient, if not impossible.

We reach the conclusion here, as in previous discussion, that at

this stage modeling in rotating systems must be left to the individual

workers rather than within a large centralized facility. At present,

one really cannot plan reliably for a large program; it will be all too

easy to devise a "real lemon" of a simulation laboratory for hydro-

dynamic modeling.
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9. ON THE DYNAMICS OF ROTATING FLUIDS

(Lectures and Discussion of R. Hide)*

Certain hydrodynamical processes that are thought to occur in

large-scale natural systems (e.g., the earth's atmosphere) can be pro-

duced on the much smaller scale of the terrestrial laboratory. To the

intrinsic value, therefore, of crucial laboratory experiments on such

processes must be added their geophysical significance.

The use of the term "crucial" is deliberate. It implies that in

carrying out the laboratory investigation the usual precautions are

taken to eliminate accidental and systematic errors and to minimize

random errors, and that whatever theory is necessary and appropriate is

brought to bear on the investigation. It is useful to draw a clear

distinction between crucial experiments, on the one hand, and haphazard

investigations -- whether they be carried out or the textbooks of

mathematical analysis -- on the other hand. Too few published studies

fall into the first category. The importance of studies in the second

category has occasionally been overemphasized. Though often impressive,

such studies have only been useful in the few cases that they have led

to crucial experiments.

Though certain phenomena in the earth's atmosphere, in the oceans,

and in the atmospheres of the other planets may have their counterparts

in laboratory investigations of rapidly rotating fluids, this is the

only sense in which the laboratory apparatus should be considered a

"model" of the geophysical prototype. The indiscriminate use of the

terms "model" and "simulation" has, unfortunately, led to confusion in

geophysical fluid dynamics.

The purpose of my two lectures is to discuss a selection of labora-

tory experiments with rapidly rotating fluids and to comment, tentatively,

* See also Hide, R., 1966d.
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on their geophysical significance. It will be convenient to discuss

barotropic fluids in the first lecture and baroclinic fluids in the

second. I shall restrict attention to incompressible fluids; though

the dynamical effects of compressibility may be very important in the

atmospheres of Jupiter and Saturn, I know of no relevant laboratory

work. (For general references, see Chandrasekhar, 1961; Fultz, 1961;

Phillips, 1963; and Squire, 1956.)

LECTURE A: BAROTROPIC FLOW IN ROTATING FLUIDS

The Proudman-Taylor theorem (Hide, 1960; Proudman, 1916; Taylor,

1923) and the theory of the Ekman boundary layer offer immediate in-

sight into the hydrodynamics of rotating fluids (Faller, 1963; Faller

and Kaylor, 1966; Greenspan and Howard, 1963; Gregory, Stuart and Walker,

1955; Hide, 1964, 1965; Prandtl, 1957). Surprisingly, it is only

very recently that meteorologists and oceanographers began to grasp the

relevance of the Proudman-Taylor theorem to their studies, and it is

noteworthy that Taylor's laboratory work on rotating fluids was not

included in the meteorology section of his collected works'

The Proudman-Taylor Theorem

The Proudman-Taylor theorem states that "slow, steady motions of

a homogeneous (i.e., barotropic) inviscid fluid that otherwise rotates

uniformly will be two-dimensional, in planes perpendicular to the axis

of rotation." In terms of U, the Eulerian velocity vector of the fluid

relative to a frame rotating at the basic angular velocity of the

system, QL , the Proudman-Taylor theorem can be stated as follows:

a = 0 (1)
az

where z is parallel to the direction of QL . Equation (1) can be obtained

directly from the equation of motion by taking the curl of that equation
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and neglecting small terms. Motion satisfying Eq. (1) is "geostrophic":

in geostrophic motion Coriolis force exactly balances the pressure gradi-

ent.

Ekman Boundary Layers

Boundary layers in which viscous stresses are concentrated arise

at the walls of the container of the fluid. The thickness of an Ekman

layer near a rigid surface perpendicular to the z axis is (Q /f)-),

where ) is the kinematic viscosity of the fluid. If the flow outside

the boundary layer (the "interior flow") has vorticity (relative to

the rotating frame of reference) there will be a flow into the boundary

layer given by

w =+ i (3/fl) ( u z) (2)

where u is the fluid velocity evaluated at the edge of the boundary

layer remote from the rigid surface, and the upper or lower sign is

taken according as z increases or decreases from the rigid surface

towards the flow.

One immediate consequence of Eqs. (1) and (2) is a definite rela-

tionship between the motion of rigid surfaces in contact with the fluid

and the vorticity of the interior flow. In particular,

"Steady geostrophic flow of a barotropic fluid in contact

with rigid walls that are stationary in the rotating frame

will have zero relative vorticity." (3)

Stewartson Boundary Layers

On rigid surfaces that are inclined at an angle 6 not too close

to 90° to the z axis, Ekman layers of thickness (j/f_ sin 98) occur.

On rigid surfaces parallel or nearly parallel to the z axis, boundary

layers more complicated in structure than Ekman layers occur.
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Stewartson was the first to discuss these layers 
in detail in the case

when inertial forces are negligible compared with 
viscous forces (i.e.,

small Reynolds number). Unlike Ekman layers, which have been termed

"primary" boundary layers because in most cases 
(though not quite all;

see below) their presence profoundly affects the 
interior flow,

Stewartson boundary layers (Stewartson, 1957) are 
"secondary" in the

sense that if the walls on which they occur are 
removed the interior

flow would not change. The thickness of Stewartson boundary layers is

usually proportional to D, with sub-structure on a scale proportional

to ) 1/3, and is typically greater than the thickness of Ekman boundary

layers.

Dimensionless Parameters

The accuracy to which the flow can be regarded 
as steady and slow

and the fluid as inviscid is measured by the dimensionless 
parameters

G (LT) - (4)

F U/L - (5)

and

E )I/L2 (6)

where T is a typical time-scale associated with changes 
in the pattern

of fluid flow, U is a typical relative flow speed, 
and L is a typical

length scale. The Proudman-Taylor theorem is strictly correct 
when

G = F = E = O. Deviations from geostrophy are of the order of 
max

(G,F,E).

Another important parameter is a Reynolds number

R 5 UL/) = F/E (7)
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In most geophysical systems, R is very large, and this is even true of

many laboratory systems. In many mathematical contributions to the

theory of rotating fluids attention is restricted to the case of

R 4' 1, since non-linear terms can then be ignored.

It is known from laboratory studies that instabilities arise in

Ekman boundary layers when the Reynolds number of the system exceeds

about 50. Dr. Faller, in a lecture in this series (A-6), has given a

detailed description of this work and its applications in meteorology

and oceanography, to which he himself has made important contributions.

Taylor Columns

According to the Proudman-Taylor theorem, the hydrodynamical ef-

fects of bumps and corrugations on bounding surfaces of the fluid, and

of obstacles within the fluid, are not localized to the regions of their

origin. Such effects propagate in the z direction throughout the fluid,

forming "Taylor columns," to use a term which I coined in a subsequent

extension of Taylor's work. (See also Hide, 1961; Hide and Ibbetson,

1966; Jacobs, 1964; Long, 1953; Stewartson, 1954; Taylor, 1923.)

Laboratory experiments have been and are still being carried out on

Taylor columns. The suggestion that a Taylor column may underlie

Jupiter's Great Red Spot has proved useful in the study of Jupiter's at-

mospheric motions, and has led to several unexpected results. The

steering of the Gulf Stream by bottom topography may be understood in

terms of processes akin to those responsible for Taylor columns.

Detached Shear Layers

The constraints of the Proudman-Taylor theorem often lead to the

occurrence of detached shear layers. Such layers occur, for example,

when a rigid disk is slowly rotated in a rapidly rotating fluid.

Titman and I have carried out laboratory experiments on the structure

and stability of detached shear layers. Fultz and Moore have carried

out related, but different laboratory experiments.
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Among the most remarkable features of the atmosphere and oceans

are the strong shearing motions that occur in regions remote from

bounding surfaces.

Flows Due to Sources and Sinks

There is a theorem due to Taylor which states that two-dimensional

flow of a rotating fluid will be the same as if the fluid were not

rotating if the boundary conditions are independent of CL. In some

recent experiments on flows due to sources and sinks I have shown that

this theorem holds in practice with remarkable accuracy, and it is in

these circumstances that Ekman layers lose their primary character (see

above; see also Hide, 1966c; Stommel, et al., 1958).

I have also shown that the boundary conditions will not be inde-

pendent of &-L when it is possible to find a closed curve within the

fluid across which the total flux does not vanish. In these circum-

stances, when R >: 1, an inertial boundary layer in which the relative

vorticity rises to -2-Clin magnitude occurs on the source. A geostrophic

interior region occurs in which the relative vorticity vanishes, and a

Stewartson boundary layer occurs on the sink. When R << 1, both bound-

ary layers are of the Stewartson type. In both cases, Ekman layers con-

nect the boundary layers on the source with that on the sink. No trans-

port of fluid occurs in the geostrophic interior region.

These simple experiments throw light on more complicated investiga-

tions in which three-dimensional flow occurs. The inertial boundary

layers exhibit instabilities which will be examined in detail in the

near future.

Inertial Oscillations and Rossby Waves*

When the bounding surfaces of the fluid are not everywhere per-

pendicular to z, filaments of fluid stretch and contract as they move

* See also Aldridge and Toomre, 1966; Hide, 1962, 1966a; Ibbetson and
Phillips, 1966.
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about. The concomitant vorticity changes can give rise to inertial

oscillations. Rossby waves (i.e., tidal oscillations of the second

class) are one well known example of inertial oscillations. Dr. Long,

in a lecture in this series (A-12) has described some of this work, to

which he has made original contributions (Long, 1952).

LECTURE B: BAROCLINIC FLUIDS

Having discussed very briefly some aspects of barotropic flow in

rotating systems, now consider the motion of rotating baroclinic liquids

of thermal coefficient of cubical expansion c<.

In general there are two types of density configuration, one which

is unstable, Zp / I s Z0 (s = vertical coordinate), and stable

ap / b s < 0. The first case refers to systems in which Benard-like

overturning develops. The stability theory for such motion in a rotating

system has been described in Chandrasekhar's book on the subject. A

number of related experiments have been carried out. Certain aspects of

overstability, oscillations and heat transfer in such systems have also

been investigated in the laboratory; Chandrasekhar also gives details of

some of this work.

The second case is potentially of greater interest in the study of

large-scale motion in the atmosphere than is the first case. In both

the earth's atmosphere and the oceans the Brunt-Vaisala frequency, LO B

divided by _fL, where

= -- g okT/ s (8)B

is relatively large. Therefore, stratification is important to motion

in these fluid systems. It is significant for geomagnetism that 3)B f)-

is so small for the earth's core that to a first approximation the

Proudman-Taylor theorem should hold.
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According to a theorem due to Jeffreys and Bjerknes (von Zeipel's

theorem to the astrophysicist) a fluid subject to a horizontal tempera-

ture gradient will always be in hydrodynamical motion. A so-called

theorem due to Sandstrom has confused this part of the subject for some

years, in spite of Jeffreys' lucid discussion of the error in Sandstrom's

work.

Since you have already heard from previous speakers about the

historical development of experiments on rotating baroclinic fluids, I

will restrict the subsequent remarks only to the annulus experiments

which were initiated in 1950 in Cambridge and which were subsequently

taken up in other laboratories. These experiments bear directly on the

theory of baroclinic instability, a process discovered independently by

Charney and Eady in an attempt to understand the dynamics of the energy-

producing eddies in the atmosphere. Details of these experiments can be

found in various publications (Fowlis and Hide, 1965; Fultz, 1961;

Hide, 1953, 1966b; Piacsek, 1966).

Two general classes of theoretical problem arise in connection

with the annulus experiments. The first is the mathematical description

of fully developed flow in the four different regimes of flow; the

second consists of trying to understand the stability of the flow to dif-

ferent kinds of small perturbations. Problems in the second class are

usually easier for theoreticians to handle because they can be linear-

ized. Of several theoretical studies, perhaps Eady's work on baroclinic

instability is the most relevant to the experiments. Provided that

)) and K (thermometric conductivity) are small, Eady's theory accounts

for the transition between axisymmetric and non-axisymmetric flow, and

for the number of waves occurring in the "steady wave" regime. The

important theoretical implications of this result have been discussed

elsewhere.

Attempts to predict the character of the flow when \) and kC are

not unimportant have not yet been successful. The main regime
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transition curve probably depends on rather subtle effects due to the

side wall boundary layers on the profile of the interior flow. These

effects have not yet been examined theoretically.

It has been possible to construct a simple theory to account for

the measured heat transfer and mean temperature structure in the axi-

symmetric flow regime. For small values of thermal conductivity in

the fluid, a relation between AT , the vertical temperature contrast

set up by the fluid motion itself, and AT, the impressed temperature

difference, is given by

A T
s _ 2

— - (1 + £ ) (9)
T

where £ is a small correction term. This relation and a related ex-

pression for the Nusselt number, agree quite well with experiment.

The recent numerical studies of Piacsek have elucidated the details

of the flow in the axisymmetric regime.

Since the earth's surface is curved, baroclinic processes in the

atmosphere are complicated by other effects (e.g., inertial oscilla-

tions). Now that the simplest annulus flows are fairly well understood,

it will be possible to carry out experiments in vessels of more compli-

cated shapes. Such experiments could bring the laboratory work closer

to the problems of dynamical meteorology.

DISCUSSION

Since the process of baroclinic instability occurs in the atmos-

phere, further laboratory experiments on this process will be of obvious
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theoretical importance in dynamical meteorology. A program at NCAR

along these lines might be able to bring to bear greater strength than

would normally be possible at a university. A long-term program, per-

haps lasting several years and involving a number of experienced sci-

entists and engineers, could produce results of great and permanent

value. Collaboration of NCAR members with university workers in this

field could be mutually beneficial.

Specifically, the laboratory experiments can make their most im-

portant contribution in the study of non-linear effects (e.g., jet

streams). The excitation of inertial oscillations by baroclinic waves

is also an important study for the future. The possibility of investi-

gating the interaction between baroclinic waves and obstacles always

seems to fascinate the meteorologists I meet. Vacillation -- one of

the most arresting phenomena discovered in the annulus experiments --

has also attracted the attention of theoretical meteorologists.

One advantage of a large, well conceived project is that it can

act as a focus of research and may spawn useful smaller-scale projects.

A turntable-annulus set-up of perhaps 1 to 2 m in diameter may cost

about $10 to build. I must emphasize that only standard mechanical

engineering techniques are involved. Transparent turntables have

proved useful in certain recent experiments.

Adequate data processing techniques and good instrumentation will,

of course, be essential. It may be desirable for NCAR to consider the

design and construction of a fast, reliable, multi-channel data pro-

cessing system as a general facility.

It goes without saying that fundamental studies in fluid dynamics

are essential to progress in atmospheric sciences. To ask a national

laboratory whose long-term goal is the design of controlled thermo-

nuclear reactors not to study plasma physics in a basic way would be

absurd. Similarly, a national laboratory charged with understanding

the atmosphere must be pre-eminent in fluid dynamics.
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There are, of course, many important areas of fluid dynamics to

be studied, In deciding on the expansion of facilities and projects,

I suppose that one should consider seriously the likelihood of sub-

stantial scientific advances being made, but this is always a hazardous

business, and risks have to be taken.

The emphasis I have placed on baroclinic instability is partially

the result of my comparative ignorance of other areas of geophysical

fluid dynamics. Nevertheless, I believe that a combined laboratory

experiment-theoretical program on baroclinic instability would be of

scientific value and find direct application to meteorology,

It seems feasible to obtain a scale height equivalent to the at-

mosphere's in an apparatus of a meter or so in size for rotation rates
3 4

of say 10 to 10 rad/sec. A lot of information about thermal convec-

tion in centrifuges is probably contained in classified AEC documents

dealing with the separation of isotopes. If it were in the national

interest, it would be useful to have this material de-classified.

I am optimistic about the role that laboratory experiments can

play in NCAR's research program, and would be willing to help as much

as possible.
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10. AN ENGINEERING STUDY OF A LARGE CLOUD SIMULATION FACILITY

(Discussion of G. Langer)

INTRODUCTION

The subject of this study is the possible need for a large cloud

simulation facility. It should be noted that the author's experience

is in the field of supercooled cloud nucleation, scavenging of aero-

sols by clouds, and icing effects and has involved studies with up to

0.6m diameter icing and nucleation wind tunnels. Recommendations are

based on a review of pertinent literature, and correspondence with

scientists who have direct experience in the field.

REVIEW OF CLOUD CHAMBER FACILITIES

We are concerned only with large cloud chamber facilities, and

not with those set up by individual research teams and abandoned after

serving a particular need. A number of cloud chamber facilities are

discussed below. The list is probably incomplete because time was not

available for an exhaustive review.

The best known effort in the United States is the work done by

the U. S. Weather Bureau. It invoved the vertical shaft in Miami,

Arizona (Gunn, 1952) and the larger sphere in Hitchcock, Texas (Gunn,

1954). These studies were under the direction of Ross Gunn. Other

principals in this research were Byron Phillips and Paul Allege. Fortu-

nately the latter two were able to visit NCAR and discuss their work.

Dr. Gunn, who is no longer with the Weather Bureau, was contacted

regarding his recommendations, but was not in a position to contribute.

The mine shaft facility was 2.2 by 2.2 m in diameter and 210 m

deep and was an expansion-type chamber. Considerable troubles were

encountered in sealing the shaft. Limited control over the
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temperature was achieved with water sprays, and steam was used 
to hu-

midify the shaft. The evaporation and growth of free-falling drops

was studied in the chamber, as well as the effect of electric 
charge.

The maximum lifetime of a cloud was 5 to 7 min and was usually 
only

1.5 min. Operational problems made much of the experimental work

difficult and the facility was abandoned.

The Weather Bureau then used a 3000 m Horton Sphere from the

Navy to continue the study of cloud drops. This sphere was impracti-

cal for the study of supercooled clouds because it was located 
near

the Gulf Coast and could not be refrigerated. Also, there was no in-

sulation on the sphere, which, because of uneven heating on the 
sur-

face, led to interfering convection currents in the chamber.

The studies dramatically showed the advantages of going to a

large diameter (15 m) and a minimum wall area design. The clouds now

lasted a minimum of 30 min. Efforts to produce a continuous cloud by

continuous blowdown and placing plastic sheets on the walls for 
insu-

lation were unsuccessful. Reduced pressure tests were not possible

because of the construction of the sphere. Interesting electrifica-

tion tests were made. In the end, the unit was abandoned because it

was not practical for quantitative work unless a major rebuilding 
job

was undertaken. Phillips and Allee hope to take up the design of 
an

advanced facility of this type in two years.

Recently an advanced cloud and aerosol study facility was com-

pleted at Obninsk, near Moscow (Volkovitskii, 1965). Of particular

interest is the aerosol chamber which is of cylindrical shape and

3200-m3 capacity. It is 15 m in diameter and 18 m high. Internal

scaffolding makes it possible to place sampling equipment at various

points. Clouds can be formed by steam, sprayed water, or adiabatic

expansion. The chamber can be pressurized to 1.5 atm. From prelimi-

nary tests, fog lasting 1.5 hr was reported. Low temperature tests

must be carried out in the winter because the chamber does not 
have
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refrigeration. It is well instrumented -- particle size collectors

and humidity, pressure, and temperature sensors are installed.

Dr. Volkovitskii was contacted regarding the present operation of

this facility; that is, whether or not routine operation has been

achieved. His answer was that a paper is being written covering the

operation of the facility, but it is not yet available. According to

Dr. Podzimek, a cloud physicist from Prague who recently visited NCAR,

engineering problems are still being encountered. These difficulties

are normal for a chamber of this size.

The Obninsk facility is of considerable interest because it was

deliberately planned as a center for cloud simulation work and aerosol

studies. It also has smaller, so-called thermal pressure chambers of
3

100-m capacity. These are refrigerated and a low temperature of

-45 C is feasible. The pressure can be varied from 0.1 to 2 atms,

absolute. Clouds are formed by steam, atomization, or expansion of

moist air.

The Obninsk center also has an optical tunnel (50 m long) and

horizontal and vertical wind tunnels. The wind tunnels are for aero-

sol studies using liquid and solid particles. The vertical tunnel is

20 m high and 2 m in diameter. The horizontal unit is about 1 m across

and has a special working section, 1.5 m long. Flow controls, as well

as temperature and humidity controls, are built in. A horizontal tun-

nel for studying icing phenomena is also available.

The author's research uncovered only one relatively large cloud

chamber in operation in this country. This chamber is installed at

CSU (Steele, 1966) and is used to calibrate cloud seeding generators.
0

It is refrigerated to a temperature as low as -25 C under favorable

conditions. The cloud is formed by admission of steam. Instrumenta-

tion for counting ice crystals by microscopic means is available. The

size of the chamber is 1.4 m diameter and 1.5 m high.
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In Davos, Switzerland, two hail tunnels are in operation. 
Accord-

ing to List (1966) these have proven quite useful.

RECOMMENDATIONS FOR A CLOUD PHYSICS SIMULATION FACILITY 
IN THE UNITED

STATES

The question now is whether or not past research with large 
cham-

bers has been worthwhile; and, if so, do we need a facility 
in the

United States. The answer to the first question is not an unequivocal

yes. The Russian facility is the first fully planned activity 
of this

type and the results will not be available for some time.

