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PURPOSE

This basic research program is directed toward obtaining a quanti-
tative and qualitative understanding of the physical mechanisms involved
in natural and modified convective storms. The various phases of the
convective phenomena are considered from a balanced, integrated
viewpoint, The aim is to investigate and understand critical factors
such as: nucleation, hydrometeor development, electrification, cloud
dynamics, environmental effects, and the complex interrelations between
all these separate items. The research technique is built around the
concept of an outdoor cloud laboratory, treating the clouds and storms in
the simplest possible real situations. Seeding is used as a diagnostic
research tool to permit observations of direct and secondary effects on
hydrometeor development, electrification, and cloud dynamics.

The program necessarily has entailed the development of equipment
and field study techniques. Success of the field program relies on an
extensive coordinated effort using radar, other ground observations, and
light aircraft systems which prche the ‘dominant factors simultaneously.
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ABSTRACT

The Flagstaff Cumulus Studies were initiated in 1959 by Atmospheric
Research Group with support from the National Science Foundation. In
1962 the resecarch was cxpanded with additional sponsorship to Meteorology
Rescarch, Inc., affiliated with ARG, coming from the U.S. Army Elec-
tronic Research and Development Laboratory. This report covers the
field program period from the beginning through 1962 and subsequent
related analyses. This is a joint report, constituting the final report by
ARG to NSF on Grants No. G8334 and No. G11969, and Part A of the
final report by MRI to USAERDL for the second year of Contract DA 36-039
SC-89066. {(Part B of the final report by MRI to USAERDL gives results
of the *1963 season, and some further analysis of items treated in the

prescnt report. )

The Flagstaff Cumulus Studies represent a broad @rogram of investi-
gation into the microphysics and dynamics of cumulus clouds, The program
concept ofindlrumenting an outdoorglaboratory with a
ground measurement devices of

was based on, the
coordlnat(,d systPth of aircraft and
sufflclent_ scope to delingate thc 5101n1nant factors and interrelations of
. nucl«,auon'b h)@drgom?tcor"dcv«fl f%nt, electrification, and dynamics. The
outdoor laboratorﬁ was the® areaﬁargurﬁd the isolated San Francisco Peaks
in northu©n‘°A1f>Z(?na, anoarea whmﬂ,atho regular summer cumulus clouds
tend to be ¢ ol(fJ andmthusecrrf’phaawe@fh 1oowth of ice phase hydrometeors.
R » The progran}ﬂn @)hcd 1argc010and3mo@bo complex clouds each year as the
. Qnstrlnnont‘}atmon. Fei ®Ld 1e(elgrglq5wq, aldegqpfral understanding of the subject *
rga' 01@0v@(1 1n'stho mnaof‘;set{ s S5 ﬂ%ﬁhig‘; jweere ronductcd within meajor clouds
yldduu, ll;ﬁhtmn;ﬂoandc’h&o bou‘%f S L(hn;ﬁby dry ice and silver iodide
archL tégic’tobmrcat(’olcc grys stals at desired times and

o _ﬁpysgas wscd ag S res
placcs nwtb(‘ Loﬁ. Clougé.w
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TN "o ® E‘lgvon Qf thege havo been puBh Qhedu xequbmlttr‘d to appropriate journals,
" ® and‘=%cvo al oth(@x s da re (Aén{ﬂ incor p01 Ste (1 1nto papers on related programs.
& This fmaf’lo ort mcll1d(>s Coplf?c,9 ot°t(bc mpe main papers and reports, and
° e .sumnlarmCs the primary FeFUrts- with respect to the whole program.
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* o *New instr umu'ntatinn c;_cchﬁiqu(*s Were developed as required, thc

W e instrumented-outdoor - labor atory co%nr“ept was developed to an effective
operaflional stage, and the techniques wegceused to establish certain quan-
titative aspects of natural and ar’n ficidl cloud seeding and crystal growth,
cloud and cloud-region dynamlcs, and electrification,

The program provideé a basis for certain more specialized investi-
gations, but also, by emphasizing the complex interrelationships of the
various factors comprising convective storms, it points out the value of

fitting investigations into a broader pors:pect'wc.



PUBLICATIONS, LECTURES, REPORTS, AND CONFERENCES

The following reports and publications pertain to the initial NSF
phasc of the Flagstaff Cumulus Studies, relating primarily up to the
field season of 1961%

ARG, Progress Report on Field Studies in Cloud Physics (Flagstaff
Cumulus Studies) submitted to NSF September 30, 1959,

Todd, C.J., Precipitation Initiation in Summer Cumulus at Flagstaff,
Arizona. 8th Weather Radar Conf., San Francisco, April 1960,

MacCready, P.B., Jr., Equipment for Field Studies in Cloud Physics.
ISA Preprint 8-SF60, ISA Conference, San Francisco, May 1960,

ARG, Brief Resume Report to the National Science Foundation on Flagstaff
Cumulus Studies, Grant No, NSF G8334, Submitted to NSF June 15,
1960,

ARG, Flagstaff Metcorological Studies, Summer 1960. Picture Booklet
of exhibit of Museum of Northern Arizona, distributed by ARG,
October 1960,

MacCready, P.B., Jr., A Review of Small Cumulus Studies and the
Modification of Hail., Nubila, IV, N. 1, 1961 (from International
Congress on the Physics of Cloud, Verona, Italy, August 1960),

MacCready, P.B., Jr., Memorandum on Yellowstone Park Studies.
Contained in Publication #1, ASRC of the State University of New York,
Fingl Report, 1961 Yellowstone Fiecld Rescarch Seminar, V. J.
Schaefer, Chairman. )

£
H
Todd, C.J., A Study of Cloud Composition}

Kansas City, October 1961. L

9th Weather Radar Conf. ,

Todd, C.J., Memorandum on 2nd Yellowstone Field Rescarch Seminar.
Contained in Publication #5, ASRC-SUNY, May 1962,

MacCready, P.B,, Jr., The Continuous Particle Sampler at the Puy de
Dome Comparison Conf, Bulletin de 1'Obsecrvatoire du Puy de Dome,
No. 1, 1962,

Todd, C.J., and E. Hindman, II, Memorandum on 3rd Annual Yellowstone
Field Research Seminar. Contained in Publication #13, ASRC-~-SUNY,
March 1963.

iv



I'he results pertaining to the expanded ficld operations in 1962 arc

SIVEeD 0y e

MacCready, P.B.,, Jr., T.B. Smith, C.J. Todd, C. W. Chien, and
B. Woodward, Study and Modification of Convective Storms.
Final Report, MR1 Contract No. DA 36-039 SC-89066, USAERDL,,
May 1963, AD 415 347,

In addition, there have been prepared the nine papers whieh appear
as appendices in this report (see Table of Contents), scven of which have
been submitted to appropriate journals.

MRI has submitted a final report to Naval Research Laboratory -
Office of Naval Rescarch on Contract Nonr-3819(00)(X), "Continuous
Particle Sampler Study Program', by P.B. MacCready, Jr., and R. L.
Williamson, December 1963, which furthered the development of the
sampler originally developed by ARG and used on the joint ARG-MRI1
studies. This project was thus interrelated with the program of this
report,

Papers were presented at meetings by Todd (the 8th and 9th Weather
Radar Conferences, on the echoes in seeded clouds and the continuous
sampler, the 1964 AMS-Los Angeles meeting on ice crystal development
in a sceded cloud, and the 1961 AMS-Chicago cloud physics meeting on
ice crystal growth and quantitative seeding), and by MacCready (ISA 1960
meeting on instrumentation, 1960 meeting at Verona, Italy, on the general
field studies, and 1962 AGU meetings on hydrometeor charge evolution).

NSI° field research trips, in addition to the Flagstaff field work, con-
sisted of MacCready visiting Yellowstone Park and attending the sampler
comparison program in France, Todd visiting Yellowstone Park twice,
and Hindman visiting Yellowstone Park once.

Conferences at Flagstaff in 1962 and 1963 are detailed in the MRI
final reports to USAERDL (AD 415 347 for the 1962 season, Part B of the
Final Report for the 1963 scason).



DISCUSSION

A, Introduction

This is the final report to the Atmospheric Sciences Section of the
National Science Foundation under Grants No. G8334 and No. G11969,
and Part A of the Final Report to USAERDL by MRI on the 1963-1964
program. This report consists of a summary of activities and results
plus appendices which are separate papers on particular subjects. The
report is a complete review of the NSF work, and a partial account of
the work for USAERDL. This report and the later Part B of the Final
Report to USAERDL have some overlap in that each document can
scparately present a complete picture of results.