The question then is whether or not we need a chamber in 
the

United States. It is recommended that an engineering study of a large,

central cloud physics simulation facility be initiated now 
for the fol-

lowing reasons. Past efforts in the U. S. in the field of meteorology

have shown the need for large cloud chambers, even though 
our weather

research has been limited. With our present stepped-up efforts in

weather modification and more to come, one can foresee 
the need for

some type of large cloud test facility. There is a possibility that

field experimentation may be more profitable. However, it takes sever-

al years to produce a cloud simulation facility and until 
a definite

choice has been made, we must allow ourselves both options 
by planning

for it now in an intelligent manner instead of a potential 
crash

effort.

The only remaining item to be discussed in this report is 
the

areas that should be covered in the proposed engineering 
study of a

cloud physics simulation facility and the organization of 
such an

effort.

From available information, it is apparent that the proposed 
fa-

cility can eventually cost many millions of dollars. Therefore, a

system engineering study is necessary. It should include the geo-

graphic location and the organization which is to direct the 
facility.
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The central part of the facility will presumably be a large cloud

and aerosol chamber. This part should be studied first. The design

of the large chamber will influence the design of supporting research

facilities; therefore, its main features should be defined first.

There are two basic options. The first option is a static facility,

as all past and present chambers have been. The second option is a

large dynamic arrangement; that is, a type of wind tunnel. Possibly

there is a need for both types of facilities. It is recommended that

the scientists involved state the ideal type of system they would like,

regardless of feasibility and cost. Then, engineering studies should

consider the ideas without bias. Imaginative use of new structural

materials, insulation, use of surplus tunnels, aircraft hangars, in-

flatable structures, orbiting chambers, etc., should be considered.

For structural strength and ease of insulation, a larger chamber may

be built into a mountain.

If convective cooling is used, the defrosting of a large chamber

must be studied for meaningful studies of supercooled clouds. A foam

plastic lining that wicks glycol may prove adquate. Facilities for

electrical studies must also be considered. Control of air cleanliness

and deliberate addition of nuclei is of interest. There is no point

listing all the factors involved. These suggestions indicate the scope

of the effort involved.

The question of organization of this undertaking is an important

matter. The engineering study may fall into the scope of NCAR's re-

sponsibility. International co-operation in such an undertaking is

also a possibility. Presumably, the engineering study can be effec-

tively handled by subcontracting various aspects of it to experts in

the particular field. A listing of possible experiments by various

groups should be obtained and contracts should be considered for the

interesting ones. This is a natural way of involving various groups

in the central facility and evolving a permanent staff. It is sug-

gested that a pilot study be made amongst organizations involved in
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weather modification for their desires for such a facility. Their

needs are probably most pressing.

It is hoped that this report will stimulate a more definitive

study of a central cloud simulation facility.
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11. STUDIES OF HAILSTONES IN A WIND TUNNEL

(Lectures and Discussions of R. List)

This summary constitutes a brief account of Prof. List's remarks

during the course of two lectures held on succeeding mornings, and of

the discussion between Prof. List and members of the NCAR staff during

the two afternoon sessions (see also List, 1966).

LECTURE A

During the last ten years, new information about the growth of

ice particles and hailstones has been found by studying the behavior

of artificial hydrometeors in wind tunnels. Perhaps the most exten-

sive investigations were undertaken in the hail tunnel at Davos,

Switzerland. The origin of this facility is traced to the interests

of the Swiss farmers in preventing hail damage to crops. The Swiss

government was asked to provide research support for studying hail

formation. Hence, a committee was initiated under the direction of

the late Prof. Sanger. The committee decided that it was desirable

to obtain a better understanding of the physics of hail formation

before determining the "best" preventive measures. The hail tunnel

at Davos was then set up to help provide new information about hydro-

meteor growth in the atmosphere. For a description of the Davos

facility see List's papers.

A number of features of the growth of individual hailstones were

studied in the wind tunnel including: (a) the aerodynamic drag and

fall speed of stones of various shapes, (b) the structure of the ice-

water system in hail, (c) the density of hydrometeors, (d) scattering

of electromagnetic waves from different kinds of particles, and (e)

the accretion of small supercooled droplets on single hydrometeors.
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The experiments in the hail tunnel yielded important information

about the physics of hailstones which could not be obtained from ob-

servations under field conditions. One rather obvious significant re-

sult showed that the growth of hydrometeors under natural icing

conditions in the atmosphere is much more complicated than anyone had

ever imagined. For example, the growth of hailstones is intimately

tied to the complex freezing process of water held onto the stone in

spongy ice. The ice content of stones depends on the air speed, the

liquid water content of the cloud as well as the air and ice temper-

ature. The ultimate size of hailstones depends on their residence

time in regions of severe icing conditions.

Hailstones are generally irregularly shaped ellipsoids. Depend-

ing on the shape of particles, stones may obtain the same fall speed

in spite of differences of a factor of nine in mass! This means that

stones may be retained in a cloud for relatively long periods of time

with smaller updrafts than expected from calculations of the motion

of spherical particles.

The crystallographic structure of artificial stones along with

density measurements of shells have yielded some information about

the growth of particles in uniform icing conditions. The growth of

ice in artificial stones, for example, develops with the C-axis of

the ice crystals oriented either more or less randomly or at 900 to

the radius vector of the stone. However, natural stones frequently

show maximum growth with the C-axis parallel to the radius vector.

This has not been observed in the artificial stones. We therefore

need to know more about the effects of heterogeneous icing conditions

which may be encountered under natural conditions.

Tests of the reflection of radar signals from drops and compact

ice indicate that the scattered waves are too complicated to give

unambiguous results about the nature of particles in natural clouds.

Investigations of the collision of small droplets (70/a) on ice

spheres (2 cm diameter) has shown that although all droplets appear
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to stick to the surface, as much as 20% of the accreting mass appears

to be lost. The loss of mass may be associated with the formation

of very small secondary drops leaving the surface after impact of

the primary particles of the effect of vapor diffusion. When ice

particles of about 70/ diameter were injected, they primarily

bounced off the larger ice sphere.

The previous investigations are being extended in a second tunnel

at Davos which can be run at different pressures. The new equipment

has just been placed in operation.

New work in hail tunnel experiments should include, for example,

more investigations of the aerodynamics of irregular hailstones, simu-

lation of heat and mass transfer to stones. Along with these exper-

ments, basic studies are needed to develop better techniques for

crystallographic study of stones, to determine the solubility of air

in supercooled water, etc.

LECTURE B

One of the more important areas where simulation of precipita-

tion processes should be useful is the study of the interaction be-

tween the particles and the surrounding air. Most investigations of

cloud particles center attention on the growth of droplets.or ice

particles in a passive, quasi-uniform environment. Actually, the

particles themselves should have considerable effect on the develop-

ment of the cloud. For example, it is not known how the drag of a

collection of particles changes the air motion in a cloud. Also,

the action of cloud particles as heat sources and heat sinks must cer-

tainly exert an important influence on the dynamics of the cloud.

To find out what collections of particles do to the motion of

air in clouds, the problem of interaction between single particles

and air first must be solved. This will be one of our first concerns

in future hail tunnel studies. Let us then outline briefly how one

might go about such simulation experiments.
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For the purposes of discussion we shall divide cloud particles

into two classes: (1) particles having no motion relative to air

aerosols and nuclei, cloud droplets, and ice particles 
(mean size

< 20/et), and (2) particles having motion relative to 
the air

(size 7 20/Lc), with (a) drops, snow pellets, and snow flakes, 
and

(b) hailstones. In Table I, the possible interactions between air

and the particles of both classes are shown schematically.

TABLE I

Interaction Simulation Equipment

Air 4 > class (1) Cloud Chamber

Air, 1 &- (2a) Wind Tunnel or Cloud Column

Air (1) <- (2b)
!(2a) < 2Cloud Tunnel

Air (1) e (2a) --> (2b)j

Before discussing the problems of simulation of precipitation,

let us first clarify a definition of simulation. By atmospheric

simulation, I mean the modeling of a physicochemical process 
occur-

ring in the atmosphere in such a way that the laboratory 
results can

be used quantitatively and directly to explain the phenomenon 
in ques-

tion. This interpretation implies, of course, the use of the 
well

known principles of geometric and dynamic similarity.

In contrast to simulation, one generally can refer to reproduc-

tion of processes as the conscious effort to duplicate the 
specific

conditions observed for the process occurring in the atmosphere.

Modeling the aerodynamics of free falling bodies involves 
the

parameter called the Best number, and perhaps the ratio 
of the density

of the particle to the density of the medium. Care must be taken

when simulation is carried out in a liquid system. The effects of

pressure changes should be taken into account, and the generation 
of
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eddies behind large particles must be observed. This means the aero-

dynamic simulation of free falling hydrometeors should really be done

in air.

To model the simultaneous heat and mass transfer to falling

bodies, new scaling parameters are needed which include the Nusselt

number for forced convection, the Sherwood number for transfer of

latent heat, and the Efficiency of Catch for taking into account the

heat transfer by accretion of droplets. Correlations for the heat

and mass transfer to hydrometeors of various shapes can be done for

varying pressures in a hail tunnel.

The modeling using similarity parameters provides the key to the

effective simulation of the developments of cloud and precipitation

particles. By understanding the physics of growth through the use of

the laws of similarity, we can reduce the number of necessary labora-

tory experiments by simulation considerably in contrast to the use of

a reproducer. Of course, the number of experiments can also be mini-

mized by continuously feeding information from natural observations

into the simulator system. For example, specific limits can be placed

on the number of drops, on the shape of the size distribution of drops,

and on parameters such as pressure and temperature.

To carry out a comprehensive study of the physics of clouds, and

particularly the study of particle-air interaction, one needs at least

three different kinds of simulators: the cloud chamber, the cloud

column, and the cloud tunnel. The application of these pieces of

equipment to the interaction problem is shown in Table I. The air-

small particle interaction can be undertaken in cloud chambers of

moderate size (say -— 1 m3 in volume or less, initially). Much of the

drop-air interaction should be carried out in a cloud column where a

cloud is suspended at a quasi-stationary location and particles are

dropped through this cloud. These experiments cannot be done too well

in a wind tunnel because of uncertainties in the velocity, temperature
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and supersaturation distributions. The cloud tunnel is mose useful

for studying the third set of interactions.

Because of wall effects, desirability of uniform environmental

conditions, etc., the ideal simulators should have a moderately large

size. For example, the study of droplets in a cloud chamber column

should require a cross-section of say 10 to 15 m, with about 16 to

25 m height. The cloud tunnel should be about 1 m
2 in cross-section

in the region of measurement, and should be about 12 m high. For
2

equipment of this type, a building of about 1800 m should be

necessary.

At the same time the simulation work is being done, reproduction

experiments and basic studies must be undertaken. The whole program

might require a staff of approximately 24 scientists, including per-

haps 12 Ph.D.'s.

In conclusion, one should bear in mind that the judgment of the

success of a simulation laboratory or institute should not be made on

its degree of atmospheric simulation specifically, but on the basis of

its contribution to the state of knowledge of physical and chemical

processes.

DISCUSSION A

Usefulness of Laboratory Experimentation

As a beginning, the discussion group centered attention on the

problems associated with tying together the microphysics of clouds

with the larger scale dynamics of cloud development. For the dynam-

icist, the microphysics enter into the cloud problem largely as ini-

tial and boundary conditions, or the microphysics are associated with

the transfer functions driving the cloud system. At least two key

items connected with the behavior of cloud particles really must be
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known for a "complete" dynamic picture. These are (1) the effect of

the drag of the collection of particles on the moving air, and (2)

the rate of release of latent heat resulting from condensation. The

first item is involved with the aerodynamics of individual particles

and collections of particles. What is the effect of the turbulence

induced in the wakes of precipitation particles, for example? The

second point involves the growth of particles from nuclei (submicron

size) up to sizes of about 10 .

It was soon brought out that microphysics of clouds is far from

being well understood. And there are a variety of important features

of droplet growth and behavior that really should be studied in the

laboratory as well as in nature.

A cursory examination of several stages in the development of

cloud particles indicated that although much is known, there remains

much to be learned. It is perhaps obvious to say that our present

state of knowledge, in some respects, depends on sophistication of

the questions one asks about atmospheric processes.

For the purposes of this discussion, the microphysics of cloud

particles was divided into the following classes: (a) nuclei and

condensation (up to - 20/. particle size), (b) the behavior of

large single particles ( 20,, ) in a cloudy environment, and (c)

the behavior of collections of particles.

The physics of nucleation and growth of small particles under

controlled laboratory and atmospheric conditions is not well under-

stood. For example, the growth rte of particles in cloud chambers

is more rapid than expected on eoretical grounds. Therefore, some-

thing is wrong with our diffusion models for the condensation process

for small particles. Present/ theories generally assume nucleation

from a (macroscopically) homo eneous supersaturated medium. A more

realistic model might consider a\heterogeneous system containing hot

and cold spots.
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The role of natural nuclei (aerosols) in the condensation, sub-

limation, and freezing processes is not clear. The present theory of

nucleation works reasonably well for spherical, chemically "inert"

particles. However, the mechanisms of nucleation on rough, chemically

reactive particles is not at all clear. The "artificial" nucleation

by seeding with materials such as silver iodide remains a mystery.

The relative importance of particle size of nuclei is not clear.

More laboratory work should really be done in these areas.

Another facet of the whole field of nucleation is associated

with proper instrumentation. One often is not sure just what is being

measured with present techniques for determining nuclei concentration.

For example, some instruments now indicate that the maximum in freez-

ing nuclei concentrations lie at the -8 to -10
0C level. Surely there

are higher concentrations of freezing nuclei in sizes corresponding

to -150C and below.

The behavior of single particles in their cloudy environment from

droplet sizes to precipitation size ranges is a vast and complex sub-

ject which must include a knowledge of aerodynamics, heat and mass

transfer, particle structure (ice), and surface chemistry. For

examples of some of the problem areas, at least for hailstones, see

List's lectures (A-ll, A and B) and his papers.

Perhaps the most important problem associated with collections

of cloud particles lies in the uncertainties about the efficiency of

collection. With the aerodynamic calculations of Hocking came the

notion of a cut-off limit for agglomeration of spherical particles at

about 20/A- . From this it has been inferred that growth of cloud

droplets up to this size must occur only by condensation. Recent cal-

culations of Davis (Rand), however, have suggested that there is in

fact no cutoff at sizes around 20/ . The collection efficiency is

small, but finite for sizes of droplets smaller than 20/x . The new

theoretical work should be checked by laboratory experiments. Further-
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more, much more work should be done on the collision and agglomeration

of particles of non-spherical shape.

Concepts of a Simulation Program or a Facility

In defining the concept of a simulator, one should distinguish

between the ideas of reproduction and simulation. Reproducing con-

ditions in a cloud involve duplicating the environment in terms of

changes of pressure, temperature and liquid water content. However,

the notion of simulation involves an effort to simulate certain parts

(or a whole) phenomenon on a different scale using the principles of

dynamic and geometrical similarity. Hence, the basic physics of

processes must be known specifically here. Reproduction and simula-

tion then must go hand-in-hand with basic experiments in the physics

of fluid-cloud particle interaction.

Simulation of atmospheric processes, of course, can involve both

liquid phase and gas phase models. Liquid phase systems have only

limited usefulness for modeling cloud particle behavior because of

the effects of size irregularities, Reynolds number, and the density

ratio between the medium and the particle.

In determining NCAR's role in atmospheric simulation, we should

distinguish between the needs for indirect simulation or possible

direct simulation through conventional laboratory experiments of small

size and low investment, both in time and in money. As far as the

usefulness of a program of a facility for simulation is concerned,

NCAR really should concentrate on large, more sophisticated equipment

and experiments. Our services as a group should consider simulation

in this light regardless of the requirements for staff, time and

money.

Criteria for the usefulness of a facility include (1) how well

it will serve the needs of atmospheric scientists in performing their

experimental programs, (2) its ability to provide answers to certain

key questions about atmospheric processes in contrast to well defined



150

Appendix A-11 .. . . . . . . . . . . ......

observational programs in the atmosphere. Within the context of the

second point, it should be noted that an elaborate experimental pro-

gram and a facility would probably require five to ten years to build

and should provide a base for perhaps 10 to 20 years of sequential ex-

periments. Furthermore, the facility should be designed and construc-

ted by the (NCAR) scientific staff to insure its capability of simu-

lation is met, and, of course, to learn more about the problems of

simulation in "large" chambers.

There are at least two directions for consideration of a facility.

One possibility is the design of an elaborate, well instrumented and

sophisticated unit (or units) to meet the needs of a specific pro-

gram and a particular set of experiments. Another possibility is to

construct a laboratory which essentially consists of a "plug in"

patch board of equipment in which scientists could save time and ex-

pense by coming to this laboratory to set up and perform small, spe-

cial experiments. The concepts of experiments being undertaken in

series or in parallel should be evaluated.

The question of management of such a facility naturally grows

out of these considerations. Should the administration only be li-

mited to logistical problems, or should a "committee" be established

to coordinate experiments and to assign specific spheres of influence

to interested scientists? How should a visitor program fit in? Ob-

viously one cannot expect to develop a simulation program by coming

to the laboratory for a week or two. Perhaps a minimum of one to two

years residence is needed.

The size of simulation equipment can only be determined for spe-

cific experiments. Certain experiments can be done in small chambers,

while it may be necessary to have rather large facilities for other

studies. Prof. List has given us some estimates for an "ideal" pre-

cipitation physics facility (see A-ll, B).

To illustrate how the conception of a facility might develop,

let us consider the problem of studying condensation in a cloud cham-
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ber. Previous work in this area can be traced to the preliminary ef-

forts of the U. S. Weather Bureau, to the large Russian chamber, or to

the 1 m2 x 20 cm high chamber at Seattle University. So far, none of

these chambers have provided much quantitative data. There seems to

be a problem of stabilizing clouds in a cloud container. The cloud

droplets of the water cloud are removed, for example, by diffusion to

the walls. There is a characteristic time scale for existence of

clouds in a chamber. This is the order of seconds to minutes depend-

ing on the concentration of droplets. Clouds in the atmosphere remain

in existence for longer times. How does the atmosphere do this?

There also is the problem of the control of chambers. The larger the

apparatus the (exponentially) more difficult it is to control.

Because of the uncertainties in size and time scales for design-

ing cloud chambers, perhaps the best way to approach such a simulation

program would be to use the standard engineering technique of proceed-

ing through a series of experiments with successively larger chambers.

In this way a better understanding of all the problems associated with

the technology of larger chambers could be solved.

DISCUSSION B

Relation of Scientists to Simulation Laboratory

One central theme continues to come to the surface in the dis-

cussions of atmospheric simulation. This deals with the relationship

between scientists, their interests, and a centralized laboratory for

simulation. It seems that the concept of a facility as a platform

for carrying out experiments is not enough for a simulation laboratory.

The success or failure of a long term program in simulation will

largely depend on the scientist in charge and his associates, and not

on the hardware of a laboratory.
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The promotion, organization and operation of the simulation lab-

oratory must come from inside an organization such as NCAR. The burden

of directing such a program cannot be left to outside visitors coming

in for one or two year periods. Visitors should be invited to join

the simulation program to operate the equipment or perform experiments

under direction of the permanent scientific staff. A visitor policy

similar to that of the scientific programs in'NCAR would probably be

best for a simulation laboratory.

Prof. List was asked, for example, if he would be interested in

visiting a central facility with his colleagues for a period of one

to two years to do experiments on an "existing" tunnel. In answer to

this question, it was brought out that this would make List's own re-

search program too complicated. He would prefer to build his own

equipment and do his own experiments at a "permanent" home base.

Although an active participation for visitors might be unlikely

in many cases, most scientists would like to know what is being under-

taken in a simulation laboratory and might want to help informally in

the design stages of the equipment. It was brought up, incidentally,

that no formal overtures are known to have been made to NCAR by cloud

physicists from the university community for use of a large facility

for cloud simulation.

It was suggested that perhaps no centralized facility is desir-

able, but a decentralized group having a particular kind of simula-

tor could be organized. This committee of scientists could serve as

a pool of talent in various universities so that interested parties

could visit these scientists' laboratories for training and under-

taking short-term simulation experiments. This suggestion was not

considered very favorably because of the problems of coordinating

this activity and of maintaining specific pieces of equipment in uni-

versities over long periods of time.
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The point was brought out that we as a colloquium should consider

what NSF, NCAR or any other organization should be willing to do for

support of a simulation program. For example, should we provide a

facility for simulation in being, or should a scientist be enlisted

and completely supported to begin a new simulation laboratory or

"institute"?

The conclusion of this part of the discussion essentially was

that a simulation effort should be undertaken. However, a man or

group of people with this specific interest in carrying out a sys-

tematic program of simulation experiments should be given the support

in money and manpower to complete this task.

The Merits of a Simulation Facility for Precipitation Physics

After some discussion, it was generally concluded that a platform

such as a balloon for launching special experiments in simulating pre-

cipitation processes is not desirable. There must be a long-term di-

rection and continuity to the simulation studies.