The aim of the research has been to advance the physical under-
standing of natural and modified convective clouds and storms, utilizing
the outdoor laboratory afforded by the clouds in the summer at Flagstaff,
Arizona. Cloud seeding was sometimes used as a research tool to alter
the laboratory setup in a desired way at a desired time. The research
technique has been to consider the interrelationships of the various
factors which dominate thc development of cumulus clouds and their hydro-
metcors and electrification. Thus the scope of the program has been very
broad, including nucleation, kydrometeor growth, cloud dynamics, and
electrification, and requiring considerable development of instrumentation
and techniques,

The results of the program have depended to a considerable extent
on concurrent sponsorship of associated studies. One uniquely valuable
prograrm was the related MRI project, "Continuous Particle Sampler
Study Program', Contract Nonr-3819(001X), from the U.S. Naval
Research Laboratory and Office of Naval Research. The Flagstaff Cumulus
Studies were preceded by an MRI investigation of electrification duc to
sceding, '"Cloud Electrification Study'', Contract No. AT(04-3)-236, from
the Atomic Energy Commission. The U.S. Army Electronics Research
and Development Laboratory, the Air Force Cambridge Research Labora-
tories, the University of Chicago, and the University of Michigan all
conducted field investigations at Flagstaff during the course of the NSF
grants. Many visiting scientists observed the Flagstaff studies in action,
and seminars were held regularly at Flagstaff to promote exchanges of
ideas between the various scientists and to acquaint students with the
subjects.

Atmospheric Research Group employed meteorology students for
some of the summer work, and two of the students were able to contribute
articles of their own to this program. In addition, for two seasons



Dr. V., J. Schaefer of the New York State University has conducted an

atmospheric science field laboratory for advanced young students at
Flagstaff, with the students assisting some in the research projects.

B. General Project Background

The Flagstaff Cumulus Studies have been interwoven with the efforts
of various research groups for the mutual benefit of all. The interrelated
programs were as follows (the programs are listed in the year pertaining
to the field effort, although the analysis of the field season may considerably
overlap the following field periods):

1956 USFS Project Skyfire introductory program at Flagstaff some
MRI personnel.
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C. The Over-All Project

Obtaining significant physical understanding of the dominant factors
in convective dynamics and precipitation necessarily involves a complex
group of related studies. An underlying philosophy of this whole pro-
gram has been to make the study as simple as possible, while realizing
that even in the sirnplest case a convective cloud represents a very
complex phenomenon. As the project tools, techniques, and understand-
ing were improved each year, it became possible to study larger and
more complex clouds and cloud systems. Thus at the beginning the
instrumentation in the aircraft was rudimentary; the aircraft probed the
clouds only when they were relatively small; the ground network was
limited; and cloud photography was used more than radar. By the final
field season the aircraft instrumentation was rather advanced, capable
of measuring many variablles simultaneously; the aircraft routinely
probed moderately severe thunderstorms, flying in strong icing and
turbulence conditions, and even in some cases being in hail larger than
1/2 -inch diameter; two radars were in use for monitoring the precipita-
tion situation and the aircraft position; and the data reduction and
analysis scheme was developed to the point where a complete field test
can be quantitatively analyzed in just several man-weeks,

The foundation of this program has rested on the development of
appropriate instrumentation. It has been nccessary to measure simul-
taneously the many variables which are major factors in the outdoor
laboratory. Whenever standard instruments were not available (which
was the casec in most instances) new ones were developed. The emphasis
has been on simple devices giving reliability, accuracy, and resolution
appropriate for this type of field program.

This broad project has succeeded in its aim of advancing the basic
understanding of cumulus microphysics and dynamics. It has helped
establish the groundwork for quantitative treatment of factors in cloud
dynamics, droplet growth, and electrification.

The main project results are given herein as copies of separate
papers and reports. Most of these have been submitted for publication;
others form the bases of papers which will subsequently be submitted
after being augmented by data from other programs. The next section
of this report summarizes the program results, putting the various
papers in the perspective of the over-~-all program.



D. Project Results

1. Effect of the San Francisco Peaks on the Development of Convection
and Precipitation.

Appendix A is a paper by A. I. Weinstein and T. B. Smith titled
"Convective Precipitation in the Lee of an Isolated Peak'. The existence
of a persistent localized major convective phenomenon has been estab-
lished, here called the convective mountain wake. The growth of
convective cells and convective precipitation is often greater in the wake
area, considerably downwind of the Peaks, than it is over the Peaks.
The phenomenon stems from the convergence of hot surface air into the
zone well behind the Peaks, augmented by the convective release of
latent heat of condensation there; it may also include an cffect from a
dynamic wave set up by the Peaks. The convective wake existed when
the wind at 14, 000 feet exceeded 9 knots or the wind sheared strongly
with height, when the air was convectively unstable, when there was
strong solar heating, and when the air was not excessively moist. When
the precipitable water was less than 2 ¢cm, convective precipitation
would be confined to the wake area; greater moisture produced convec-
tive precipitation everywhere.

This paper is being incorporated into a more extensive analysis
in Part B of the MRI report to USAERDL on the 1963 season.

This persistent localized convective phenomenon represents the
simplest, steadiest, and most predictable large convective regime with
which the authors are familiar. It thus suggests itself as an ideal situ-
ation for future cloud modification trials on an operationally valuable
scale.

2. Convection Structure.

Appendix B is a paper by C. J. Todd, "Aircraft Traverses in a
Growing Mountain Cumulus Cloud'.

It describes the motions and continuity in a growing cumulus area
over the San Francisco Peaks as observed by a systematic sequence of
aircraft traverses (17) through the cloud region and by time-lapse photo-
graphs of the clouds. The observations showed consistency with the
"starting plume'' picture presented by R. J. Taylor. There was con-
siderable time continuity to the upcurrent cclls. The vertical transport
of air past the observation level in a typical cell was 6 times the length
of the horizontal cell dimension. Cloud cell top vertical motions showed



velocities about half of the apcurrent strength within the cloud. The
initial cloud positions correlated with those high slopes on the mountains
which were most heated by the sun.

These observations add information to the over-all question of thermal
cell structure.

This paper has been submitted to the Journal of Atmospheric Science
3. Dynamic Effects of Cloud Seeding.

Appendix C is a paper by W. L. Woodley, ""Computations on Cloud
Growth Related to Seeding''. Mr. Woodley is a meteorology student at
UCLA who worked on the program during the Summer of 1963. Observa-
tions at Flagstaff and by other investigators elsewhere have demonstrated
that in some cases the latent heat of fusion released in sceding supercooled
clouds can significantly increase the ultimate height of the cloud. This
paper represents a statistical study of the magnitude of this dynamic
sceding cffect which could have occurred at Flagstaff.

One hundred cighty soundings are treated, covering all available
data from the Summers of 1961, 1962, and 1963. The cloud top heights
are computed, considering the weight of the droplets but with the simplest
possible assumptions such as no mixing and no growth above the zcro
buoyancy level, for two cases: 1) the naturally sceded case, with
supcercooled water conversion to ice at -30C, and 2) the artificially
sceded case, with supercooled water conversion to ice at -=10C. The
results imply that height increcases of over 5000 feet due to sceding can
be expected fairly often, and increases over 15, 000 feet are sometimes
possible. Despite the simplicity of the model, it is felt that the computed
height differences quantitatively represent a reasonable measure of the
potential for cloud dynamics changes from sceding. Specific observations
of cloud growth due to sceding are noted, but can only be considered as
consistent with these concepts rather than verifying them.

This investigation represents a further look at the question of the
scedability of a particular meteorological situation, considering the cloud
dynamics aspect of seedability. The question of seedability has been
touched on by others at ARG-MRI in the past, specific.lly in C.J. Todd's
concepl of scedability as related to the mechanism of precipitation
initiation {(MacCready, Smith, Todd, Becsmer, "Nuclei, Cumulus, and
Secdability Studies', contained in Vol. 1I, Final Report of the Advisory
Committee on Weather Control, 1957), and by T.B. Smith's analysis of
scedability in west coast winter storms as a function of storm stability
and moisture supply (Smith, T.B., "Physical Studics of the Santa Barbara
Cloud Secding Project', J. Appl. Mecteor., June 1962).



Woodley's paper has been accepted fdr publication by the Journal de
Recherches Atmosphériques,

4. Quantitative Aspects of Crystal Growth in a Seeded Cloud.

Appendix D is a paper by C.J. Todd entitled 'Ice Crystal Develop-
ment in a Seeded Cumulus Cloud'. One of the main research techniques
for the Flagstaff Cumulus Studies has been to consider the natural clouds
as a laboratory, instrument the aircraft for the appropriate quantitative
measurements, and then sced to introduce a new parameter at a desired
time and place. This paper describes one of the most successful such
experiments.