From the reports of Prof. List, it seems clear that a combination

of fairly large units including a cloud chamber, a cloud column, and

a cloud tunnel would be very useful for future studies of precipita-

tion physics. The dimensions of these units given by List, are rather

strikingly similar to the dimensions used by the Russians for their

equipment at Obninsk. Prof. List elaborated on his determination of

the scales of dimensions for the chamber, column and tunnel. For ex-

ample, a new cloud tunnel should be designed to study particles as

large as 10 to 15 cm in diameter, with the potential of reaching Rey-

nolds numbers based on particle size -of about 5 x 10. This means

that the wind speeds must be the order of 160 m-sec-l or higher. To

avoid wall effects, the walls must be spaced at about six times the

particle diameter. The test section of the tunnel should be suffi-

ciently long to insure uniform conditions in velocity, water content

and temperature over several meters. Therefore, an ideal cloud tunnel
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would be about 1 m2 in cross-section, and say 16 to 25 m high. A

blower for such a recirculating tunnel would be the order of about

200 horsepower. Recirculation is needed, of course, to operate at re-

duced pressures, and to maintain steady controlled conditions in water

vapor and in temperature.

It would be useful in the light of this discussion to learn more

about the philosophy behind the cloud physics laboratory at Obninsk.

List pointed out that NCAR should move forward in the field of

cloud simulation and begin pilot studies in this area. This would be

more useful than another preliminary paper and pencil study. Once the

program was begun and results became available, the future of large

simulators would be muchmore certain.

Based on the discussion this week, we have concluded that there

is no real need for a facility for simulation in precipitation physics

in the sense of a "plug in" platform. However, these is very defi-

nitely a need for a program (emphasis here on the scientific staff)

for simulation of precipitation processes and cloud formation.
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12. MODELING ATMOSPHERIC MOTION

(Lectures and Discussions of R. Long)

LECTURE A: GENERAL ASPECTS OF THE MODELING PROBLEM

In this lecture, certain general principles of modeling will be

discussed in the light of some recent thoughts (Long, 1963). These

principles will be applied to an example of air flow over mountains

on a scale where the earth's rotation is important.

The use of the term model is defined for this discussion as fol-

lows: we say we have a model and a prototype if, by mathematical

transformation, by non-dimensionalization, and by physical approxima-

tion, the mathematical equations describing the prototype can be made

to correspond exactly to those of the model. Although modeling ap-

pears to be feasible on paper, the experience of workers so far has

indicated that, in general, it is almost impossible to create a com-

plete dynamic model of atmospheric motion, except in some particular

cases. These special situations may, of course, be of considerable

interest and importance.

Heat Transfer to a Sphere

To illustrate how one may attack the problem of modeling, let us

first consider Rayleigh's classical example of heat transfer from a

sphere to a flowing fluid (Rayleigh, 1915). Rayleigh argued that

the transfer of heat from the sphere to the fluid should depend

on the heat flux h, the spherical radius a, the temperature differ-

ence between the body and the fluid 6 , the thermal conductivity and

the heat capacity of the fluid k, and c, and the fluid velocity v.

Using the 7J theorem with these six variables, Rayleigh found that

only two dimensionless parameters appear, and the heat flux parameter

(h/k& a) is a function only of the dimensionless parameter (cva/k).
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Later, Rayleigh's result was criticized because he used tempera-

ture as an independent dimensional parameter. Bridgman (1931) gave

an explanation for Rayleigh's intuition, but one can also explain the

use of temperature as an independent dimension by applying the mathe-

matical equations governing this heat transfer problem.

The use of the governing equations assumes that these equations

are known to a satisfactory approximation. In other words, one must

be convinced that "physical behavior" can be determined by a well

formulated boundary value problem (this includes, of course, proper

boundary conditions).

In the case of heat transfer from a sphere, the mathematical

formulation can be carried out, but the solution of the governing

equations does not appear to be possible. However, by using just the

differential equations of conservation of mass, momentum and energy,

we find first of all that Rayleigh left out, for example, the proper-

ties viscosity/C and density ( , and time t. Proceeding with ordinary

use of the 7f theorem, or preferably by generalized dimensional analy-

sis (see, for example, Long, 1963), the heat flux is determined in

general by three dimensionless parameters in addition to Rayleigh's

two:

(k a) f ( k ) a(A) ( i ) ( ) (1)

Thus, we see that Rayleigh's result is a special case where three of

the groups on the right of Eq. (1) do not affect the heat transfer.

That is, (a) under steady-state conditions, (b) when the velocity is

low enough for the ratio of the dissipation of energy (OCv v2) to the

heat conduction k 0 is small, and (c) under conditions of high Rey-

nolds number Re = eva/ , where Re does not affect the heat transfer

(this is known by experiment).
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The same result can be obtained from the governing equations by

placing them in dimensionless form. Here, in effect, we determine a

"model" by seeking an affine transformation of the governing equa-

tions which leave the equations invariant (see also Birkhoff, 1950).

In Rayleigh's problem, the application of generalized techniques

of dimensional analysis essentially do no better than Rayleigh's in-

tuition, but the generalized method is safer in that it does not leave

out parameters, and sometimes it will yield more information.

Stratified Flow over Large-Scale Mountains

As an example of the use of generalized dimensional considerations

for modeling atmospheric motion, consider the case of stratified flow

over a ridge whose scale is large enough that the Coriolis force af-

fects the air flow. In general it is not possible to model large-

scale atmospheric motion because the e-effect cannot be modeled.

However, it is possible within certain restrictions to model mountain

flow, and to take into account the earth's rotation, at least locally.

The equations of motion for this problem are written neglecting

viscous effects and the influences of diffusion of heat. We make use

of the potential density, and an equation of state corresponding to an

adiabatic, perfect gas is applied to account for the influences of the

compressibility of air. The Coriolis parameter is expanded in terms

of the - factor (f = fo + g y + ...), and a number B, equal to L /a,

where a is the radius of the earth, is introduced. Lengths are scaled

by a characteristic horizontal length L, and a characteristic vertical

length h. Horizontal velocities are scaled to a characteristic speed

c. Vertical velocities are scaled by g c, where the factor S (<< 1)
accounts for vertical velocities being much less than horizontal

velocities.

The model has the limitations that B is much less than the Rossby

number Ro, and the vertical difference in potential density over the

troposphere, kh, is much less than Ro (= c/foL, which is not assumed

small yet). This amounts to saying that the ratio L/a<«-Ro, and
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< Ro. Assuming that the parameter o (= cLf /ghkh) is the order

of Ro, the equations of motion may be simplified with the above

(tentative) limitations. The mathematical problem then is specified

completely by giving the velocity conditions upstream from the moun-

tain, and the kinematic conditions at the obstacle.

By inspection of the "acceptable" mathematical formulation we

note that similarity between model and prototype requires that Ro be

the same for the two systems. To satisfy the various other limita-

tions, and the dimensional requirements for an atmospheric prototype,

h is determined by the analysis, but Lprot 107 cm. We cannot sur-

pass L 100 km without having to deal with the 5-effect. For other

conditions, based on a typical atmosphere c and g are - 10- 3

and 10 2 respectively, and B is determined essentially by c and b .

It turns out that no laboratory model realistically can be cre-

ated using an equation of continuity in the form which incorporates

the compressibility of the air. There are two possibilities for

getting around this. First, one may ignore the compressibility term

and assume that this parameter will not affect the model for qualita-

tive comparisons. The other possibility is to insist on a dynamic

model, and examine the limitations of a small Rossby number. This

condition gives vorticity equations of the usual form, but one is

still faced with the problem of the compressibility, which is finite

in the atmosphere, but in a hydrodynamic model approaches infinity.

For Ro < 0.1, one can introduce a characteristic length scale

L', which is a function of height, and one can explicitly remove the

compressibility term. Then a strict model may be obtained. However,

one now must deal with a non-linear transformation in vertical height.

Nevertheless, the fact that the compressibility may be transformed

out means that it is not introducing new effects into the model.

Therefore, this technique is equivalent to introducing pressure as

the vertical coordinate, where Ro<<l.
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For a realistic hydrodynamic model in the laboratory, there are

severe restrictions on L even for Ro << 1. However, it appears that

the case Ro -- 0.25, and L ,, 300 km may work out to give at least a

crude approximation to a complete dynamic model of the baroclinic

flow over large-scale mountains.

LECTURE B: MODELING SMALL-SCALE GEOPHYSICAL PHENOMENA

In the last lecture, we found that under certain restrictions it

should be possible to construct a strict dynamical model of mountain

flow where the earth's rotation is important. For air motion on

smaller scales, where the earth's rotation does not affect the flow,

it is less difficult to develop models. As an illustration, let us

consider a case where the winds are typical of the mid-latitudes.

This range of air flow in turn requires that horizontal scale L of

the mountains is less than about 200 km. Flow over mountains of this

size corresponds to flow over a portion of the Sierra Nevada range,

but not over the entire range. As an example, the flow over the Owens

Valley in California is substantially unaffected by the Coriolis force.

As before, we can develop the criteria for a dynamic model using

simplified equations of motion for the atmosphere. Again in this case,

the governing equations are taken as the inviscid approximation with-

out rotation, and without heat conduction or radiation. Potential

density , is introduced, but the Boussinesq approximation (MA/ « 1)
is avoided using Yih's velocity transformation ul = u2 ( //)2

where e is the air density at the surface, and u2 is the actual hor-

izontal velocity. The velocity ul is given in terms of a scale u plus

a perturbation u'. Other perturbation variables for pressure and

density are introduced. As before, the conditions far upstream of

the obstacle, and the kinematic conditions at the obstacle are speci-

fied. And the formulation of the problem is made complete by requir-

ing the top of the model (the tropopause) to be rigid.

To obtain the criteria for modeling, the equations of fluid mo-

tion now are made dimensionless in such a way that the non-dimensional
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quantities in these expressions are the order of unity. After scaling

the equations for typical atmospheric conditions, one finds that, on

the small scale, the compressibility terms are small in contrast to

the larger scale case discussed in Lecture 12-A. For long mountains

of height, a ~ 2 km, and length, L 1l00 km, the ratio u2/gOL2 ( =

thermal stability parameter, with dimensions of length- 1) is small,

and the pressure in the fluid is essentially hydrostatic. However,

for mountain heights of a z10 km, the vertical acceleration terms

are the same order as the hydrostatic terms. This is reasonable since

mountain waves essentially are a non-hydrostatic phenomenon, and they

consequently develop in the lee of larger obstacles.

Another scaling parameter R = a(g )i/u gives us an idea of the

influence of the non-linear terms. For L = 2 km, R a 1.3, but for

Ls li km, R 0.6. Therefore, the non-linear terms in the equations

of motion are always important in mountain flows, and the early

linearized theories cannot give a realistic picture of this phenom-

enon, except for very small hills. This conclusion was substantially

verified in the hydrodynamic model experiments (e.g., Long, 1959).

For scaling the hydrodynamic model to the atmospheric prototype,

we find that two parameters have to be the same: the Froude number

Fr = 

(g )_ h

based on the height of the fluid, h, and R. But Fr'R = a/h, so that

the model may be scaled just as easily by Fr and a/h. It also is

necessary, of course, to provide geometrical similarity, and to provide

a velocity distribution upstream of the model mountain similar to the

atmospheric case.

We note in passing that the study of dimensionless equations and

the model experiments give information about the nature of the solu-

tions to the equations of motion. For example, we find that the

Froude number Fr., based on a vertical length scale inside the fluid,
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always is adjusted automatically to the order of unity for mountain

flows. If Fr is large, the disturbances induced by the mountain are

small and the flow is like potential flow. As Fr becomes smaller

and smaller, the disturbed velocity gets larger. For a given Fr,

the larger the obstacle, the larger the disturbance. When

Fr A a/h, one gets closed eddy flow which is evidently turbulent.

For equivalent cases where R 1, one obtains cases which are related

closely to atmospheric motion over mountains.

An example of flow over the Sierra Nevadas towards the Owens

Valley is described (see also Long, 1959). This experiment involved

the towing of a model of a cross-section of the geographical region

containing the mountains and the valley through water stratified with

salt solutions. The upstream velocity in the model is uniform, but

the prototype shows a strong increase in wind with altitude upstream

from the mountains. Nevertheless, the flow in the model duplicates

the Owens Valley wave phenomena fairly faithfully. At low Fr, wavy

jets are observed and the mountain flow is rather complicated. The

jet phenomena has not been observed in the Owens Valley probably be-

cause the vertical motions are too small to produce clouds. At

Fr 0.1, three lee waves form as observed in the atmosphere, and at

Fr - 0.2, the well known one-wave case can develop with a rotor form-

ing under the crest of the wave, as found at the same value of Fr in

the atmospheric prototype.

Even though friction was disregarded in establishing the model-

ing criteria, both the model and the prototype in the Owens Valley

study suggested a frictional effect of the rotor formation, which is

believed to be related to boundary layer separation in the lee of the

mountain range. Perhaps the model and the prototype behave in the

same way with respect to this frictional effect because the turbulent

Reynolds number of the prototype is effectively the same as the Rey-

nolds number of the model, based on the molecular viscosity. The

correspondence also may result in the "automatic" scaling of the

larger energy containing eddies developing in the two systems.
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In conclusion, I want to mention one last possibility for strict

models between a stratified flow and a rotating system. It is well

known that there is an analogy between baroclinic fluid motion and

motion of a homogeneous fluid undergoing rotation with friction. If

we neglect conduction of heat (or salt in a liquid), and use the

Boussinesq approximation, /\ / « (<< , I . 1%, a strict model,

based on the same simplified equations of motion, can be made. Thus

for the case of a uniform current upstream, one can investigate the

flow of a stratified fluid over a long flat plate, say, and relate

this directly to analogs of flow on a rotating earth. We are pre-

sently undertaking some experiments of this kind in our laboratory.

DISCUSSION

In general, it is not possible to construct strict dynamic models

of geophysical phenomena, except in special cases. However, continued

basic experiments using hydrodynamic or aerodynamic analogies to at-

mospheric phenomena are still certainly worthwhile. These experiments

are useful tools towards understanding fluid motion under given boun-

dary conditions, and thus will provide stimulation for new theoretical

work. These kinds of experiments should be undertaken only using the

simplest geometries. There is no point in duplicating topography at

this stage in these fundamental studies.

As I have indicated, there are a few cases, say in mountain

flows, where "complete" similarity is possible, and one can do model-

ing with a fair degree of assurance. If a group of people were work-

ing on these kinds of models, one might come up with other cases. It

also is conceivable that such a group could make a truly basic dis-

covery or find a strict model of the general circulation; that is, a

model at least locally of large-scale flow stratified fluid rotating

on a sphere with a central gravitational field. The trouble with the
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dishpan experiments is that the fluid flow develops in a uniform grav-

ity field rather than a central field of body force. Therefore, you

cannot get the same equations of motion between model and prototype.

Robinson's group at Harvard is looking into this problem with par-

ticular interest in the ocean circulations.

It may be possible to devise a basic shearing flow which corres-

ponds to the basic variable vorticity field in the atmosphere. By do-

ing this, one may model locally large-scale (r- 1000-km horizontal

length) atmospheric motion. It does not appear to be possible to

model the entire spherical field of flows.

The dishpan experiments certainly were valuable in increasing

our understanding about large-scale motion in the atmosphere. But

the "cream was skimmed off" very quickly in these studies, leaving

the big unanswered question in the dishpan experiments: why is at-

mospheric motion, which we feel sure is controlled largely by the

g -effect, so similar to the motion of stratified fluid in rotating

dishpans where there is no -effect? In answering this question,

someone can make a real contribution to geophysical fluid mechanics.

This question is even more critical for the model of ocean circula-

tion since the #-effect is more predominant in the oceans. We really

need to devise good models for the -effect now. However, this is

largely a theoretical problem which cannot be attacked by a "theory

aware" experimenter alone. If a group of workers from technicians to

theory aware experimenters to theoreticians could be brought together

for this problem, perhaps we might get somewhere.

There are conceivably some modeling projects that one might want

to undertake on a large scale. For example, it appears that the

theoretical problem of modeling flow over mountains is well enough

understood to begin routine modeling studies in this area. The

meteorology in mountainous regions is often strongly influenced by

the vagaries of mountain flow, which make forecasting difficult. It

seems that a pilot program of modeling could be worthwhile to start
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in connection with Lilly's observational program. If modeling proves

to be a successful tool here, one might extend the program gradually

to larger models which duplicate substantial regions of topography.

I believe the simultaneous modeling attack on the mountain flow prob-

lem, even if qualitative, could help an observational program. The

trouble with taking observations alone is that it can lead to frus-

tration quickly. Realistic geographic sampling is usually too small

to get a good picture of what is going on in a region of, say 100 km
.

However, the use of models could give you some direction and feedback

in pinpointing classes of flow patterns, and it might even suggest the

best network of observational stations to be used in the field.

This kind of project is a big operation, and represents a sys-

tematic effort for a large group. Some universities might do this,

but under our present structure, we at Hopkins would not undertake

this kind of project.
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(Lecture of Y. Nakagawa)

There is a wide variety of astrophysical and geophysical problems

that can be classified as hydromagnetic phenomena. For the laboratory

experimentation of such phenomena, it may be worthwhile to look into

the possibility of dynamical similarity between the actual phenomena

and laboratory experiments in the manner similar to that which has been

employed in hydrodynamic modeling.

*
In hydrodynamics certain relevant, non-dimensional parameters of

the problem are usually selected, and by attaining the same values for

these parameters, the modeling is achieved. A set of such non-

dimensional parameters for hydromagnetic problems has been discussed by

Beiser and Raab (1961) for a general class of unstratified flows in a

non-rotating coordinate system. One important distinction in hydromag-

netics is that the macroscopic transport coefficients, such as the

coefficients of viscosity, thermal as well as electrical conductivity,

become tensor quantities in most of the problems. Though this is true

in the large-scale atmospheric dynamics where eddy diffusivity in the

horizontal direction is commonly assumed different from that of the

vertical direction, this effect appears at the molecular scale in hydro-

magnetics. In particular, some of the hydromagnetic phenomena in astro-

physics and geophysics can be explained only in terms of such a spatially

inhomogeneous transfer effect. In the latter case, it is necessary to

examine the scaling parameters from the equations governing the macro-

scopic transfer effect, i.e., the Boltzmann equation or the generalized

Vlassov equation.

* Though the total number of independent non-dimensional parameters
are given by theTr-theorem, the choice of a particular set depends
strongly on the problem (see for example Birkhoff, 1950).



166

Appendix A-13 ........... ..............

Consider in the first case a fluid having a constant electrical

conductivity -, permittivity , permeability/ , and specific (kinematic)

viscosity 2, and its motion described by the velocity field v. Then the

hydromagnetic behavior of the fluid is governed by Maxwell's equations,

with Ohm's law for a moving media, and the Navier-Stokes equation which
1 ->

includes the Lorentz force terms (V x B) x B. These equations are in

MKS units:

A7x t= a B= o

Vx B =/J+ (E 

J = cr(E + v x B) + v ,

-V P 1

+C)2 v f7(V·v

v= ++ (VxB) x B

+ ))V 2 v + 7 (V. v) ,

where E is the electric field strength, B the magnetic field induction,

J the current density, N the charge density, p the static pressure, and

6the density, respectively.

In all we have 13 equations, cE, , , v, v, E, B,Y , J, p, ,

t (time) and A (length) with four fundamental dimensions M (mass),

L (length), T (time) and Q (electric charge). However, out of these

13 quantities only 10 quantities are non-redundant; thus by applying
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ther-theorem, we can conclude that 6 independent non-dimensional para-

meters [6 = 10 (non-redundant quantities) - 4 (basic dimensions)] exist

and these parameters must be scaled for dynamical similarity between the

prototype and the model. The parameters include the usual hydrodynamic

numbers, the Reynolds number and the Mach number, plus others which de-

note the effects of the electric and magnetic fields as well as the

electromagnetic properties of the fluid (see Beiser and Raab, 1961).

In the second case, we start from the Boltzmann equation as the

relevant governing equation. In this situation, we find 8 non-redundant

quantities with the same 4 fundamental dimensions, giving 4 independent

non-dimensional parameters for the scaling. These quantities, in es-

sence, represent the effect of an electromagnetic field during the time

between the successive collisions of the particles and they contain

ratios of the well known parameters such as the Larmor radius, the

electric drift speed, the mean collision frequency, together with the

characteristic scale length and time of the phenomena.

One important effect which must be stressed here is the Hall effect,

which represents an enhanced diffusion in the direction perpendicular

both to the magnetic field and gradient of the macroscopic properties

such as temperature, density, and velocity (somewhat like the geostro-

phic wind). In the presence of a strong magnetic field, the Hall dif-

fusion is increased by the factor(W/c ) (where cO is the cyclotron

frequency and P is the mean collision frequency), while the diffusion

in the direction of gradient of macroscopic field perpendicular to the

direction of magnetic field is reduced by the factor [1 +( 2 ) j-

The diffusion along the direction of magnetic field remains unaffected

(see Chapman and Cowling, 1953).

When we construct a complete dynamical model of hydromagnetic phe-

nomena in the geophysical or astrophysical context, we must further

take into account the action of gravity and rotation as well as the

temperature field in the governing equations. This implies that in
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addition to the 10 non-dimensional parameters discussed by Beiser and

Raab, we must consider non-dimensional parameters such as the Froude

number, the Rossby number and the Prandtl number in the modeling. Fur-

ther inclusion of the effect of radiative transfer can add at least two

additional non-dimensional parameters to such a list, i.e., the ratio

of photo to collisional cross section as well as the ratio of the emis-

sion to the absorption profiles of the specific radiation.

Furthermore, the hydromagnetic effect arises from the interaction

between the electric current carried by the fluid and a magnetic field

(the Lorentz force term in the equation of motion), while the current

denotes the net differential flow of positive and negative charge par-

ticles, thus the question of thermodynamic equilibrium between these

particles enters into the problem.