The seeding plane spiraled 1780 meters below the base of a super -
cooled cloud {cloud base about -9.5C). The "flying laboratory" plane
spiraled from below the seeding plane up into the cloud to a height with
temperature colder than -16C. There was continuous sampling of the
droplet and crystal population with the continuous particle sampler. At
low elevations in the cloud the ice crystal regions from the seeding plume
were narrow; at the high elevations the ice crystal regions were broad
because there had been more time for diffusion, broad enough so there
were only small areas without crystals., Considering generator output
as a function of temperature and invoking the theory of diffusion in the
inertial subrange, the computed crystal concentrations agreed rcasonably
well with the observed concentrations, and the volumes in which they
were found agreed with the expanding plume picture. From careful study
of the growth rate of the crystal population, Todd was able to fit the
growth into a formula consistent with crystal theory and laboratory
measurements, and verify that the growth rate increased five-fold from
-9.5C to -13C. This investigation represents the use of a cloud as a
full scale cold box for basie crystal studies and for the quantitative study
of seeding effectiveness. .

Other measurements from the airplane showed that undiluted cores
existed in the cloud even at the peak heights reached, and showed the
increase of buoyancy associated with the release of heat of fusion as the
supercooled water turned to ice.

This paper has been accepted, with revisions, by, the Journal of
Atmospheric Sciences.



5.  Quantitative Calculations of Hydrometeor Development.

Appendix E is a paper by C.J. Todd, "A System for Computing Ice
Phase Hydrometeor Development'. It represents a beginning in treating
cloud modification techniques in the sort of quantitative detail which must
be considered in any eventual practical application scheme. The paper
touches on the broad aspects of the whole cloud modification picture, and
then focuscs on the ice phase hydrometeor development. It is a practical
assembling of the factors which dominate hydrometeor growth., It draws
extensively on the literature, and it utilizes logical extrapolations where
literature is lacking. Thus it points out the areas requiring special
additional study, while putting present knowledge into some perspective,

The computation method treats the development of ice hydrometeors
in non-raindrop clouds from (1) the nucleating agent, (2) the rate of
growth of ice crystals as a temperature function, (3) the onset of riming
as a function of crystal size, fall velocity, and cloud droplet size, (4)
the rate of graupel growth as a function of size, shape, density, fall
velocity, and cloud droplet concentration, and (5) the development of
hailstones as a function of size, density, shape, surface temperature, fall
veloeity, and liguid water content of the cloud. The computations are by
graphical techniques and are basic to the design of actual seeding techniques.
They constitute a starting point for more complex situations wherein
electrification, cloud dynamics, and overseeding interference to growth

must be considered.

The study emphasizes the importance of the details of the growth rate
of crystals, particularly the fast growth observed at the -4C level,

In its present form the papcr is too large and detailed for submission
to a journal, although it is planned that some extractions from it will be
the basis of formal articles.

6. The Continuous Collection of Droplets and Crystals.

Appendix F is a paper titled ""Continuous Particle Sampler' by P, B.
MacCrdady and C.J. Todd. It describes an instrument which has proven
to be uniquely valuable for these cloud physics studies. The device was
developed primarily as an instrument with which to observe the presence
of ice crystals coexisting with water droplets., It permits calculation of
concentrations and size spectra of liquid droplets and crystals in the
general range of 3 to 100 microns.



The sampler captures atmospheric particles in a Formvar solvent
liquid film which has been coated on 16 mm movie leader stock. The
Formvar solution completely encapsulates the particle; then as the
solvent evaporates, the film hardens quickly, preserving a replica of
the particle. The replicas from crystals are exact; those from droplets
can be somewhat flattened. The amount of flattening of droplet replicas
has been determined approximately by a laboratory technique., The
collection efficiency of the sampler is computed by standard means.

The film records are analyzed by projecting the film on a screen
and manually counting and sizing the images. Rapid methods have been
developed for this data reduction.

The sampler invokes various design compromises to overcome, over
a broad range of meteorological conditions, problems such as those
associated with film coating, droplet encapsulation, droplet migration,
and spurious crystal growth. Operation for collecting warm droplets
alone is rather simple; operation to get droplets and crystals simultane-
ously requires critical adjustments.

The continuity for the development of this continuous sampler has
been due to the NSF support. Major factors in the development and use
of the instrument derive from the support given MRI by NRL-ONR and by
USAERDL. This paper has been submitted to the Journal of Applied Mete-
orology. Additional information on the use of the device is contained in

Part B of the MRI report to USAERDL on the 1963 field scason.
7. A Formvar Collector for Nuclei and Settling Particles.

Appendix G is a paper by E. E. Hindman, II, titled '"Continuous
Sampler for Settling Particles'. Mr. Hindman is a meteorology student
at the University of Utah who has worked for Atmospheric Research Group
for several summers, paying particular attention to the Formvar collec-
tion techniques. In 1963 he received honorable mention for the Father
McElwane award by AMS for the beginning of one of the developments
which is included in this paper. This paper describes the development of
a continuous collector which uses the Formvar encapsulation principle,
and softens the dry Formvar coating by a vapor solvent instead of a
liquid solvent. 16 mm leader material with a very thin dry Formvar
coating moves slowly horizontally where particles will fall on it --
particles falling from the atmosphere, such as small droplets and ice
crystals, or crystals falling down in a cold box. Next the film passes
into a vapor chamber with chloroform, which softens the Formvar enough
to encapsulate the particles, and then the film is exposed to ambient
conditions so the solvent will evaporate.



Records are shown of particles talling from a seeded geyser at

Yellowstone.

This paper will appear in the Vol. I, 1964 issue of the Journal
de Recherches Atimosphériques,

8. Charging of Melting Hydrometeors, in the Atmosphere and Labo ratory,

Appendix H is a paper by P.B. MacCready, Jr., and Alexander
Proudfit titled "Observations of Flydrometcor Charge Evolution in
Thunderstorms', Potential gradient measurements avound and within
clouds cach year of the project produced rather complex and contra-
dictory data from which no simple pattern could be discerned readily,

In 1962 hydrometeor charge cquipment was installed on the airplane

and a pattern started to emerge. The mmeasurements were made in a
rather limited set of metcorological conditions (very cold, enti rely
supercooled clouds) and so applying the results to other situations may not
be warranted.  The aircratt would spiral up into the cloud, staying in the
rising core until altitudes corresponding to 1501 -17C.  Fhe small
hydrometeors encountered were found to be predominately positive. TFhe
aircraft then would move down into the precipitation arca directly under
the cloud (or an cquivalent cloud) and spiral down through the rain/hail
shaft. The ice hydrometeors were gencerally positive, switching rather
abruptly to negative at lower altitudes when the hydrometeors were
entirely water; a significant charging mechanism associated with ice
hydromecteor melting is thus implied. Similar brief measurcments on
the MRE-USAERDL project in 1963 showed a more complex hydrometeor
charge evolution below the freczing level of clouds with warmer basecs
than the 1962 conditions.

Appendix [ is a paper by MacCready and Proudfit, "Solf—Charging of
Melting [ce', which describes laboratory measurements made to investi-
gate the phenomena suggested by the flight measurements. [ce pellets,
stmulating ice hydrometeors, were melted in a small wind tunnel. The
resulting charging of the initially uncharged samples was noted, Charging
occurred in a reproducible manncr, but it was of the opposite sign and
of lower magnitude than suggested by the flight measurements. Measure -
ments with real hail in 1963 agreed generally withthe results of the tests
on the simulated ice hydrometeors. The charging is apparently related
to the release of bubbles by melting hail., Hail typically has a great
density of bubbles. Hail with few bubbles showed smaller clectrification
cffects.

An earlier version of these two clectrification papers was presented at
the 1962 AGU mectings in Washington, D.C. The papers have been sepa-
rated, new data added, and gencrally revised, and the new versions have
been submitted to the Quarterly Journal of the Royal Metooro]ogical Society.
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9. Miscellaneous Related Reports.

The following published papers, prepared with major sponsorship
from this NSF grant, have previously been submitted to NSF.

A. Todd, C.J., 1960: Precipitation Initiation in Summer Cumulus
at Flagstaff, Arizona. Proc. 8th Weather Radar Conference,
San Francisco, April. For a series of unseeded, naturally
seeded, and dry ice seeded cumulus clouds at Flagstaff the radar
reflectivity at the time of the first detectable ccho was computed
by considering the rate of growth of crystals. This reflectivity
was then compared with that observed on the radar. The dry ice
seeded clouds showed a first echo in from 4 to 8 minutes of the
seeding.

B. MacCready, P.B., Jr., 1960: Equipment for Ficld Studies in
Cloud Physics. ISA Preprint 8-SF60, ISA Conference, San
Francisco, May. Items which were presented which relate to the
Flagstaff Cumulus Studies were: the whole-sky camera cloud
observation system, and the use of the instrumented light planec,
together with details of some of the instrumentation.