This question arises from the fact that usually the negatively

charged particles are electrons and the positively charged are ions.

Consequently, in the collision between these two particles, due to the

large mass ratio (1,860), the electrons are scattered readily by the

ions while the inertia motion of ions remains virtually unaffected. In

other words, the temperature of electrons and ions can remain different

until a sufficient number of collisions between these two particles

occur; the conditions prevail in high temperature rarefied gases such

as solar corona, chromosphere and solar wind.

With these considerations in mind, the limitations of the various

macroscopic transfer coefficients and the macroscopic description of the

problem have been discussed in part by Kantrowitz and Petscheck (1957).

They have classified various regions in terms of the strength of elec-

tric or magnetic field effect referring to a characteristic macroscopic

* We might call this situation the "macroscopic local thermodynamic

non-equilibrium" in contrast to the common "non-local thermodynamic

equilibrium" used by the astrophysicist. The latter refers to the

microscopic nature, i.e., the excitation or de-excitation of the

atom or ions in different quantum states.
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scale length of 1 cm. Since the limit of present solar observation is

at best about one second of arc corresponding to the linear dimension

of 700 km, one can relax considerably one's classifications and apply

a macroscopic analysis over a wider range than suggested by Kantrowitz

and Petscheck. However, one has to be careful about such cases because

under such circumstances the large-scale transport effects are repre-

sented by the tensor eddy diffusivity as in the case of atmospheric

large-scale motions, and the details of the continuum analysis are

likely to be lost completely.

In any case, if we place reasonable numbers into typical parameters

governing a hydromagnetic system, it is readily apparent that no com-

plete similarity between geophysical or astrophysical phenomena and

laboratory studies can be attained. Therefore, experimentalists must

look for the "indirect" experiments which simulate certain particular

aspects of the natural hydromagnetic phenomena.

In reviewing briefly various experiments that have been performed

so far in hydromagnetics, we may group these experiments into the fun-

damental experiment and the simulation. The first group of experiments

which has provided the basic understandings and informations on geo-

physical and astrophysical phenomena include:

l.a) The examination of the exact magnitude of the Lorentz

force term by measuring its effect on the inhibition of

the onset of convection (Nakagawa, 1957) and of turbu-

lence (Murgatroyd, 1955).

l.b) The propagation of Alfven waves in an incompressible

fluid (Lehnert, 1958).

l.c) The study of hydromagnetic shock waves (Gross, 1965).

1.d) The enhancement of the magnetic field by fluid motion

(achieved only by means of ionized gases in thermal

fusion works).
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The second group of experiments which has been undertaken to

simulate specifically certain geophysical or astrophysical phenomena

are:

2.a) The studies of the aurora and the auroral zone (Block, 1955).

2.b) The studies of the interaction between the solar wind and

the earth magnetic field (Bostick, et al., 1962; Osborne,

et al., 1966).

2.c) The examination of the whistler mode propagation (NBS,

Boulder).

2.d) The modeling of solar flares (Severny, 1958).

A number of experiments on the subjects (2.a) (2.b) and (2.c) are

currently being developed and pursued at various laboratories.

Our current effort in the laboratory experiments are:

1) The examination of the mutual effect of macroscopic flow and

radiation under non-local thermodynamic equilibrium conditions

(the conditions prevail in most of the solar atmosphere). By

using an electromagnetic shock tube, we produce such conditions

behind a self-ionizing shock wave and measure the radiation

and fluid motions. Then we compare the results with theoret-

ical computations based on the appropriate macroscopic flow

equations including the effect of radiative transfer.

2) Study of the interaction between plasma flow and magnetic

field. Our particular interest in this study is the examina-

tion of the stability of magnetic neutral line which bears

basic importance in the understanding of the possible physi-

cal mechanism of solar flares as well as magnetosphere circu-

lation of the earth as proposed by Levy, Petscheck and

Siscoe (1963).

We are also devoting part of our effort to developing the theoret-

ical interpretation of the results of laboratory experiments.
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In concluding this lecture, I would like to stress the importance

of the laboratory experiments in this field. Though the scale modeling

is impossible, simulations of particular aspects of the hydromagnetic

phenomena in nature provide us with the only means to examine the sound-

ness of our understanding of the physical mechanisms of the problem.

DISCUSSION

In some cases, direct hydrodynamic analogies to hydromagnetic

systems are possible (Frenkiel and Sears, 1960). For example, for a

non-dissipative flow, the governing equation of the magnetic field is

identical in the form with that of the vorticity equation and direct

correspondence between the vorticity and magnetic field exists. Also,

the possible analogies between electrohydrodynamics and hydromagnetics

exists which has been discussed by Stuetzer (1962).





173

14. MODELING OF FLOW IN A DISTURBED BOUNDARY LAYER

(Lecture of E. J. Plate)

In general, modeling of fluid flow requires application of the

principles of geometric and dynamic similarity. For modeling atmos-

pheric boundary layers in steady flow, one may consider essentially

two different cases where the lower boundary is homogeneous, or non-

homogeneous in surface properties such as roughness. When the lower

boundary is homogeneous or uniform, modeling requires simple geometri-

cal scaling, and correspondence between the Rossby number, the Reynolds

number, the Froude or Richardson number, and the diffusional parameters,

the Schmidt number and the Prandtl number. If the lower boundary is

non-homogeneous, modeling of the flow becomes more complicated.

The Rossby number, of course, sets an upper limit on modeling in

a straight wind tunnel. To operate in a regime where the Coriolis

force is unimportant, the Rossby number must be greater than unity.

When there should be a balance between pressure and momentum only,

and we look for gross features developing away from the boundaries, geo-

metric scaling leads to reasonably successful modeling, as for example,

in our study of flow around Candlestick Park (Cermak, et al., 1963).

On the other hand, if the effects of viscosity need to be taken into

account and the Reynolds number Re comes in, application of the princi-

ples of modeling becomes more involved. For example, the proper choice

of Reynolds number frequently depends on the particular problem and the

nature of flow to be studied. There are at least three different forms

of Re that one may use in modeling, including the one based on a gross

length scale and a free stream or "geostrophic" velocity; the one based

on the wall layer properties, using the friction velocity u* for a

characteristic velocity and the roughness length zo as a characteristic
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length; and the one based on a velocity of 
turbulence; i.e., a mean

square fluctuation, and scale like Taylor's 
microscale or an integral

scale. Under homogeneous boundary conditions, one 
hopes that all three

of these characteristic numbers are proportional, 
or at least simply

related.

In dealing with the Richardson number, we 
must consider this

parameter in its original sense, as a local 
measure of the ability of a

thermally stratified fluid to damp out its 
turbulent motion, and perhaps

in a more useful sense, also a number characteristic 
of the behavior of

an entire layer in the atmosphere.

For diffusional modeling in a turbulent medium, 
the Schmidt and

Prandtl parameters based on (assumed) constant 
eddy coefficients seem

to be of central importance. Normally these numbers are (wrongly) as-

sumed to be unity. The use of these parameters and their proper 
values

remains an open question.

When modeling criteria are applied to non-homogeneous 
or non-

uniform boundary conditions, more uncertainties 
arise. In fact, we can-

not really be sure at this stage just what 
the complete modeling cri-

teria are. This can be illustrated by considering flow 
from a nearly

smooth surface like a lake onto a very rough 
surface like a forest.

Two Reynolds numbers based on u* and z are clearly involved. In some

cases, it does not appear that dynamic similarity 
for these configura-

tions is possible. In addition to the problem of correspondence 
in Re,

there is the question of the geometrical distortions 
in scaling of -ver-

tical and horizontal lengths. These cannot be treated in any

simple manner.

If differences in thermal stratification over 
non-homogeneous ter-

rain further complicate the picture, modeling 
is made even more diffi-

cult. Similarity in the development of thermal layers 
may not be at

all compatible with similarity in the momentum 
boundary layers.
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There is virtually no information available about the nature of

turbulence upstream from bodies or obstacles. The structure of turbu-

lence retains a memory of past disturbances for many lengths downstream

from disturbances, and this information must be incorporated into more

sophisticated models of atmospheric surface layers.

Very little is known about similarity in unsteady flows. The

whole question of unsteadiness is partly a semantic problem. The re-

gime between fluctuations in atmospheric turbulence and very slow diur-

nal changes, for example, is not well defined. The criteria for deter-

mining when planetary boundary layers can be treated as quasi-steady

have not been determined. Perhaps the numerical integrations of the

large-scale motion can provide some insight into this problem.

For non-uniform boundary and initial conditions, there are virtu-

ally no guide lines for modeling except possibly in the work of

Karlsson (1959). This seems to be vital area for future work by com-

bining field studies with wind tunnel investigations.

As a beginning of studies leading to modeling principles for dis-

turbed boundary layers, we have undertaken some experiments in the CSU

tunnel. The first investigation consisted of an attempt to find out

what the nature of the boundary layer flow is over a surface roughness

whose height is the order of the boundary layer thickness. We found

that the air motion could be divided into two layers, one inside the

roughness elements, and the other in the region above the elements.

The logarithmic profile of velocity is established in the outer layer,

while the inner region, through displaying similarity profiles, depends

on the nature of the roughness. Dynamic similarity seems to require

only correspondence of parameters based on u* and z for neutral condi-

tions of stability. Of course, problems still lie in properly defining

both u* and z . These results are discussed in more detail by Plate

and Quaraishi (1965).
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So far our work on modeling of the mean flow 
in thermally strati-

fied layers indicates that, provided the heat 
flux across the lower

boundary is estimated in a reasonably way, the 
Monin-Obukhov length

seems to scale both the laboratory data and the 
available field

data satisfactorily (see Plate and Lin, 1966).

Some recent experiments on a simple analog 
of a hill have indicated

a number of interesting features for flow in disturbed 
layers. For

example, the recent semi-empirical theories for 
multi-layered regimes

in flow (e.g., Townsend, 1965) do not correlate 
our data very well.

Since these theories represent an oversimplified 
picture of the flow

behind obstacles, more experiments are needed 
to elucidate the details

of this type of motion. So far, the scaling of these types of flows

may be accomplished best by using an overall 
momentum balance analogous

to the classical momentum integral of von Karman 
(e.g., Schlichting,

1960). Lin and I (Plate and Lin, 1965) have found that 
the scaling

depends essentially on the drag coefficient of 
the obstacle and the

length ratio h/z . This, of course, is consistent with Jensen's 
(1954)

criterion. Jensen required correspondence in geometry and 
in the ratio

h/z . It appears, however, that the correspondence 
in drag coefficient

of the body may be more important than strict 
geometrical similarity.

It is interesting to note that, in the cases 
we have studied,

there is so much mechanical turbulence generated 
in the lee of obsta-

cles that this effect overshadows effectively 
the influence of stra-

tification.

DISCUSSION

Wind Tunnel Modeling

Wind tunnels play a twofold role in laboratory 
studies of atmos-

pheric motion. In the first use, tunnels are essential for carrying
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out fundamental studies of turbulence. These types of investigations

must be pursued to forward the basic knowledge of the behavior of tur-

bulent shearing flows. The second role lies in applied meteorology,

and in the modeling of specific flow configurations. Just as the Froude

models in water tanks have proved useful to hydraulic engineering, wind

tunnel modeling will provide the guide lines for environmental engi-

neering studies, and for design of aerodynamically efficient structures.

Within this framework, the wind tunnel can be viewed as a basic research

tool, and as a highly useful service facility for routine studies of an

applied nature. The latter aspect should certainly be borne in mind in

NCAR's future plans for environmental studies.

The state of modeling theory in wind tunnels is relatively ad-

vanced in cases where geometrical similarity only is necessary, and to

a lesser degree where Froude similarity is a requirement. The theory

is hazier for Reynolds number criteria, and is very uncertain for com-

bined Reynolds, unsteady and thermally stratified flows.

At the present time, there are several groups of scientists using

a variety of moderately large subsonic wind tunnels for study of turbu-

lence and simulation of atmospheric boundary layer flow. Some of these

include groups at NYU, the University of Marseilles, Cambridge, and The

Johns Hopkins University not to mention the tunnels used by the Forest

Service, etc. These groups are progressing slowly on many problems.

Manpower for carrying out the experiments and analyzing results is

quite limited in this field, so that opening a new program, though per-

haps desirable in principle, would spread existing talent even thinner.

In view of this, it is likely that a new wind tunnel will not be neces-

sary for continued progress in this area for about 5 to 10 years. After

this time, many of the current problems about modeling and about the

nature of turbulence will become more clear. Then a tunnel can be de-

signed which will allow a much greater step forward in continuing to

investigate these problems.
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If a new subsonic wind tunnel should be built in the future, some

features might be incorporated that have turned up after using the CSU

tunnel. The tunnel itself should be in a sealed environment to reduce

the effects of fluctuations in ambient, atmospheric pressure; the inlet

section should be designed for very low speed flow in the test section

if thermally stratified motion is to be investigated over a wide range

of Fr and Re; the tunnel should contain a dust separator, and the cool-

ing system as well as the dehumidifiers could be redesigned for attain-

ment of wider ranges of stratification.

To undertake three-dimensional studies of disturbed surface layers,

a wider tunnel would be useful to reduce the interference of the wall

layers with lateral secondary flows. An alternative to a wider tunnel

might be to artificially thicken the floor layer in a narrow tunnel.

This would allow a thick layer on the bottom of the tunnel with much

thinner wall layers. There seems to be considerable uncertainty at

present about the exact way of artificially inducing development of a

boundary layer. Some work of Klebanoff and Diehl (1952) at the National

Bureau of Standards has provided preliminary criteria, but these re-

sults are not conclusive.

To reduce the effects of secondary circulation in a tunnel of rec-

tangular cross section, an oval shaped design for the test section

might be used. The plate could be suspended in the rounded section by

thin supports. The suspended plate should be as wide as possible to

avoid edge effects interfering with the primary flow along the plate.

A completely sealed tunnel would be useful for studying turbulent

motion with various atmosphere from, say, helium to freon gas. If the

modeled motion were largely independent of molecular viscosity, for

example, the turbulent Reynolds number criterion would be placed on

much firmer ground.

Even though a new tunnel cannot be justified completely based on

present needs, it would certainly be utilized easily once it was in
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existence to augment present facilities. There is a great deal of

vital exploratory work to be done in modeling of surface layers, and

wind tunnel experiments are sophisticated and time consuming. Only a

limited number of experiments can be done in existing tunnels so a new

facility would always be welcome. It should be mentioned here that the

Argonne National Laboratory has proposed that a cooperative tunnel with

several midwestern universities be constructed at Argonne. This facil-

ity would add one more tunnel to the existing equipment.

If a new facility were to become available with a central operating

staff, many students and research workers could use the equipment on a

short term basis (e.g., summers or a few months at a time). The driv-

ing force for the program, and the scientific coordination and continu-

ity, should naturally come from within the organization making the most

use of the capability so that the program and the equipment will be ef-

fective. A full time operating staff of at least one scientist, one

electronics engineer, and two to three technicians would be desirable.

To best utilize present facilities there may be some merit in con-

sidering a plan for loosely organizing a number of facilities in the

country under unified funding and direction, especially for encouraging

interchange of independent ideas, and different workers. NCAR probably

should consider obtaining at least a small, flexibly designed wind tun-

nel anyway so that certain limited experiments can be done conveniently

"in house."

Rotating Systems and Planetary Boundary Layers

Continued attempts to model tornado vortices in either rotating

tanks of gas or water do not appear to be very attractive at the moment.

Although the work of Turner and Lilly (1963) indicated that these models

are feasible and are "look alikes," further work along this line is not

fruitful until the energy source for maintaining a tornado is better

understood. We need some temperature measurements inside the vortex.

Hydrodynamic estimates of energy sources seem insufficient to maintain
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a tornado. The temperature within the vortex may be as much as 100 C

higher than we anticipate from hydrodynamics to maintain an inner pres-

sure sufficiently low to keep the tornado going. This kind of heating

may come from electrical effects, as postulated by some recent specula-

tions of Vonnegut, for example.

The planetary boundary layer, that is, the Ekman layer, has been

modeled by applying the turbulent Reynolds number correspondence to the

results of a laminar Ekman layer in water (e.g., Faller, 1964). Unfor-

tunately, the question of comparing laminar flow results to turbulent

flow cases through this kind of Reynolds analogy is unanswered. It

would be desirable, therefore, to repeat Faller's experiments in a tur-

bulent medium. The possibilities for undertaking these experiments in

a tank larger than Faller's 3-m diameter facility were discussed. Prob-

ably the experiments could be done with a rotating pan containing air

(for structural reasons).

The construction of a rotating tank facility of a large size would

be expensive and should be justified by a series of experiments more

extensive than the Ekman layer work alone. Perhaps the flow of layers

disturbed by obstacles or by differential heating would be of interest.

Much of this kind of work could be done by computer analogy. These ex-

periments would certainly be valuable from the standpoint of extending

the fundamental knowledge of fluid dynamics; however it is not clear at

this point how applicable such work would be to modeling the motion in

planetary layers. On the basis of atmospheric simulation alone, a tank

facility of this kind probably could not be justified by these experi-

ments unless there was a strong interest to undertake this sort of

study within the NCAR staff. It seems that the first steps in clarify-

ing the role of steady Ekman layers in atmospheric phenomena may be to

repeat Faller's study in his equipment using a roughened bottom. This

would induce turbulence in the lower layers at much lower Reynolds num-

bers, and might indicate some features of the turbulent layer which

have not shown up as .yet, and which would be worth studying in a larger,

more elaborate system.
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(Discussion of J. D. Sartor)

INTRODUCTION

At present, it is virtually impossible to simulate in all complex-

ity the interaction of particle collection and charging. Even if it

were possible, it is highly likely that it would not be desirable, in

that to obtain all ranges of interactions it would be necessary to have

a simulation chamber that essentially reproduced the atmosphere. Since

the atmosphere itself is freely available, this can be used. However,

since we see mainly the integrated result of many particular motions

when we look at a natural cloud, it is very desirable to try to bring

particular stages of this action into the laboratory for understanding.

Then, in order to complete our research, the full range of interactions

is put together by computer models and by returning to the natural

cloud for final testing. There is a fairly large number of these par-

ticular interactions that we can study piecemeal in the laboratory, and

together with suitable theories, get a reasonable idea of what to ex-

pect in nature.

THE USE OF HYDRODYNAMIC MODELS TO CHECK THE HYDRODYNAMICS USED IN

CALCULATIONS OF COLLISION EFFICIENCIES

At the present stage of understanding, it is generally easier to

consider the interactions between liquid drops because of their rela-

tively regular sphericity or deformation from sphericity. In some

cases it is easy to make the extrapolation to solid particles and in

other cases it is quite difficult. We are considering laboratory simu-

lation of atmospheric problems, and the simplicity of working with

drops makes this restricted approach acceptable at the present stage

of study. Both laboratory and numerical studies on cloud and rain
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drops are concerned with two quite separate aerodynamic flow regimes.

For the smallest cloud drops with radii less than 30/U one can consider

mainly the viscous forces, and for the larger drops the viscous forces

are neglected and the inertial forces considered. From the standpoint

of hydrodynamics and the understanding of droplet reaction to collision

and near collision, the transition region where both viscous and in-

ertial forces are important is poorly understood. However, the theo-

retical studies of collision efficiencies in this regime do not seem 
to

be very sensitive to the various approaches to the hydrodynamics.

In the viscous flow regime, the theory is in pretty good shape.

It can now be shown that it is possible to check the hydrodynamic

theory with experiments on the spheres in viscous media in the labora-

tory. For example, by including an induced mass term in the equations

of motion without specifying its form in any greater detail than by

adding roughly 50% to the mass of the drop, it can be shown that it

does not affect the trajectory of two drops to a measurable degree.

This is taken as confirming evidence that, when the Reynolds number 
is

small with respect to unity, the ratio of viscous to inertial forces 
is

small. One is then free to choose spheres and suitable media for lab-

oratory use as long as the free-fall Reynolds number remains small.

The trajectories of two spheres obtained in the laboratory in this 
way

can be used to check the hydrodynamics.

The interaction of raindrops with cloud drops can be accomplished

with water drops in air as has been done a number of times without 
re-

sorting to indirect modeling. This is also true, to some extent, in

the transition region between 30 R and 100 /radius.

COALESCENCE

There are two main problems in the theory of coalescence: the

deformability of the drops themselves and the removal of the cushion 
of

air between them (which is a function of this deformability). For the

larger drops of precipitation size, this can be done directly in the
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laboratory by studying pairs of drops. However, it is not as easy to

do this with freely falling drops, although it seems well within the

realm of possibility to try. The second major problem in droplet

growth by coalescence is the understanding of the stability of a cloud

of droplets. This involves the growth of the drops by diffusion and

coalescence as a function of the saturation of the air, and the role

played by the complete absence of electric charges and fields. These

problems can be studied under controlled conditions of free suspension

for the droplets by using a vertical wind tunnel with precision flow

control.

PROBLEMS INVOLVING THE ADDITIONAL FORCES OF ELECTROSTATICS

The small fields and charges in the early stages of cloud growth

have a small effect on the direct collision efficiency of cloud drops.

However, as the cloud matures, the electrostatic forces cause an in-

crease in the probability of collision by a hundred-fold or more for

drops in electric fields of the order of those of thunderstorms. In

the overall problem this cannot be ignored, since there are many in-

stances in the atmosphere in which fields of this order do build up and

where the precipitation-growth process must continue for a considerable

period of time. In some clouds, these forces may be necessary to ex-

plain the duration of the precipitation and its intensity. For those

convective clouds which grow up in families, the successive turrets

develop in regions of high fields; therefore, the precipitation growth

process can be expected to grow in a much more rapid growth regime.

A problem of some difficulty now enters the picture. There is a

matter of definition of collision efficiency when cloud particles are

both charged and in an electric field. It seems that in many cases the

only way an integrated result might be possible is to follow the motion

and interactions of individual drops. This is not feasible on the com-

puters of the present, because of the great capacity and computation

time required. It is possible to model the hydrodynamics and
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electrostatics in models of different materials for the drops and media.

The scaling is different for the electrostatic forces and the hydrody-

namic forces but can be accounted for in the modeling.

It has recently been shown that charged drops emit electromagnetic

radiation on close approach or collision. This offers a possible diag-

nostic tool for natural clouds. It is necessary, however, to under-

stand the form of the electromagnetic emission. This must be done with

highly regular, repetitious encounters between drops when they are

charged and in electric fields. The time "jitter" between drop en-

counters can now be controlled to within + l1/sec. Laboratory exten-

sions of pairs of drops interacting can be made by use of swarms of

drops. This requires a large vertical wind tunnel because of their

considerable relative fall velocity.

PRECIPITATION GROWTH

The computer models of the growth of precipitation from cloud

drops are far from satisfactory, but at the present time, do offer a

reasonable and useful means of proceeding with the problem. The com-

puter models can be applied to the results of laboratory studies piece-

meal by following the interaction of two mono-dispersed clouds of

droplets in a vertical wind tunnel.

SUMMARY

In summary, it seems possible to simulate piecemeal, many of the

interactions between droplets and raindrops and eventually frozen par-

ticles by laboratory models or studies of the particles themselves in

the laboratory. Some of these require special equipment that almost

any laboratory can develop. The interactions between swarms of drop-

lets or clouds of large mono-dispersed drops with a cloud of mono-

dispersed smaller droplets require a specially designed vertical wind

tunnel for this purpose. On the average, a 10c cloud droplet must

fall 6 m before having an equal probability of encountering another

cloud droplet. For droplets of this size, the time required to fall
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this far is 10 min. To ensure that enough interactions for study

occur, the vertical dimensions of the wind tunnel must be stretched by

upward moving air. The wind velocity must be carefully controlled with

wall effects and electrostatic effects controlled. The vertical wind

tunnel of dimensions comparable to that planned for the new building,

around 9 m high and 9 m or so of horizontal working space on each

of three levels, seems to be adequate for the first stage of this re-

search. Let me emphasize that this is a project that appears to be en-

tirely feasible but which must be considered a research endeavor that

will require a number of years of experimentation to be successful in

producing the desired results. Considering the dimensions of the pro-

blem, it is not an expensive endeavor either.

Finally, after the particular parts of the problem have been

solved, it will be necessary to put these together in mathematical

models and then go to the natural clouds for confirmation. Such field

trips will undoubtedly send the investigator scurrying back to the lab-

oratory repeatedly. But at this time, there seem to be very promising

ways of approaching the problem. This can be considered as encouraging

to the future work.
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(Lecture of P. Squires)

Workers have demonstrated that microphysical processes have an

important influence on the performance of clouds as precipitators.

And, of course, it is well known that the formation of clouds and sub-

sequent rainout varies strongly in different geographical locations

where the nuclei population and composition are different. Microscale

processes can be studied comparatively easily under controlled condi-

tions of the laboratory. However, it also is necessary to know about

the behavior of a variety of different nuclei produced in nature.

Thus, the interaction between careful field observations and laboratory

experimentation has to play a vital role in the study of the micro-

physics of clouds.

To see how some of our laboratory experiments relate to cloud

study, let us first review some current ideas as to how atmospheric

aerosols contribute to development of cloud droplets.

The simple theory of droplet birth by condensation begins with

the properties of a pure, soluble, spherical nucleus at equilibrium

with its environment. Thermodynamic calculations for the relation be-

tween vapor pressure of water and size indicate that a maximum in the

curve for supersaturation vs. size exists around nuclei of radius L0 5

cm. The maximum in this curve is related to the competing effects of

vapor pressure depression by the solubility of the nucleus in water,

and the increase in vapor pressure with decrease in size resulting

from the effect of surface tension (Kelvin's equation). The region of
-5size of 10 cm is considered the critical size of nuclei for unstable

growth to larger droplets. Particles in this size range do not affect

the mass of water vapor in the system. However, particles of 10 4 cm
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in size or larger represent a 
range when the mass of the droplets 

be-

gins to interact significantly 
with the mass of water vapor.

It is clear that this simple picture 
is complicated by variations

in the chemical structure of the 
nuclei. Atmospheric aerosols are

rather well mixed species whose 
material may only be 5 to 10% 

soluble

in water. It appears, however, that variation 
due to solubility

effects probably has relatively 
little effect on the behavior 

of nuclei

in condensation. Furthermore, 
we note that from a mass standpoint 

the

molecular weight of a particle 
can vary effectively by only 

3, but its

mass can vary by 103. Therefore, one expects that the 
nucleus mass is

the critical parameter for initial 
droplet growth, and the simple

theory may be adequate.

The next step in the ideal theory 
of cloud formation centers

attention on the increase in supersaturation 
with time in a rising ele-

ment of air. As a convective element rises, 
saturation will be at-

tained. Continued rising of air will cause 
a degree of supersaturation

in the air. As droplets begin to form increasing 
numbers of nuclei the

supersaturation reaches a maximum 
then drops off to approach an 

equili-

brium saturation level. For typical updraft speeds, 10 
to 20 sec are

required to reach a maximum supersaturation 
of order 1%.

In the simple model, the nuclei 
essentially provide the "door

opening" for further growth under 
supersaturated conditions. To have

a precise idea of the rate of 
growth, however, it may be necessary 

to

take account of the composition 
of aerosol particles as well 

as the

distribution in size. Furthermore, the chemical structure 
of nuclei

could change the accomodation 
coefficient c , which accounts for the

number of water molecules colliding 
with the nucleus that do not 

stick.

The rate of growth of droplets 
can change greatly with 4 , a co-

efficient varying from 0 to 1.

Setting the problems of composition 
aside for the present, cloud

formation within the classical 
theory will depend primarily 

on the
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updraft speed, and the mass spectrum of aerosols entering the cloud at

its base. Hence as a first approximation one needs to specify the ver-

tical velocity at cloud base and a curve correlating supersaturation

with time for a given aerosol distribution.

The total number of droplets N in convective orographic clouds may

vary from 10 to 3000 cc . If the only two independent parameters of

interest are the nucleus size spectrum and the updraft velocity V, one

can estimate the importance of these two. Very crudely, NoC V4 on
2theoretical grounds. V can range over about 10 . Therefore, the up-

draft velocity can affect N by only about 3. However, N varies in

clouds over 103. This implies the nature of the aerosol entering cloud

base plays the primary role in explaining the variation in effective-

ness of clouds as precipitators.

If the atmospheric aerosol is assumed to be the key to determining

cloud growth and rain formation, we can construct an "organization"

chart for avenues of study in cloud microphysics (Fig. 1).

Genesis and Test of simplest classical
removal of aerosol / model (theory and observa-

tion of clouds-correlation)

~FIELD Aerosol
_____________ Complications in

LABORATORY ———- cloud formation
~ 1 1. % insolublesProperties (chemical iolles

2. Accommodationconstitution, surface Accommodation
coefficientstructure, size spectrum, coefficient

etc.)

Fig. 1

From this drawing, one observes that there are many possible ways

to examine the nature of natural aerosols in relation to cloud forma-

tion. All of these approaches are certainly valid. However, it is
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possible to divide roughly the branches into 
field programs and labora-

tory investigations. That is, the questions of birth and removal 
of

natural aerosols and the verification of the 
applicability of the

simple classical theories must largely depend 
on field study. On the

other hand, detailed analysis of the properties 
of aerosols in the con-

densation and growth processes have to be examined 
in the laboratory,

primarily by "indirect simulation."

Much of our work has been concerned with the 
development of field

devices that will measure accurately the spectrum 
of the concentration

of nuclei activated at various supersaturations. 
Since the range of

supersaturation S from 1 to 3% may be sufficient 
to provide information

about cloud formation, we have concentrated 
on equipment for measure-

ment in this range of S. To determine the "supersaturation spectrum,"

an instrument should be able to establish 
a degree of supersaturation

around the particles and maintain long enough 
for particles to grow --

one needs to distinguish clearly visually between 
the grow-no grow

cases. The well known thermal diffusion chamber seems 
to hold promise

for such an instrument. This device consists of a vessel in which the

ceiling is warmer than the bottom and both are 
maintained wet. A zone

for maximum supersaturation develops in the 
center of the vessel re-

sulting from mixing of saturated air at different 
temperatures (e.g.,

Taylor, 1917).

Droplet growth can be observed visually in a 
thermal diffusion

chamber containing stagnant air after a sample 
of aerosol is injected.

Our results indicated that such devices worked 
fairly well qualita-

tively, but it was difficult to quantitatively 
follow growth on nuclei

because of depletion in S, and fallout of droplets. Depletion could

be taken care of by diluting the sample sufficiently, 
but the question

of fall out still remained.

To check the performance of the thermal diffusion 
chamber, a ver-

tical column was designed. This unit works 
as follows: clean air
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moves up a wet-walled tube in which the temperature increases upwards.

As the diffusivity of water vapor exceeds that of heat, the central

region becomes supersaturated. The solutions for the equations of con-

vective motion, heat transfer, and diffusion for this configuration are

known (Morton, 1960). The aerosols were carred upwards by the laminar

flow of clean air.

Particles injected into the center section of the column would

grow, the faster growing ones falling out first, and the slower growing

ones falling out later. All particles can be counted in this device,

and the problems of keeping a particle in constant supersaturation for

a certain time are eliminated. This device turned out to be rather

tempermental, but it provided a check on our results from the thermal

diffusion chamber to about 30%.

Our most recent studies have involved a new design using steady

laminar flow of clean air through a thermal diffusion chamber. Again

the supersaturation develops in a parabolic distribution with a maximum

near the center of the spacing between the moist plates. The aerosol

is injected into the center of the stream of air and the entire air

flow is taken out of the chamber in a jet past a photocell counter

through a nozzle. In this design, the faster growing particles tend to

fall out to the floor before being counted for a given air velocity.

By increasing the air flow to high enough values, all of the entering

nuclei eventually can be counted. The curve of number counted versus

flow rate can be related, in principle, to the growth rate of the

nuclei.

The new steady flow chamber is quite versatile in that it counts

particles accurately and very rapidly and supersaturation levels can be

maintained easily. This device shows promise (a) as a counter for

field studies to determine the relation of critical supersaturation to

the size distribution of aerosols, and (b) as a laboratory tool for

studying some of the details of the growth process including the rate
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of growth of particles and their accomodation coefficients in the con-

densation process.

We hope to use this new instrument in both types of studies.

In connection with the applicability of the simple "adiabatic"

rise theories, it seems that more use should be made of wave clouds.

Mordy's group in Nevada is beginning to look at orographic cloud pro-

perties in the Sierra Wave. It also might be useful to look carefully

at our clouds near Boulder.

In other lectures of this series, emphasis has been placed on the

laboratory investigation of atmospheric phenomena. Laboratory studies

also can be pointed to support of field programs by developing analyt-

ical tools. These same devices can be used effectively for continued

"indirect" research in parallel with atmospheric observations.
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(Lectures of G. H. Strom)

INTRODUCTION

The establishment of criteria for scale models of physical phenom-

ena is a process which seems to go on indefinitely. As the demands on

scale models increase the criteria must be improved, refined or revised

to meet the more demanding requirements as the knowledge of the field

increases. Rarely are the criteria in simple forms. More commonly

there are conflicting requirements which lead to compromises and empiri-

cal corrections. Scale models of the lower atmosphere, the subject of

this discussion, are no exceptions to this process.

Scale model experiments on wind effects of the lower atmosphere

have been conducted for many decades. While some have been made with

liquids, the bulk have been with air in wind tunnels. The early experi-

ments dealt primarily with wind forces on various man-made objects. The

greatest effort by far has been given to problems of aircraft flight.

Over the same period various experiments have been conducted for wind

loads and air flow patterns on ground based structures. These have

generally been conducted in wind tunnels designed for aircraft model

experiments. One of the significant features of such wind tunnels is

the uniform airstream having nearly constant velocity throughout the

test section and extremely low turbulence except for the boundary layer

at the boundaries, which is small in thickness for smooth surfaces.

While this is the best representation of the atmosphere for objects

the size of aircraft for elevations removed from ground surface effects,

i.e., above the shear layer, it is far from a good representation of

the non-uniform lower atmosphere near the ground where most of man's

activities occur. Many useful experimental studies have, nevertheless,

been conducted on ground-based problems. These include smoke and gas
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diffusion which have been performed largely in the last three decades.

The success of these various experiments on ground based problems is

due to the fact that the local air motions are dominated by the partic-

ular structures involved whose presence produces its own field of motion.

The non-uniform properties of the lower atmosphere are expressed in

terms of the vertical profiles of mean (temporal) velocity and turbu-

lence. The region in which these occur is often termed as the shear or

boundary layer. These have yet to be modeled to a precise degree. The

future of atmospheric modeling lies in the successful production of

these properties to a suitable scale.

It is evident that a wind tunnel with its limited size and confine-

ment of walls and ceiling in the test section is going to have inherent

limitations in its representation of the unlimited atmosphere. Two gen-

eral methods have been used to produce profiles of velocity and turbu-

lence which, in the atmosphere, are the result of air passage over un-

limited upwind regions as well as the influence of the overlying air-

stream. A common method is to allow the boundary layer to develop to

the desired depth by using a sufficient length of model ground surface.

This may be a geometrically scaled version of the actual prototype as

is often done with models of regions with marked topographical features

or a surface of selected texture of roughness to give the desired pro-

file characteristics. Excellent examples of this method, particularly

for the more nearly level surfaces, are in the wind tunnels at CSU and,

more recently, at the University of Western Ontario. The development

of temperature profiles may be obtained in a similar manner by control

of surface temperature as is done in the CSU wind tunnel.

The second method of producing profile characteristics is the use

of special apparatus at the beginning of the test section to force the

desired velocity, turbulence and temperature profiles appropriate to the

subsequent ground-surface boundary conditions, mechanical and thermal.

This method is being developed at the New York University wind
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tunnel. There are reports that it is being experimented with in equip-

ment located in France and England.

The first method has the advantage of being more natural, but it

still differs from the atmosphere in that it is a growing boundary layer

with a small or negligible thickness at the beginning of the test sec-

tion. It has the further advantage of a large body of background knowl-

edge developed from numerous boundary layer investigations of the past,

experimental and theoretical. One obvious disadvantage is the long

test section needed. Conversely, the second method needs a much shorter

test section, but it needs much development and lacks background experi-

ence. It offers the potential of greater flexibility in control of

profile characteristics including transient effects. Development of

both methods should continue. It may be found that each has its own

area of superiority.

The following sections are directed primarily to the second method

and its development at the NYU wind tunnel and results obtained.

MODELING CRITERIA

The development and selection of modeling criteria are obviously

of major importance to the design and accuracy of scale model experi-

ments. They may also play a major role in the design of experimental

equipment.

One approach to the formation of modeling criteria or scale fac-

tors is the application of dimensional analysis. The accuracy of the

result will depend on the selection of the variables. The following

presentation is based on past experience in the NYU wind tunnel and

projections into the future.

The atmospheric motions will be analyzed in terms of their effects

on a gas or smoke plume emanating from a stack. Experiments on stack

gas diffusion have been a major activity in the NYU wind tunnel.

While various properties of the plume may be selected as the dependent
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variables, all leading to similar results, the plume height and width

or thickness at some downwind distance will be used in the following

presentation. The independent variables are shown in the following

equation:

z, b = f [h, S , x, v , ev p, A A(d /dz), g]

where

z = height of plume axis at downwind distance x
P

b = plume width or thickness at downwind distance x

h = height of stack

g = height of velocity boundary layer

v = stack gas ejection speed at stack tops

v = air velocity at elevation z above the ground

v = a reference velocity or velocity above boundary layer

6s = stack gas mass density at stack top

= mass density of ambient airstream

A (de /dz) = difference between actual density gradient and

adiabatic gradient

g = acceleration due to gravity.

By dimensional analysis the following result is obtained:

Z b = f h x vs es o oA (d e/dz) v
L- 'S 'v 2' ' 'v' 

where the dimensionless ratios on the right are the scale factors which

should be maintained at the same values in model and prototype. The
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ratios of dependent variables on the left and the first two on the right

indicate that geometric similarity should exist throughout the physical

model (on its rigid boundaries) and the flow field. The third and

fourth factors on the right set the plume characteristics at stack top.

The fifth factor implies that similarity of velocity profiles must be

preserved. The sixth factor determines the density profile. Alternately

it can be expressed as

- I(dT/dz) +rI/T

or

- (d/dz)/9

where

T = air temperature in absolute units

r = adiabatic gradient

8 = potential temperature.

The last factor is Froude number which determines the velocity scale.

An obvious omission in the above selected variables is the fluid

viscosity which, if included, will lead to Reynolds number (e vgYc)

as a scale factor. It is impossible to satisfy Froude and Reynolds

number simultaneously. The NYU experiments on buoyant gas plumes show

that if Froude number is not followed, the resultant plume path is un-

realistic. The experiments must, therefore, be confined to situations

in which Reynolds number is not important or can be satisfied in some

other way such as distorted roughness. There are, fortunately, many

atmospheric problems in which Reynolds number can be neglected. It is

well known that flow over irregular surfaces such as marked topography

and angular objects with sharp edges is largely independent of Reynolds

number except at extremely low values.
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The scale factor v /v (or more commonly its reciprocal v/vo) may

seem impossible of satisfying in view of the extensive experimentation

over the years on boundary layer flows and their dependence on Reynolds

number. Here, again, cases must be sought which do not have such de-

pendence. The possibility that this can be achieved is suggested by

simple application of some well known equations for turbulent flows.

The logarithmic equation for boundary layer profile for adiabatic con-

ditions is

v/v, = (1/K) In (z/z)

where k is the Karman constant (K.0.4), z is the roughness length

and v* is

"7 = J^r7

where't is surface shear stress which can be expressed in terms of a
o

surface friction coefficient by

T = Cf vo/2 

Substitution yields another form of the profile equation:

v/v0 = (V Cf/2 K) In (z/z).

The roughness length z tends to be proportional to the size of the

surface roughness elements, in which case z/z will be the same for

model and prototype when geometric similarity of roughness elements is

preserved. The roughness coefficient Cf tends to be constant for a

given rough surface. The result is at least a possibility of obtain-

ing similarity in velocity profiles.

A form of Froude number which includes fluid density difference
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has been used. It may be expressed in terms of fluid density as

v /egSg. This allows freedom in selection of velocity scale by adjust-

ment of density variation, an advantage because of the difficulty of

obtaining low test section velocities free of undesirable convective

motions. For buoyant plumes there are experimental difficulties in ob-

taining substantial increase in density difference. Furthermore, in the

regions near the stack there are momentum interactions which require the

ratio es v/ v to be preserved which is not accomplished with the

modified Froude number. For flows where density profiles in the air-

stream are modeled, the modified Froude number may be applicable. Some

cases of waves in stably stratified flows have been modeled. The modi-

fied Froude number would replace the last two factors of the above

group. It is also a form of Richardson number.

There is no inclusion of turbulence variables in the above analysis.

They are implicit in the velocity profile requirement v/v since the
0

profile is dependent on turbulence shear stress. This is a subject

which requires much exploration.

There are many useful experiments which can be performed without

satisfying all the above scale factors as demonstrated by many past pro-

grams. An example is the effect of wind speed on the importance of at-

mospheric density or temperature gradient. As wind speeds increase,the

effect of temperature gradient is reduced due to the greater mechanical

turbulence. For higher wind speed, the effect of non-adiabatic gradi-

ents is negligible. A discussion of the various cases in which certain

scale factors can be neglected is beyond the scope of this presentation.

DESIGN FEATURES OF THE NYU WIND TUNNEL

The NYU wind tunnel has undergone extensive development and modifi-

cation over the years. It began as a conventional low speed wind tunnel

with a long test section (compared with the aircraft type) for viewing

smoke plumes. The test section had a uniform airstream with no means

of controlling airstream or stack gas densities. Only the scale factor
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v /v was satisfied. With the introduction of stack gas density control,
s
accomplished with helium-air mixtures, extremely low speed capability

had to be developed to meet the Froude number velocity scale. This re-

quired the introduction of various temperature control equipment for

those parts upstream of the test section.

The wind tunnel is of the open circuit type with intake air coming

from within the laboratory and exhaust air ducted through the roof to

eliminate contamination of the laboratory atmosphere by smoke and gases

used in experiments. The test section is rectangular in shape, 2.1 m

wide, 10.5 m high and 12 m long in the direction of air movement. The

wall on one side is equipped with large windows for viewing and photo-

graphic purposes.

Stretched across the upstream end of the test section is an array

of horizontal electric heating wires placed in a vertical plane. Indi-

vidual control of electric heat input produces a temperature gradient

of desired form and magnitude. The grid of heating wires is used only

at low test speeds where non-adiabatic temperature gradients produce con-

vective (thermally induced) turbulence or suppress mechanical turbulence.

Test section floor and ceiling are provided with adjustable heat

for surface temperature control. The forward section of the walls have

surface temperature control to prevent downward flow of convective air

currents near the walls which continue across the floor. The various

parts of the wind tunnel upstream of the test section are in an insu-

lated enclosure which has thermostatically controlled heaters for main-

taining constant temperature. Intake air is heated with thermostatically

controlled heaters as it passes into the enclosure. These raise air tem-

perature to the level set in the enclosure. The enclosure temperature

is kept constant within 1 F on a 24-hr basis during a test series.

An exhaust fan located downstream of the test section draws the air
-1

through the wind tunnel. The maximum air speed is about 6.3 m-sec in

the test section. Depending on model scale, the maximum needed for
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modeling atmospheric winds by Froude number is approximately

1.2 to 1.5 m-sec .

When modeling gas plume diffusion with marked topography, about

one-half of the test upstream of the source is covered with the topo-

graphical model. This produces a boundary layer sufficient to envelop

the plume.

Several series of experiments have been performed in which the

ground was flat and level with limited surface roughness insufficient

to produce a substantial boundary layer. There the concept of forcing

an initial velocity and turbulence profile was applied with vertical

stack of horizontally oriented roughness plates which spanned the air-

stream. Roughness elements were placed on the plates. Velocity and

turbulence profiles of various forms were produced by selection of the

size and number of elements on each plate and plate spacing.

The various available instruments for experimental measurements

are conventional. They include capabilities for measurement of gas

concentration.

Plans for the future include refinements and additions to the tem-

perature controls and instrumentation. The roughness plates provide

adequate control of initial velocity profile but are deficient in tur-

bulence magnitude. Whether sufficient turbulence can be produced with

static (non-moving) roughness elements remains to be proved. Some dy-

namic means may be needed such as oscillating vanes or air jets. Ex-

perience to date does not suggest that this is not feasible.

With proper selection of roughness plate arrangement in relation

to subsequent flow roughness downstream, variation of velocity profile

is maintained to a low degree but not eliminated. Ideally, as a model

of the atmosphere, the profile should remain constant. One of the rea-

sons, perhaps the most important, is the adverse effect of the walls and

the ceiling. It is planned to install a moving ceiling surface by which

the shear stress can be maintained in the same direction as in the atmosphere.
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EXPERIMENTAL RESULTS

While the NYU wind tunnel has had various sponsorship, private and

governmental, it was started with support of a private electric power

utility. Over the years much of the effort has been on industrial air

pollution problems, particularly for the electric power industry. These

are conducted in accordance with Froude number for velocity scale but

not with airstream temperature gradient since the problems usually in-

volve the higher wind speed range. There is, unfortunately, a lack of

field data for correlation with scale model results. Indirect evidence

on accurate results in the form of satisfactory solutions to pollution

problems is abundant. When useful field observations were available,

satisfactory agreement was obtained. In one case of a topographical

model, excellent agreement was obtained for velocity profiles.

With the sponsorship of the Argonne National Laboratory several

series of experiments were conducted on smoke plume diffusion with ini-

tial velocity and turbulence profiles produced by the roughness plates.

The heating grid was used to produce various temperature profiles in

both the stable and unstable ranges. The stack was a model of the

Argonne experimental smoke stack for which field data had been obtained

in the form of plume spread with distance. Similar type data was ob-

tained in the model experiments. These were compared with the Argonne

data and some published field of summary forms for other field instal-

lations. The comparisons were made in two forms to bring out various

features. The more significant aspects of the comparisons showed that

the spread of the model plumes due to convective turbulence or suppres-

sion under stable conditions was close to that of the prototype. Model

spread due to mechanical turbulence was quite deficient. This is in-

terpreted to show that the roughness plates, at least in the form used

in these experiments, were inadequate. Use of a heating grid appears

to' be a satisfactory method for producing thermally induced effects.
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FUTURE POSSIBILITIES

Past experience with the upstream cross-section control methods of

producing profiles suggests that with further development and refine-

ment of equipment and techniques an accurate model of the atmospheric

boundary layer will be produced for the steady movement of the atmos-

phere. With the development of the dynamic type of cross-section con-

trol a greater degree of flexibility will be achieved which will lead

to models of time variable profiles to represent variation in air mass

movement. Its action may be programmed on the basis of time dependent

measurements of the atmosphere. Extension of the concept of dynamic

control of the test section walls and ceiling will yield the possibil-

ity of controlling the cross stream component of motion. This can be

used to produce such movements as convergence, divergence and cross

stream shear. A further improvement in dealing with spurious boundary

influences in the model behavior might be achieved by representing the

atmosphere surrounding the prototype with an electrical analog repre-

senting the equations of motion of the air, whose solution at the test

section boundaries would be used as an electrical signal to actuate the

boundary controls. This kind of control would give continuity between

the wind tunnel airstream and the atmosphere surrounding the prototype.

Such a system might provide a more realistic representation of the time

dependent influence of atmospheric processes.

Some elementary demonstration experiments conducted in the NYU

wind tunnel showed the possibility of producing convective circulations

such as one caused by differential heating of valley walls or the ther-

mally induced drainage winds. The effect on air movement by heat from

urban regions could be modeled. The modeling of inversions of various

thicknesses and elevations are well within the realm of possibility.

With such capability various solutions to urban air pollution will

be investigated.

With imaginative thinking, serious and persistent effort, modeling
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of the lower atmosphere will be advanced to a level not dreamed

of a decade ago.



205

18. QUASI-ONE-DIMENSIONAL FLOW OF AN r-TIMES

IONIZED MONATOMIC GAS

(Lecture of R. W. Truitt)

One of the more interesting fields of modern gas dynamics is con-

cerned with the problem of the behavior of a flowing, chemically re-

acting gas. The primary interest of geophysicists in this class of

problems centers on the behavior of partially or fully ionized gases

at very low mass density, corresponding to conditions at very high

altitudes in the earth's atmosphere. However, there also are other

cases, particularly in flow around bodies, in which the gas densities

are sufficiently high that the medium can be treated approximately

in terms of well known thermodynamic equations. To illustrate some

features of the nature of flowing ionized gases, we shall consider

some calculations of the thermodynamic equations for an idealized

flow of a multi-ionized gas through a nozzle. The case of nozzle

flow is ot particular interest to aerodynamicists since this is

precisely the configuration that one needs to examine in the design

of high speed wind tunnels for simulating flow around models of vehicles

of various types.

In studying the flow of gas through nozzles, one begins with the

classical calculation for the "cold" flow of gas passing through

a nozzle. If the gas is in some ionized state during passage at

very high speed through a converging-diverging system, the cold flow

estimates may be inadequate to describe the properties of the flow.

However, the actual behavior of a real, reacting gas in high speed

flow is generally assumed to lie between the limiting cases of the

classical "frozen" or "cold" conditions and "equilibrium" behavior.

Frozen flow essentially means that if the gas contains 50% singly

ionized species at the entrance of the accelerating region, it will
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remain at this ionization level throughout the nozzle flow. In con-

trast, an equilibrium calculation takes into account the law of mass

action and the thermodynamics of chemical reaction in the flowing system.

The non-equilibrium case, in between the limits of frozen and equilib-

rium flow, involves the rates of reaction of various species of the

gas. Realistic non-equilibrium cases generally are too complicated

to solve even numerically at present even if the key reaction rates

were known.

These questions are of considerable practical interest in design-

ing facilities for simulating high speed, high temperature flow of

gases. As an illustration, it is possible using frozen flow calcu-

lations to design for a Mach number of say 15 and realize an actual

flow of Mach number of 3 to 4 under some conditions. Such differences

serve to stimulate our engineering research on the aerodynamics of

real gases considerably.

Since the theory for the flow of a multicomponent reacting gas

is quite complex, there have been efforts to simplify the computations

by assuming certain kinds of idealized gas behavior. Lighthill (1957)

was perhaps the first to formulate a theory for an idealized dis-

sociating gas flowing under equilibrium conditions. Later, Freeman

(1958) considered a non-equilibrium flow of a dissociating system, and

subsequent computations for nozzles flows, and a theory for ideal

singly ionized gases of Bray (1959), Bray and Wilson (1960) contributed

to the understanding of reacting systems. Recently, Truitt and Perkins

(1961) generalized the theory for multi-ionized or r-times ionized

ideal gas flows. Some interesting features of such multi-ionized

systems will be outlined below.

Let us consider the general problem of the flow of a multi-

ionized gas around a curved body or through a nozzle. Conceptually

one can make an make a perfectly general analogy between these configurations

for a quasi-one-dimensional geometry by dealing with behavior of a

streamtube near the surface of the bodies. For the one-dimensional
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configuration one obtains "exact" equations for the thermodynamics of

a multi-ionized gas flow. The equations include the conservation of

mass, charge, nuclei, energy, and specific entropy. And for equilib-

rium flows, one adds the law of mass action, or a set of "Saha" equa-

tions, as a constraint on the gaseous species in the system. Computa-

tions of a flowing gas which is triply ionized can be made by a com-

puter. However, such a mixture involves keeping track of five species

of gas, and this begins to press the capacity of even the largest

existing computers.

To avoid some of the large amounts of computation, it is possible

to simplify the flow problem for a triply ionized gas somewhat by

making the assumption of idealized behavior. Such a calculation would

require bookkeeping on 2 to 3 species in contrast to 5 in the "exact"

calculation. The idealized theory can be used with reasonable

accuracy provided that the levels of ionization are separated suffi-

ciently to allow the assumption that effectively all of the r-times

ionized material recombines to r-l times ionized material,etc., during

passage through the nozzle.

We have carried some computations of the "exact" equations for

flow of neon in a nozzle. Neon was chosen because its levels of

ionization are sufficiently far apart to allow the idealized equations

for an ionized gas also to be applied. Numerical calculations verified

that such an assumption could be made for neon.

The numerical results also indicated that for cases where the

motion of an idealized multi-ionized gas could be used, there exist

plateaus in the relation between the degree of ionization E and

temperature (at constant pressure) where aa/ t = 0. That is, regions

of quasi-frozen flow exist even in a gas assumed to be flowing under

equilibrium conditions.

For the case of a nozzle flow, one finds that the profiles of

temperature and pressure of triply ionized neon display abrupt changes
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in regions along the nozzle where the plateaus bE/C t = O develop.These

abrupt changes are quite significant; for example, for temperature a

drop of --10 °K can be observed. No kinks are observed in the curves

for density and mass flow variation along the nozzle.

Comparison between the results from the "exact" computations for

triply ionized neon down a diverging nozzle and computations with the

idealized gas assumptions yield very similar results. This suggests

that the idealized behavior contains the essential physics of the

problem, and consequently can be used to alleviate many of the labor-

ious computations involved in the "exact" solution.

The sudden changes in temperature and pressure found in the flow

of ionized gases through nozzles may have certain practical appli-

cations in controlling the stability and growth of boundary layers

in large, high speed wind tunnels. One might want to take advantage

of these changes in designing new facilities.
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19. HYDRODYNAMIC MODELS OF CONVECTIVE SYSTEMS

(Lectures and Discussions of J. S. Turner)

The study of convective motion in hydrodynamic models has pro-

vided some interesting information about the behavior of mesoscale

systems in the atmosphere. The first lecture reviews a variety of

simple experiments which have shed light on certain features of mixing

and entrainment, and their relation to convective cloud development.

The second lecture consists of a discussion of the role of hydro-

dynamic modeling in future studies of dynamic processes involving

convective motion.

LECTURE A: LABORATORY MODELS OF CONVECTIVE CLOUDS

Some years ago, it became clear that the growth of cumulus clouds

could not be explained without accounting for the mixing and entrain-

ment of air from quiescent surroundings into the edges of the tur-

bulent, cloudy element. The simplest models dealing with mixing in

buoyant elements of fluid have developed along two paths: the plume,

and the bubble (the thermal). Both of these models assume the

validity of G. I. Taylor's hypothesis that the rate of entrainment

into the buoyant element is proportional to a mean velocity in the

vertical direction. Using this key assumption, analyses for both the

plume and the bubble model yield similar forms for the net rate of

dilution of a buoyant element, and for the elements' change in shape

during growth.

The main difference between the two models of buoyant convection

lies in the effective rate of entrainment. The bubble model tends

to spread about three times faster with altitude than the plume.

Application of the concepts of these two idealized systems has sug-

gested that cumulus clouds may behave like a combined plume and
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bubble. The recent work of the Simpsons suggests further that, in the

main, clouds may be more closely related to plumes than bubbles.

A number of features of buoyant elements, in which mixing into

the surroundings occurs, have been explored in hydrodynamic models.

Several examples of this kind of simulation are discussed, including

attempts to model separately the influences of condensation and

evaporation on the behavior of a buoyant element, and the induction

of tornado-like vortices in a column of buoyant fluid. For a brief

review of several of these experiments, see Turner (1965b).

Perhaps the most important results obtained from laboratory mod-

eling of convective clouds are qualitative. By watching the behavior

of simple models, it has been possible to better understand the dynamics

of turbulent buoyant convection, and the associated processes of mixing.

As a result of these new qualitative ideas, new and better theoretical

models have been conceived for the dynamics of cumulus clouds.

One of the great advantages to hydrodynamic simulation (and, of

course, laboratory modeling in general) lies in the observer's ability

to look at the same phenomenon repeatedly under controlled conditions.

This is not possible in the atmosphere. A second advantage of labora-

tory experiments is the ability to add complications of physical proc-

esses in a well defined way one at a time to the original model. This

technique has shown very well how the influence of phase change in a

cloud affects the buoyancy of an individual element which, in turn,

may introduce rather important changes in the dynamic behavior of the

element.

Perhaps the most important quantitative results from the labor-

atory models of convective clouds consist of numbers for the rate of

entrainment of surrounding fluid into the buoyant element. Thus, the

effective entrainment rates are predicted in advance, and these values

may be applied to clouds in the atmosphere as quantitative tests of

the simple plume and bubble concepts.
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Although considerable exploratory work has been carried out on

hydrodynamic models of cumulus clouds, little effort has been expended

so far on the details of the turbulent motion in these convective

systems. However, it seems that most of the features of the behavior

of these model experiments which are of interest to cloud dynamicists

may have appeared already. Nevertheless, the details of the dynamics

of the buoyant elements in liquids will still contribute important

advances to our basic knowledge of fluid mechanics.

LECTURE B: FUTURE MODEL STUDIES OF MESOSCALE DYNAMICAL PROCESSES

Having discussed the "state of the art" in buoyant convection

experiments, let us now speculate a bit on new experiments and new

models in this field. In this lecture, I shall deal with the general

problems of transport processes in a turbulent fluid in which density

gradients exist. Some applications to simulating the dynamics of

medium or mesoscale systems in the atmosphere involving convection

will be discussed.

The first class of experiments might be designed to fill gaps

in the existing results. There are several features of convective

motion that should be looked at, including: (a) the study of the de-

tailed distribution of fluid velocity, and properties such as density

and temperature in buoyant elements, (b) the use of continuous sources

of buoyant fluid which are ejected into fluids of varying density

while allowing the buoyancy at the source to change with time, (c)

a more detailed test of the entrainment assumption using experiments

of buoyant plumes and bubbles which would develop in fluids having

a wider range of density differences, (d) the modeling of evaporation

and condensation occurring together in the same buoyant element,

*
In this class of experiments, one should beware of overcomplication.
To model both condensation and evaporation a complicated physico-
chemical process may be required which may lose its relation to the
actual behavior of a convective cloud.
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(e) the process of breaking through cloud base (also, the nature of

convection below a cloud and its relation to the larger-scale,"regular"

motion in the cloud and its relation to how a cloud cuts off its own

motion), (f) the question of broadening of a cloud at a given height,

(g) the effect of precipitation in a liquid system on changes in buoy-

ancy, (h) unsteady models of a cloud whose top is oscillating with

altitude (mechanisms for stopping convection within the cloud), and

(i) the influence of shearing motion on the developing buoyant element.

This represents a respectable list of potential experiments in the

study of convective systems. However, all of these possibilities

involve individual "try it and see" experiments. There does not seem

to be a way of organizing a systematic, long-term program within this

class of investigations.

On the other hand, there are some studies that offer more tract-

able problems for a group effort. Among this class of work fall two

projects.

The first would involve a systematic search by a group of scien-

tists, including chemists, for suitable physicochemical systems which

would have potential utility in modeling of convective clouds. For

example, it would be expecially useful to have an analog of combined

evaporation and condensation by a mechanism equivalent to a variation

of pressure with height. The present methods do not give this kind

of analog since the release of buoyancy in present models depends

on the rate of mixing and hence, on time rather than height alone.

One possibility for this analog which has not been fully explored is

the process of releasing gas from water that is supersaturated with

the gas (soda water). So far, it appears that the gas available in

the soda water is sufficient to provide the desired changes if all

the gas comes out of the liquid at once. However, the gas release

is not instantaneous at a given height; it is limited by the nuclea-

tion of bubbles.

The second project for a group study might center around a large
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tank facility for producing "programmed" density and chemical properties

with height. However, I cannot really recommend this kind of equipment

as a facility unless there are scientists at NCAR interested particu-

larly in this kind of work.

There seems to be only one area of convective dynamics which, at

present, is large enough in scope to require the combined efforts of

several workers, and to provide a long-term program for a large, sophis-

ticated simulation facility. This is the general field of turbulent
transfer processes in stratified surroundings, particularly in stably

stratified systems. This area is very important to all of geophysical

fluid dynamics, and it is the least well understood.

Some examples of stratification that are pertinent to the at-

mosphere include: the lifting of an inversion layer by turbulent

convection acting from below, and the behavior of cold continental

air flowing out over a warm ocean. The changes in the seasonal

thermocline layer is another example of this sort of geophysical

problem.

Several experiments have been undertaken in stably stratified

liquids without shear which have indicated some interesting effects

involved with transport of heat, salinity and momentum. Some examples

have been discussed by Cromwell (1960), Rouse and Dodu (1955), and

Turner (1965a).

Since the problem of turbulent transfer in shearing flows with

density gradients is poorly understood, there seems to be a definite

place for an extensive program in this area. Experiments both in

liquid systems, and in wind tunnels capable of heating or cooling air

from the bottom or top and upstream of the test section, would provide

fruitful results in a long-range program of the fundamental study of

stratified flow.

Once again, it should be emphasized that NCAR itself should not

try to build a facility for its own sake. The stimulation, planning,
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and execution of a significant, long-term program in atmospheric

simulation should come from within NCAR, and not as a response to the

same limited potential needs, or desires of other workers.

DISCUSSION

Modeling the Dynamics and Physics of Convective Clouds

One of the alternatives to modeling convection in the liquid phase

is the use of large vessels or towers containing gas inside which the

pressure may be varied in analogy to the decrease in atmospheric

pressure with altitude. Although large pressure vessels may have some

usefulness in studying the microphysics of growth of collection parti-

cles, it does not seem to be worthwhile for trying dynamics experiments.

In the first place, it is difficult to scale the convection at high

enough Reynolds numbers in chambers. But more important, the variation

in pressure in the vessel, or tower,is a function of time and not

of height as it should be for modeling the dynamics of buoyant elements.

Some large vessels have been constructed for studying certain

aspects of droplet growth and cloud seeding. However, the experiments

have not been entirely successful probably because of wall effects.

It will be of considerable interest to watch for the success of the

experiments undertaken at the Russians' new facility in Obninsk.

The suggestion of using a centrifuge to induce larger density

gradients in a fluid does not seem to be too worthwhile for modeling

experiments because of the scale factors for modeling turbulence, and

the spurious effects of a large component of angular momentum asso-

ciated with the centrifugal motion.

One possible simple system discussed some time ago by Squires and

Turner has not been exploited as yet. This experiment would simulate
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the effect of latent heat release on buoyancy by allowing small

bubbles to rise and expand with decreasing hydrostatic pressure in

a moderately high tank. To get a wide enough range in pressure

difference with a steady plume-like system, one might evacuate the

top of the tank containing the liquid.

Another possibility which may be particularly useful for studying

the dynamics and growth of droplets has been suggested by A. E. Carte.

Carte has mentioned recently that very deep mineshafts up to 900 m

are available in South Africa. These shafts effectively provide an

analog for a rising volume of moist air in the atmosphere. Since

moist air is pulled up the shafts from the bottom at nearly saturated

moisture conditions with temperatures greater than 90°F, water droplets

can form and grow as they are carried to the earth's surface by the

air flow. Carte says that substantial "rains" can develop in these

shafts, especially if the fans at the surface stop suddenly. This

kind of cloud column would provide an ideal simulation chamber for

studying the microphysics of clouds, provided one could withstand

the working conditions.

Another possibility for controlled experiments consists of studies

under particular field conditions. Certain naturally suitable places

have been quite useful. Some examples are the Cloud Physics Laboratory

at Hilo, Hawaii, and the air-sea interaction site at Aruba. A

systematic study of geographical locations for special experiments

might be worth considering.

Controlled atmospheric heating to induce convection below cloud

base also could be tried. One might conceive of using the electrical

output of a power plant at "off hours" to get enough heat into a

particular region on the earth's surface to make a significant change

in the local convection. This kind of experiment would extend and

improve on Dessens' ideas. One of the major disadvantages of Dessens'
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experiments, which can be avoided by the heating alone, is the in-

jection of large numbers of nuclei during the burning process at the

ground.

The use of large areas of black surfacing such as asphalt to

change the local temperature distribution does not seem to be as

useful as the heating experiment -- for no other reason than its

tendency to be "anti-conservation" oriented with respect to wild life

and plant life.

Another controlled field experiment has been proposed recently

by S. Colgate at New Mexico Institute of Mines and Technology. He

has suggested that a natural cloud chamber for studying coalescence

and electrification of droplets could be set up in a deep natural

bowl. Clouds would be produced by spraying large amounts of water

into the bowl from the top.

One key problem in cloud dynamics involves the question of the

manner in which fairly regular, organized cloud motions get started

from the disorganized, small-scale turbulence below cloud base. The

notion of "continuous" plume-like columns extending from particular

heat sources at the ground now seems incorrect. Some careful laboratory

and field studies might be organized along the lines of this problem.

Facility Program

Generally simulation experiments involving convective motion

in fluids seem to be best suited to the simple equipment of small

investment, under the direction of a single worker, or a university

professor with a sequence of students. The one possible exception,

of course, is a well conceived systematic study of thermally stratified

shearing flows in a well equipped wind tunnel.

A loosely organized co-operative program between various institu-

tions having existing special facilities for simulation might have

some merit. Arrangements for exchange of ideas and people would
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help some programs. The solution to the question of communication

between people presently working in simulation seem to be more im-

portant than trying to establish a network of "available" facilities.

Education of scientists who will be interested in, and will

undertake, simulation experiments has always been a problem. It is not

possible to "legislate" for a necessary number of people to do modeling

of cloud convection even if financial support is available. Some

changes in the historical biases of physics departments in universities

should certainly help to encourage more physics students to pursue

studies in fluid dynamics and geophysics.
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20. SOME SIMULATION EXPERIMENTS

PRIMARILY IN ATMOSPHERIC ELECTRICITY

(Lectures and Discussions of B. Vonnegut)

The laboratory investigation of problems associated with thunder-

storm electrification, largely has been left unexplored except for a

few cases. There seems to be great potential for these kinds of

experiments to yield new ideas about electricity in the atmosphere,

but much exploratory work has yet to be done. The first lecture in

this series deals with several different simple experiments which

have suggested how charged particles interact with air motion. The

second lecture centers attention on an example of a simple qualitative

model of the interaction between the ionosphere and a cloud, and some

unrelated studies of the hydrodynamics of thermal convection in a

rotating system.

LABORATORY MODELING OF THE BEHAVIOR OF ELECTRIFIED CLOUD PARTICLES

The atmosphere frequently changes in a very complicated manner

so that its behavior as a whole is very difficult if not impossible

to explain. One traditional method for attacking the atmosphere is

to break its phenomena into pieces and bring them into the laboratory

where simple controlled experimentation can be undertaken to see how

the fragments behave. This approach has had some success in problems

of thunderstorm electrification.

As an example, consider the lightning spark: what is it, and

what does it do in the cloud? If lightning discharges could be

induced in the atmosphere in a controlled way, the electrical effects

could be studied more reasonably. Some years ago, the Navy observed

that plumes of spray from depth charge explosions under thunderstorm

clouds could initiate lightning sparks in the cloud. It was then
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assumed that one could initiate a spark by holding wires under clouds

with a balloon, but this did not work. We found, however, in labora-

tory experiments that sparks could be triggered in the region of

strong gradients in electrical potential induced by a van de Graaf

generator by passing a wire near the generator rapidly rather than

fixing a wire in the electric field. Evidently, to produce a spark,

the trigger must be passed in the neighborhood of the "source" of

lightning sufficiently rapidly to avoid formation of an electrical

screening layer around the triggering device. Subsequently, we have

tried shooting wires through clouds with rockets and projectiles from

a mountain in New Mexico. These experiments have not been successful,

but Dr. M. M. Newman of Lightning and Transients Research Laboratory

has tried the same experiments over water and found that sparks from

clouds could be induced much more readily. Apparently the nature of

the topography has considerable influence on discharge in these

electrical fields.

Another example of studies of lightning discharge in the labora-

tory has been carried out using sparks generated in a specially de-

signed bank of capacitors. We used this equipment to investigate the

effects of lightning in a supercooled cloud in a cold box. Just after

a spark, we found that at -20 C in the cold box, no ice crystals could

be generated, while at -250C, the air in the cold box could be filled

with ice crystals. This result may be interpreted as the result of

adiabatic cooling in the rarefaction wave behind the shock wave pro-

duced by the spark discharge. Unfortunately such simple explanations

are complicated by the fact that all sparks in the laboratory give

off very large numbers of aerosol particles which may act as

ice nuclei.

One of the most intriguing results of important interactions

between electrodynamic effects and aerodynamic effects may take

place in tornadoes (see, for example, Vonnegut, 1960). At present,

there is no way of explaining the way nature concentrates energy
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in a region to maintain a tornado vortex. The intensification of

energy in these rotating systems may result from heating of the core

of the tornado by nearly continuous lightning discharge "down"

through the center of the vortex. There are some cases of observa-

tions of luminous glow and lightning sparks in tornadoes. And we

have been able to stabilize spark discharges in rotating cylinders

in the laboratory.

Incidentally, the acoustic properties of tornado vortices may

be studied in a laboratory model here in my pocket. This tube (or

whistle) is constructed in such a way as to induce a vortex flow

upon leaving the tube. The noise produced has a frequency proportional

to the speed of the rotating air leaving the tube (Vonnegut, 1954).

Tornadoes certainly make noise. And it is possible that their sound

is related to their speed of rotation.

Controlled experiments of atmospheric processes often can be

carried out in the field as well as in the laboratory. For example,

we have studied some features of perturbations in atmospheric electri-

cal potential associated with thunderstorms by simulating the behavior

of a huge cloud with a little one (see Moore, et al., 1962; Vonnegut,

et al., 1962). In connection with the total flow of current from

the ionosphere to the earth through a thunderstorm, there are reasons

to believe that positive charge from point discharge on the earth's

surface is transported into clouds by updrafts under the cloud.

Flow of charge is very difficult to measure near or in a large storm.

However, flow of charge from the ground can be traced to some degree

under fair weather conditions. Recently in Illinois, we simulated

point discharge into the atmosphere from a line source consisting

of a wire stretched for some distance on poles. We were able to

measure the perturbation in atmospheric electrical field downwind

from the sources of charge. Furthermore, it was found that measura-

ble charge apparently was transported by air motion into fair weather

cumulus clouds in the vicinity of the sources of charge while no
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"random" charges could be detected in uncharged clouds farther away

from the electrical sources on the ground.

The influences of electrical forces on charged particles easily

may be investigated in the laboratory. We have examined certain fea-

tures of the trajectories of small charged droplets under the influ-

ence of electrical fields. These experiments have demonstrated how

electrical forces induced by electrical fields present in thunder-

storms may completely overshadow the influences of gravity on

(charged) particle motion.

Another interesting question that one may ask is: what happens

to the electricity in an evaporating charged droplet? Our observa-

tions (Doyle, et al., 1964) of highly charged r-J100/- l diameter droplets

in a modified Millikan chamber have indicated that the charge remains

essentially constant during evaporation until the droplet becomes

unstable. Instability eventually results from the unbalance between

surface forces and electrical forces associated with charge on the

particle's surface. When particles become unstable, they apparently

throw off small charged droplets to reduce the charge on the original

droplet. Interestingly enough, these experiments also have suggested

that the value of the dielectric strength of air near the particles

may exceed by a factor of ten or more the value of 30 kv/cm normally

given for air.

The experiments which have been described here illustrate the

many possibilities for fruitful work in laboratory simulation and

controlled experiments in the atmosphere on atmospheric electricity.

This is an interesting and challenging field that has just begun

to be explored. Our work is continuing in this area.
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DISCUSSION (with H. F. Eden).

Atmospheric Electricity

It is difficult to pinpoint "the most important" problems or

stumbling blocks that presently exist in atmospheric electricity.

So little is known about electrification, that any number of areas

can be attacked fruitfully in the laboratory, and in the field. An

example of one particularly interesting, and relatively important

problem is the question of the distribution of charge in a thunder-

storm. In these storms particles range in size from molecular dimen-

sions to several centimeters in diameter. We know very little about

the details of the spatial and temporal distributions of charge in a

cloud, and virtually no information is available about the distribution

of charge with particle size. It has been thought that most of the

charge in a cloud is concentrated on particles of precipitation size,

but there appears to be no real experimental or theoretical foundation

for this conclusion.

To measure the distribution charge in storms, one would ideally

want a resolution to 1 cm3 or below. This would be quite desirable

to examine carefully the nature of the "dendritic" distribution of

glow in a lightning discharge. However, for the present, even a

resolution of 1 km3 would be worth trying for.

In connection with measuring charge distribution, it should be

mentioned that the commonly accepted view relates charge separation

in thunderstorms to gravitational separation only. That is, rain and

hail tend to fall to the bottom of a cloud. If these particles are

charged most strongly by charges of one sign they can effectively

separate charge from the top to the bottom of a "still" cloud by

falling through the cloud. However, one also should take account of

the relatively intense vertical motion in a cloud in distributing

charged particles. These "local" updrafts or downdrafts can be many

times the size of the terminal velocity of particles in a field of
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gravity. Perhaps the new generation of experts in cloud electrifi-

cation will be the cloud dynamicists.

Given the choice at the present time, it appears that the develop-

ment of sophisticated instruments and new field techniques can better

answer our questions about thunderstorm electrification than alter-

native laboratory studies. At present, we do not know yet exactly

what to simulate in this area.

In choosing between the laboratory and the atmosphere, one should

bear in mind, of course, that many basic experiments related to atmos-

pheric electrification ought to be done anyway in the next ten years.

These studies should provide interesting, and "important" results

particularly about the behavior of electrical discharges in dielectric

media like a cloud, where relatively large particles are separated

from each other by an effective insulator. Other problems should be

looked at too. For example, how do particles get charged? And what

happens to the charge on a particle? Lightning may play a very im-

portant role in the charge distribution in a cloud. There also are

possibilities for laboratory simulation here.

Convective Experiments

The investigation of the development of thermals, and convection

in rotating chambers has provided a great deal of qualitative infor-

mation for the meteorologist. However, the most important experiments

of interest to meteorology in these areas appear to have been carried

out 5 to 10 years ago. More recently efforts to further explore these

convective models have led to contributions to the general knowledge

of fluid dynamics, but have provided relatively little new information

for geophysical applications. Nevertheless, there are some fruitful

areas to be examined as noted earlier by J. S. Turner.
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For continuing fluid mechanical studies in rotating systems, it

would be desirable to provide a good (200-channel, say) data acquisi-

tion system for "general" use (see also A-5, H. F. Eden).

There is an area of study which has remained largely untouched

for modeling. This field might be called electro-hydrodynamics, or

electrostatic convection. Hydrodynamic experiments in intense elec-

trical fields may provide some bizarre but interesting exploration of

fluid flow under an additional degree of freedom.

A Simulation Facility

Given infinite financial resources, it is still very difficult

to conceive of a class AAA simulation facility for cloud physics.

This is like extrapolating from zero upwards. Cloud physics generally

is in a rather primitive scientific state. Therefore, it does not

seem useful to consider at this time a huge, multimillion dollar

facility in the "cyclotron" class. Perhaps a better way of approach-

ing this problem is to let individual scientists clearly define the

needs for the ultimate facility through a Ehain of good research in

smaller chambers and equipment, gradually building up experience and

knowledge in simulation techniques. Then, if these scientists find

that their experiments cannot be continued without use of a large

facility, the structure can be designed and built to fit well defined

research requirements. There is a very great danger in building any

facility without a real need. To try to construct a compromise which

will fulfill the requirements of an infinite number of experiments is

very difficult. It is too easy to build a complete "dud." A simula-

tion chamber or laboratory should come from individuals vitally inter-

ested in laboratory simulation. "You do not want an orphan on your

hands; someone needs to love, and to watch over a facility" to make

it useful and productive.

In building a central facility or group of facilities, one also

must consider very carefully its useful lifetime. Frequently, only
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one or two experiments can be undertaken in even an expensive piece

of equipment. Then it falls upon the owner to justify the facility's

existence by conjuring up new problems to be studied in the "monster."

It should also be noted, of course, that the existence of a good piece

of equipment often generates new enthusiasm for a class of problems,

and easily can lead to many new studies over many years.

We have discussed previously the alternate possibility of

setting up a facility consisting of many instruments, and some basic

equipment like refrigerators, combined with a limited technical staff

such as an electronics engineer. This route might solve the specific

facility question. This kind of general purpose facility might also

consist of a horizontal wind tunnel, and a vertical wind tunnel, too.

There are certainly a wide variety of cloud physics experiments that

can be done in a vertical wind tunnel. And this kind of unit should

be useful to many workers. However, the point still should be empha-

sized that the origin of such a facility should come from an interested

scientist. We may make an analogy to a camera. When you buy a camera,

you have something very specific in mind to use it for. You can not

design everything you might want into one camera.

In spite of the emphasis on a specific problem, we know that

the usage of a vertical wind tunnel, say, represents a very wide field

of activity, and we may need a centralized unit which could give us a

range of pressure, temperature, droplet concentration, etc. Is there

a group of gadgets such as a van de Graaf generator which is useful

whatever the camera is? Perhaps the answer to this is: one or more

people who are experienced in simulation and modeling should start a

program, and once they have gotten all that can be done out of small,

relatively simple equipment, then these workers should direct the

design and construction of (and buy equipment for) a larger facility.

If it is desirable to begin systematic studies of simulation

using certain members of the NCAR, should we attempt to organize such
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a facility or laboratory around a newly recruited staff? It does not

seem desirable to hire new research staff on a Ph.D. level (or lower)

by telling them what research projects must be done. It is dangerous

to assign tasks to new people. Of course, certain controls can be

exercised easily by hiring only people whose research interests fit a

predetermined pattern established for the specific goals of the

laboratory.

Although some servicing would be required of large sophisticated

equipment, it definitely would not be desirable to operate a simulation

laboratory only as a service facility for outsiders. The careful

direction and motivation lies only in technical people closely

and permanently tied to specific problems. The incentive to be watch-

ful cannot lie with technicians, however competent, who are assigned

a task of "routine" programmed measurements.

There may be a place for a kind of mechanistic research involving

routine sequences of measurement (like measuring ad infinitum the drag

on various shapes of bodies). However, there is a very real question

whether this type of work can properly be called research.

Regarding the question of the usefulness of a central facility

of training and education of people in modeling, this approach seems

to be a kind of backwards thinking. Ability to train or the usefulness

as aids to teaching alone should not be used to justify a multimillion

dollar laboratory for atmospheric simulation.

When Dr. Vonnegut was asked whether or not he would use a facility

if it existed, he answered, "Maybe, but do not design the equipment

on my account."

After this discussion, we again reached the conclusion that there

are many different simulation experiments that may be undertaken in a

laboratory. However, the driving force for a large and sophisticated

laboratory should come from the crying needs of individual scientists,

and not from a recognized "need" for facilities in principle.
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If NCAR wants to explore simulation in detail, a program should

be organized and a chain of research may lead through small equipment

to a large facility. If scientists feel after sufficient exploration

of a field, the large facility is needed and justified for progress,

then it should be built without question of utilization time.

This conclusion directly parallels the results of our discus-

sions with Roland List last summer.



229

REFERENCES

Aldridge, K., and A. Toomre, 1966: "Inertial oscillations produced by
boundary layer suction," in preparation.

Allen, E. R., and R. D. Cadle, 1965: "A study of the effect of molec-
ular oxygen on atomic oxygen-hydrocarbon reactions," Photochem.
and Photobiol. 4, 979-988.

Baker, D. A., and J. E. Hammel, 1965: "Experimental studies of the
penetration of a plasma stream into a transverse magnetic field,"
Phys. Fluids 8, 713-722.

Batchelor, G. K., 1952: "Diffusion in a field of homogeneous turbu-
lence. II. The relative motion of particles," Proc. Camb. Phil.
Soc. 48, 345-362.

, 1953: "The conditions for dynamical similarity of motions of
a frictionless perfect-gas atmosphere," Quart. J. Roy. Meteorol.
Soc. 79, 224-235.

Beiser, A., and B. Raab, 1961: "Hydromagnetic and plasma scaling laws,"
Phys. Fluids 4, 177-181.

Bennett, W. H., 1959a: "Solar proton streapn forms with a laboratory
model," Rev. Sci. Instr. 30, 63-69.

__ , 1959b: "St'ormer orbits," Proc. Symposia in Appl. Math. 9, 19-28.

Birkhoff, G., 1950: Hydrodynamics: A Study in Logic, Fact and
Similitude, Dover Publications, Inc., New York, 185 pp.

Block, L., 1955: "Model experiments on aurorae and magnetic storms,"
Tellus 7, 65-86.

Bostick, W. H., H. Byfield, Y. Nakagawa, and D. Wells, 1962: "Inter-
action between plasma and a two-dimensional magnetic dipole,"
Phys. Fluids 5, 1305-1307.

Bowden, M., and H. F. Eden, 1965: "Thermal convection in a rotating
fluid annulus: Temperature, heat flow and flow field observations
in the upper symmetric regime," Js.Atmos. Sci. 22, 185-195

Bray, K.N.C., 1959: "Atomic recombination in a hypersonic wind tunnel
nozzle," J. Fluid Mech. 6, 1-32.



230

Appendix A . . . . . . . . . . . . . . . . . . . . . . . . . . . .

and J. A. Wilson, 1960: "A preliminary study of ionic recom-

bination of argon in wind tunnel nozzle," U.S.A.A. Report No. 134.

Bridgman, P. W., 1931: Dimensional Analysis, Yale University Press,
New Haven, Connecticut, 113 pp.

Cadle, R. D., 1962: "The photochemistry of the upper atmosphere of
Jupiter," J. Atmos. Sci. 19, 281-285.

__ , 1963: "Rates of chemical reactions in the subionospheric
atmosphere," J. Geophys. Res. 68, 3977-3986.

and E. R. Allen, 1965: "Kinetics of the reaction of 0( P) with

methane in oxygen, nitrogen, and argon-oxygen mixtures," J. Phys.
Chem. 69, 1611-1615.

and Margaret Ledford, 1966: "The reaction of ozone with hydro-
gen sulfide," Air and Water Poll. Inst. J. 10, 25-30.

Cermak, J., 1963: "Lagrangian similarity hypothesis applied to
diffusion in turbulent shear flow," J. Fluid Mech. 15, 49-64.

_ , and H. Chuang, 1965: "Vertical velocity fluctuations in
thermally stratified shear flow," Proc. International Colloquium
on the Fine Scale Structure of the Atmosphere, Moscow, USSR.

R. C. Malhotra, and E. J. Plate, 1963: "Investigation of
the Candlestick Park wind problem II. Wind tunnel model study,"
Final Report, Fluid Dynamics and Diffusion Laboratory, Colorado
State University, Fort Collins.

Chandrasekhar, S., 1953: "The instability of a layer of fluid heated
below and subject to Coriolis forces," Proc. Roy. Soc. A217, 306-327.

__ , 1961: Hydrodynamic and Hydromagnetic Stability, Oxford Univer-
sity Press, New York.

Chapman, S., and T. G. Cowling, 1953: The Mathematical Theory of
Non-Uniform Gases, Cambridge University Press, New York, Ch. 18.

Cromwell, T., 1960: "Pycnoclines created by mixing in an aquarium
tank," J. Marine Res. 18, 73-82.

Deardorff, J. W., 1965: "A numerical model for integration of incom-

pressible three-dimensional turbulent flow," NCAR MS No. 93, National
Center for Atmospheric Research, Boulder, Colorado.



231

................ .References

Doyle, Arnold, D. Read Moffett, and B. Vonnegut, 1964: "Behavior of
evaporating electrically charged droplets," J. Colloid Sci. 19,
136-143.

Eden, H. F., and B. Vonnegut, 1965: "Laboratory modeling of cumulus
behavior in gaseous medium," J. Appl. Meteorol. 4, 745-747.

Faller, A., 1956: "A demonstration of fronts and frontal waves in
atmospheric models," J. Meteorol. 13, 1-4.

1963: "An experimental study of the instability of the laminar
Ekman boundary layer," J. Fluid Mech. 15, 560-576.

1964: "Large eddies in the atmospheric boundary layer and
their possible role in the formation of cloud rows," J. Atmos. Sci.
22, 176-184.

___, and R. Kaylor, 1966: A numerical study of the instability of
the laminar Ekman boundary layer," submitted to J. Atmos. Sci.

Fowlis, W. W., and R. Hide, 1965: "Thermal convection in a rotating
annulus of liquid: Effect of viscosity on the transition between
axisymmetric and non-axisymmetric flow regimes," J. Atmos. Sci. 22,
541-558.

Freeman, N. C., 1958: "Non-equilibrium flow of an ideal dissociating
gas," J. Fluid Mech. 4, 407-425.

Frenkiel, F. N. and W. R. Sears, eds., 1960: "Magneto-fluid dynamics,"
Rev. Modern Phys. 32, 639-1034.

Frenzen, P., 1955: "Westerly flow past an obstacle in a rotating
hemispheric shell," Bull. Am. Meteorol. Soc. 36, 204-210.

, 1956: "Criteria for the occurrence of an eccentric circumpolar
vortex inferred from model experiments," J. Meteorol. 13, 124-126.

_, 1962: "On the origin of certain symmetrical patterns of at-
mospheric convection," Tellus 14, 173-176.

____, 1963: "A laboratory investigation of the Lagrangian autocor-
relation function in a stratified fluid," AEC Research and Development
Report, ANL-6794, Argonne National Laboratory, Illinois, 168 pp.

_____, R. Kaylor, J. Weil, and G. Gray, 1956: "Experimental apparatus
and techniques," in Final Report, Contract AF 19(122)-160, Pt. 1,
Sec. C, Hydrodynamics Laboratory, Department of Meteorology, Univer-
sity of Chicago.



232

Appendix A....................

Fultz, D., 1961: "Developments in controlled experiments on larger

scale geophysical problems," Adv. in Geophys. 7, 1-103, eds.,
H. E. Landsberg and J. Van Mieghem, Academic Press, New York.

_ , and R. R. Long, 1951: 'Two-dimensional flow around a circular
barrier in a rotating sperical shell," Tellus 3, 61-68.

___ , _ , G. V. Owens, W. Bohan, R. Kaylor, and J. Weil, 1959:
"Studies of thermal convection in a rotating cylinder with some

implications for large-scale atmospheric motions," Meteor. Monographs
4, No. 21, American Meteorological Society, Boston, Massachusetts,
104 pp.

Greenspan, H., and L. Howard, 1963: "On the time-dependent motion of
a rotating fluid," J. Fluid Mech. 17, 385-404.

Gregory, N., J. T. Stuart, and W. S. Walker, 1955: "On the stability
of three-dimensional boundary layers with application to the flow

due to a rotating disc," Phil. Trans. Roy. Soc. London A248, 155-199.

Gross, A. Robert, 1965: "Strong ionizing shock waves," Rev. Mod. Phys.
37. 724-743.

Gunn, R. 1952: "A vertical shaft for the production of thick arti-
ficial clouds and for the study of precipitation mechanics," J. Appl.
Phys. 23, 1-5.

and P. A. Alle"e, 1954: "A three thousand cubic meter cloud
chamber," Bull. Am. Meteorol. Soc. 35, 180-181.

Gurvich, A. S., 1960: "Frequency spectra and distribution functions
of vertical wind velocity components," Izvestiya Geophys. Akad. Nauk
SSSR 7, 1042.

Hide R., 1953: "Some experiments on thermal convection in a rotating
liquid," Quart. J. Roy. Meteorol. Soc. 79, 161.

, 1958: "An experimental study of thermal convection in a ro-
tating fluid," Phil. Trans. Roy. Soc. London A250, 441-478.

, 1960: "Some thoughts on rotating fluids," Scientific Report
No. 2, Hydrodynamics of Rotating Fluids Laboratory, Massachusetts
Institute of Technology, Cambridge.

1961: "Letters to the Editors, Astronomy, Origin of Jupiter's
Great Red Spot," Nature 190, 895-896.

___ , 1962: "Planetary magnetic fields," Planet. SpaceSci. 14,
579-586.



233

••.............................. ........ References

, 1964: "The viscous boundary layer at the free surface of a
rotating baroclinic fluid," Tellus 16, 523-529.

_ , 1965: "The viscous boundary layer at the free surface of a
rotating baroclinic fluid: Effects due to the temperature depend-
ence of surface tension," Tellus 17, 440-442.

__ , 1966a: "Free hydromagnetic oscillations of the earth's core
and the theory of the geomagnetic secular variation," Phil. Trans.
Roy. Soc. A259, 615-647.

___ , 1966b: "On the theory of axisymmetrical thermal convection
in a rotating annulus of liquid," Scientific Report No. 5, Hydro-
dynamics of Rotating Fluids Project, Department of Geology and
Geophysics, Massachusetts Institute of Technology, Cambridge.

_ 1966c: "An experimental and theoretical study of source sink
flows in a rotating barotropic fluid," Scientific Report No. 22,
Hydrodynamics of Rotating Fluids Project, Department of Geology
and Geophysics, Massachusetts Institute of Technology, Cambridge.

_ , 1966d: "On the dynamics of rotating fluids," to be published
in Bull. Am. Meteorol. Soc.

, and A. Ibbetson, 1966: "An experimental study of 'Taylor
columns,'" Icarus 5, 279-290.

Ibbetson, A., and N. A. Phillips, 1966: "Some laboratory experiments
on Rossby waves in a rotating annulus," to be published in Tellus.

Jacobs, S., 1964: "The Taylor column problem," J. Fluid Mech. 20,
581.

Jensen, M., 1954: Shelter Effects. Investigation into the Aerodynamics
of Shelter and its Effect on Climate and Crops, Danish Technical
Press, Copenhagen.

Kantrowitz, A. R., and H. E. Petscheck, 1957: "An introductory discus-
sion of magnetohydrodynamic," in Magnetohydrodynamics, ed., Rolf K.
M. Landshoff, Stanford University Press, Menlo Park, California.

Karlsson, S. K. F., 1959: "An unsteady turbulent boundary layer,"
J. Fluid Mech. 5, 622-636.

Kasahara, A., E. Isaacson, and J. J. Stoker, 1965: "Numerical studies
of frontal motions in the atmosphere-I," Tellus 17, 262-276.



234

Appendix A ................ ..

Klebanoff, P. S., and Z. W. Diehl, 1952: "Some features of artifi-

cially thickened fully developed turbulent boundary layers with

zero pressure gradient," NACA Report 1110, 27 pp.

Kuo, H.-L., 1961: "Solution of the non-linear equations of cellular

convection and heat transport," J. Fluid Mech. 10, 611-634.

LaSeur, N. E., 1956: "Criteria for the occurrence of an eccentric

circumpolar vortex in the atmosphere inferred from model experi-

ments," J. Meteorol. 13, 125-126.

Lehnert, B., 1958: "Magneto-hydrodynamic experiment," in Electromag-

netic Phenomena in Cosmical Physics, ed., B. Lehnert, Cambridge

University Press, New York.

Levy, R. H., H. E. Petschek, and G. L. Siscoe, 1963: "Aerodynamic

aspects of the magnetospheric flow," AVCO-Everett Research Laboratory,

Research Report 170, Everett, Massachusetts.

Lighthill, M. J., 1957: "Dynamics of a dissociating gas, Part I,

equilibrium flow," J. Fluid Mech. 2, 1-32.

Lilly, D. K., 1962: "On the numerical simulation of buoyant con-

vection," Tellus 14, 149-172.

1966: "On the instability of Ekman boundary flow," submitted

to J. Atmos. Res.

List, R., 1966: "On the simulation of physical processes occurring in

clouds," Bull. Am. Meteorol. Soc. 47, 393-396

Long, R. R., 1952: "The flow of a liquid past a barrier in a rotating

spherical shell," J. Meteorol. 9, 187-199.

_ 1953: "Steady motion around a symmetrical obstacle moving

along the axis of a rotating liquid," J. Meteorol. 10, 197-203.

, 1959: "Laboratory model of air flow over the Sierra Nevada

Mountains," in The Atmosphere and the Sea in Motion, Rockefeller

Institute Press, New York, 372-380.

1963: "Use of the governing equations in dimensional analysis,"

J. Atmos. Sci. 20, 209-212.

Mason, B. J., 1957: The Physics of Clouds, Clarendon Press, Oxford.



235

. .. . . . ·. . . . . . . . . . . . . . . . . . . . . References

Monin, A. S., and A. Obukhov, 1954: "The basic laws of turbulent

transport in the ground layer of the atmosphere," Trans. (Trudy)

Geophys. Inst., Acad. Sci. USSR, No. 24 (151), 163.

Moore, C. B., B. Vonnegut, R. G. Semonin, J. W. Bullock, and W.

Bradley, 1962: "Effect of atmospheric space change on initial

electrification of cumulus clouds," J. Geophys. Res. 67, 1061-1072.

Morton, B. R., 1960: "Laminar convection in uniformly heated vertical

pipes," J. Fluid Mech. 8, 227-240.

Murgatroyd, W., 1955: "Experiments on magneto-hydrodynamic channel

flow," Phil. Ma. 44, 1348-1354.

Nakagawa, Y., 1957: "Experiments on the inhibition of thermal con-

vection by a magnetic field," Proc. Roy. Soc. A240, 108-113.

and P. Frenzen, 1955: "A theoretical and experimental study

of cellular convection in rotating fluid," Tellus 7, 1-21.

Osborne, F. J. F., M. P. Bachynski, and J. V. Gore, 1966: "Time

history of the magnetosphere cavity," to be published in J. Geophys.

Res.

Phillips, N. A., 1963: "Geostrophic motion," Rev. Geophs. 1, 123-176.

Piacsek, S., 1966: "Numerical study of axisymmetric flow in a rota-

ting fluid annulus," Ph.D. thesis, Massachusetts Institute of

Technology, Cambridge.

Plank, V. G., 1960: "Cumulus convection over Florida," in Cumulus

Dynamics, Pergamon Press, New York, 109-124.

Plate, E. J., and C. W. Lin, 1965: "The velocity field downstream

from a two-dimensional model hill I," Final Report, CER65EJP14,Fluid

Dynamics and Diffusion Laboratory, Colorado State University, Fort

Collins.

,and , 1966: "Investigations of the thermally stratified
boundary layer," Fluid Mech. Paper 5, Colorado State University,

Fort Collins.

, and A. A. Quraishi, 1965: "Modeling of velocity distributions

inside and above tall crops," J. Appl. Meteorol. 4, 400.

Prandtl, L., 1957: The Essentials of Fluid Dynamics, Hafner Publishing

Company, New York, 452 pp.



236

Appendix A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Proudman, J., 1916: "On the motion of solids in a liquid possessing
vorticity," Proc. Roy. Soc. London A92, 408-424.

Rayleigh, Lord (John William Strutt), 1915: "The principle of simil-
itude," Nature 95, 66-68.

Rossby, C. G., 1926: "On the solution of problems of atmospheric
motion by means of model experiments," Mon. Wea. Rev. 54, 237-240.

Rouse, H., and J. Dodu, 1955: "Diffusion turbulente a travers une
discontinuity de densite," La Houille Blanche 10, 522-529, 530-532.

Schlichting, H. 1960: Boundary Layer Theory, 4th ed., McGraw-Hill
Book Company, Inc., New.York.

Severny, A. B., 1958: "Nonstationary processes in solar flares as
a manifestation of the pinch-effect," Soviet Astronom AJ 2,
310-318.

Squire, H. B., 1956: "Rotating fluids," in Surveys in Mechanics,
Cambridge University Press, New York.

Stanford Research Institute, 1961: Advance Papers of an International
Symposium on Chemical Reactions in the Lower and Upper Atmosphere,
Stanford Research Institute, Menlo Park, California.

Steele, R., 1966: "Characteristics of AgI ice nuclei origination from
anhydrous NH3-AgI complexes," Colorado State University, Atmospheric
Science Technical Paper No. 73, Fort Collins.

Stewartson, K., 1954: "On the free motion of an ellipsoid in rotating
fluid," Quart. J. Mech. 7, 231-246.

1957: "On almost rigid rotations," J. Fluid Mech. 3, 17-26.

Stommel, H. 1947: "A summary of the theory of convection cells,"
Ann. New York Acad. Sci. 48, 715-726.

___ , A. B. Arons, and A. J. Faller, 1958: "Some examples of sta-
tionary planetary flow patterns in bounded basins," Tellus 10,
179-187.

____ , and G. Veronis, 1958: "Steady convective motion in a horizontal
layer of fluid heated uniformly from above and cooled non-uniformly
from below," Tellus 9, 401-407.

Stuetzer, M. Otwar, 1962: "Magnetohydrodynamics and electrohydro-
dynamics," Phys. Fluids 5, 534-544.



237

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .References

Taylor, G. I., 1917: "The formation of fog and mist," Quart. J. Roy.
Meteorol. Soc. 43, 241-268.

_ , 1923: "Experiments on the motion of solid bodies in rotating
fluids," Proc. RoySoc. London A104, 213-218.

Tippelskirch, H. V., 1956: "Uber konvektionsvellen inbesondere in
slussingen schwesel," Beitr. Phys. Frei. Atoms. 29, 37-54.

Townsend, A. A., 1965: "The response of a turbulent boundary layer
to abrupt changes in surface conditions," J. Fluid Mech. 22, 799-822.

Truitt, R. W., and J. N. Perkins, 1961: "Thermodynamics of the ideal
r-times ionized monatomic gas," Developments in Mechanics I, Plenum
Press, New York, 391-408.

Turner, J. S., 1965a: "The coupled transports of salt and heat across
a sharp density interface," Int. J. Heat and Mass Transf. 8, 759-767.

___ 1965b: "Laboratory models of evaporation and condensation,"
Weather 20, 124-128.

_____, and D. K. Lilly, 1963: "Carbonated-water tornado vortex,"
J. Atmos. Sci. 20, 468-471.

van Loon, H. 1965: "A climatological study of the atmospheric cir-
culation in the southern hemisphere during the IGY, Part 1,"

J. Appl. Meteorol. 4, 479-491.

Vettin, F., 1882: "Experimentelle darstellung der schafchenwolken,"
Meteor. Zeit. 21, 38-39.

Volkovitskii, O. A., 1965: "A complex of experimental apparatuses
for geophysical investigations," translated from Meteorlogiya i
Gidrologiya, No. 6, 46-48.

Vonnegut, B., 1954: "A vortex whistle," J. Accoust. S. Am. 26, 18-20.

, 1960: "Electrical theory of tornadoes," J. Geophys. Res. 65,
203-212.

____ , 1963: "Some facts and speculations concerning the origin and
role of thunderstorm electricity," Meteor. Monographs 5, No. 27,
American Meteorological Society, Boston, Massachusetts, 224-241.

_____ , C. B. Moore, G. E. Stout, D. W. Staggs, J. W. Bullock, and W.
E. Bradley, 1962: "Artificial modification of atmospheric space
charge," J. Geophys. Res. 67, 1073-1083.



238

Appendix A..............................

, R. P. Espinola, C. B. Moore, and H. H. Blau, 1966: "Electrical
potential gradients above thunderstorms," to be published.



239

Appendix B

DISCUSSION OF A TEST CHAMBER FOR AIRCRAFT INSTRUMENTATION





241

DISCUSSION OF A TEST CHAMBER FOR AIRCRAFT INSTRUMENTATION*

To observe atmospheric properties, including exchange fluxes of

heat, mass, and momentum at heights greater than about 100 m, workers

will remain committed at least in part to aircraft for some time in

the future. Therefore, it is vital that the best possible techniques

become available in the near future to develop and calibrate air-

craft instrumentation for meteorological research.

The development of instrumentation for measuring properties of

cloudy air from aircraft up to this time has been parodoxically slow

and chaotic. The determination of even the most basic properties like

temperature and vertical velocity from an aircraft presents a much

greater problem than corresponding determinations from a fixed station

because of the large horizontal velocity of the aircraft. The majority

of techniques for the measurement of size spectra of cloud droplets

and liquid water content depend on the inertial impaction of particles,

utilizing sampling by the aircraft traveling through relatively quiet

air. The high speed of the aircraft essentially presents the crucial

problem to developing suitable instrumentation. One cannot be sure

that devices designed for use at a stationary position will provide

useful information when used on a platform traveling at high speeds.

Experimental evidence from aircraft sampling has suggested that

there are large differences between actual instrument performance and

expectations based on reasonably sound theoretical predictions. It

is vital to future observational programs using aircraft to provide

for data acquisition to make standards of less than + 0.1°C in temp-

erature, for example. Other problems have to be resolved which include

better knowledge of droplet sampling under non-isokinetic conditions.

* This discussion is based on the ideas and proposals of P. Squires

and J. Telford.
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Furthermore, investigators have to know quantitative answers to such

questions as: (a) what happens to a cloud droplet impacting at high

speeds of 200 knots on a rapidly drying formvar surface, or an oil

layer; (b) what is the collection efficiency of impacting devices

using such exposed surfaces; (c) what does a wet bulb thermometer

measure as it travels rapidly through cloudy air; and, (d) what are

the comparative limitations of various kinds of impacting devices,

thermometers and velocity sensors to be used for measurements at

aircraft speeds?

Faced with such questions, workers often have resorted to testing

of instruments in wind tunnels. This is a rather poor way to resolve

problems associated with aircraft sampling since the experimenter is

really in no better position to measure properties of cloudy air

moving at aircraft speeds through a tunnel than he is in the field.

The presence of microscale turbulence in the wind tunnel provides

further complications to such a method of calibration. Other factors

like the problem of residual oscillation of suspended drops and of

the long path needed to bring drops close to the velocity and tempera-

ture of the gas in the tunnel limit the usefulness of wind tunnel

testing.

For some purposes, a "whirling arm" in more or less stationary

air has proved to be of some utility, but these kinds of devices are

severely limited by the high centripetal acceleration that must exist

during the measurements (e.g.,about 100 g at 200 knots for a 10-m arm).

A realistic solution to all of these problems simply is to re-

produce the situation which occurs when an instrument is used on an

aircraft to sample a cloud; that is to create a cloud in which the

drops are falling at terminal velocity as in a real cloud, and then

move a sampling device through this cloud at aircraft speed. The

cloud in this case can be examined and controlled by well known

laboratory techniques. The generation and maintence of the cloud

are not complicated by the need to inject it into a rapidly moving
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stream of air. The price to be paid for these gains is the need

to accelerate the sampling instrument smoothly enough to aircraft

speed and then decelerate it to rest after passing through a test

zone of cloudy air. During the steady velocity part of the instru-

ment's trajectory, it must pass through a cloud chamber in which the

properties of interest can be measured repeatedly both before and

after the passage of the instrument. With permissible accelerations

of approximately 10 g, and a required speed of 200 knots, a path length

of about 100 m would be needed to provide for both acceleration and

deceleration.

The project of buiding a test chamber lends itself to being

developed in a stepwise fashion. For the calibration of some devices

for measuring droplet spectra, for example, it is sufficient to have

a cloud chamber a few centimeters long, filled with a monodisperse

cloud of drops produced by a single spinning disk, and a "sampling

instrument" with a mass of the order of one gram, propelled by some

simple device such as a bow or a rocket sled. On the other hand,

for the calibration of cloud thermometers, or liquid water content

devices, which may have time constants of the order of 0.1 sec, it

would be necessary to have a reasonably uniform cloud along a path

corresponding to perhaps half a second's travel; i.e., some 150 ft at

200 knots. The problem of controlling the temperature could perhaps

be mitigated by arranging to have the cloud chamber at a mid-point

along the path of the instrument, and stabilizing the air by means

of a temperature inversion.

One would at present envisage as a final objective an instrument

carriage capable of carrying a payload of perhaps 100 lb at speeds

up to about 200 knots, with a cloud chamber about 200 ft long, and

hopefully with control of pressure from 300 to 1000 mb as well as

temperature -30 to 300C.

In a rather early stage of the development it would be possible
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to use this facility for accurate determination of air speed corrections

for dry bulb thermometers, without a cloud present at all.

For purposes of discussion an idealized test facility is presented,

which should meet the requirements stated above, and should provide

relatively comfortable working conditions for the operators. In Fig. 1,

the facility is sketched schematically. The chamber would consist

of two parallel tunnels about 1200 ft long including 200 ft for the

environmental test chamber. The two parallel tunnels would be necessary

to minimize the noise in the control and test section on passage of

the carriage sled. The noise of such a device would be equivalent

to an express subway passing an observer in a New York station. The

instrument carriage would consist of a horizontal arm sticking side-

wise from the rocket sled through a narrow slot into the test tunnel.

Construction of the rocket sled, with its equipment for good thermal

insulation, should be underground. Both tunnels would have to be

held under vacuum conditions.

In the cloud chamber, temperature and pressure should be monitored

at 5-ft intervals. Cloud droplets could be introduced continuously by

a series of spray devices on the ceiling of the chamber. The size

spectra of droplets and the liquid water content of the cloud should

be monitored at intervals of every 10 ft or less.

For meeting the requirements of instrument calibration, the chamber

temperature should be controlled to + 0.05°C, the pressure to + 5 mb,

the droplet spectra should be measurable and reproducible to a fraction

error + 20%. The liquid water content should be controlled to + 5%.

And the speed of the carriage should range from 120 to 250 knots, with

control to about 20 cm/sec.

* This is so serious a problem that it has already prompted serious
consideration of "rolling" a DC-3 at 120 knots along an airstrip
past calibrated stationary thermometers.
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The instrumentation of the test chamber, carriage and peripheral

equipment would include oscillograph recorders, tape recorders, and

possibly capabilities for direct conversion of analog signals to

digital form.

Based on a five-year development and operation program, the

following preliminary cost estimate would be realistic for the facility

discussed above:

Item $ Cost

1. Structure (Design and Construction) 500,000

2. Refrigeration and Vacuum 500,000

3. Spray System for Cloud Generation 20,000

4. Carriage Sled and Acceleration-
Deceleration Equipment 500,000

5. Control System 100,000

6. Instrumentation

a. Temperature (40 x $500) 20,000

b. Static Pressure (40 x $500) 20,000

c. Velocity of Carriage 2,000

d. Droplet Spectra (based on
20 Royco type optical analyzers) 200,000

e. Humidity (40 x $2000) 80,000

f. Data Processing and Recording 100,000

Total Design and Construction 2,042,000 2,042,000

7. Staff

a. One Scientist (5 yr x $14,000) 70,000

b. Two Engineers (5 yr x $10,000) 50,000

c. Three Technicians (5 yr x $8000) 40,000

d. Secretarial and Miscellaneous
Technological (5 yr x $4000) 20,000

180,000 180,000

8. Total Construction and Operation 2,222,000

9. Operating Overhead, 15% of Item 8 333,000

10. GRAND TOTAL $2,555,000
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