O

MacCready, P.B., Jr., 1961l: A Review of Small Cumulus Studies
and the Modification of Hail. Nubila, IV, N. 1, (International
Congress on the Physics of Clouds, Verona, August 1960). The
beginning of the Flagstaff{ Cumulus Studics is reviewed, a case of
electrification from seeding is described, and possibilities of
decreasing hail by seeding is discussed.

D. Todd, C.J., 1961: A Study of Cloud Composition. Proc. 9th Weather
Radar Conference, Kansas City, Mo., October. This paper described
the carliest version of the continuous particle sampler and presented
samples of its use in cumulus clouds.

19

MacCready, P.DB., Jr., 1962: The Continuous Particle Sampler at
the Puy de Dome Comparison Conference. Bull. Observatoire du

Puy de Dome, Paris, 1, 19-30. This paper was the result of an NSF -
sponsored trip by MacCready to France to compare the continuous
sampler with other droplet collecting and measuring devices. The
airborne version of the collector was adapted to ground use by having
a small wind tunnecl provide the rclative air motion. The study
provided data on the variability of cloud droplet spectra and gave
some first clues as to the calibration factors needed for converting
replica diameters to true droplet diameters.
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With the support of NSF, Todd and MacCready have participated in
the yearly Yellowstone Park winter seminars organized by Dr, V., 7,
Schacfer. Their activities there are reported in the reports by Schaefer
issued by the Atmospheric Sciences Rescarch Center, State University
of New York.

Report ff 1, ASC-SUNY, 1961, MacCready scction. Various droplet
cotlection techniques were investigated, with the result that subse-
quently the Schaefer Formvar method was adopted as the basis of
the continuous sampler. The effects of Old Faithful geyser eruptions
on the local potential gradient were studied; the local lowering of the
potential gradient was of a magnitude whick could be accounted for
by the induced-charge effect in the geyser liquid which ultimately
formed the plume, Charging of a simulated ice hydrometeor
moving throuph a supercooled cloud showed a strong temperature
dependence.

Report #5, ASC-SUNY, 1962, Todd Section. The testing and development
of the continuous sampler was continued, using different coating
techniques, Continuous replication at extremely cold temperatures
was obtained.

Report ##13, ASC-SUNY, 1962, Todd and Hindman section. The develop-
ment of the continuous sampler was carried still further, with
collection at temperatures as low as -43C. A pravity sctiling version
was tested and was used to get replicas of the particles coming down
from Old Faithful geyser cruptions (reported by IHindman in Appendix
G). Brief studies on condensation were conducted.

Two other papers by MacCready which were not associated with any
sponsored projects benefited from the existence of the NSE -supported
work. One was "Improving Thermal Soaring Flight Techniques", in the
July 1961 issuc of the Swiss Aero-Review. It considered ways of locating
thermals from sailplanes, by the understanding of thermal characteristics,
using forecasting and direct and indircct measurement techniques. The
other is a paper submitted to the Journal of Applied Meteorology titled
"Standardization of Gustiness Values for Aircraft'.. This describes the
use of the inertial subrange concept of turbulence to standardize turbulence
measuring and reporting, noting that aircraft gust loads come primarily
from eddies which, to a first approximation, f{it into the inertial subrange.
A preliminary reclation betwecen the inertial subrange turbulence intensity
parameter and the qualitative "feel' of the pilot (light, moderate, etc.)
was obtained {from records in the NSF-sponsored Flagstaff studies.
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The Flagstaff Cumulus Studies involved many separate but related
projects and not all could be pursued to the point where they justify a
formal report at this time. For completeness, several of such items
will be mentioned here,

Freezing nuclei measurements represented one facet of the program
which had to be minimized relative to other subjects which loomed as
more important. Freeczing nuclei counts were made (usually at -20C)
at the 10, 800-foot Doyle Saddle on 17 days during the 1959 program.
Crystal concentrations and time of appearance were made in a dual cold
box using the supercooled sugar solution technique. It was noted that
the nuclei counts frequently were large during the hours when heating of
the mountain slope caused convection currents from lower levels to reach
the Saddle area. The clean, non-upslope air showed nuclei counts
similar to average low values found elsewhere, of the order of 1 per 5 or
10 liters. Counts more than an order of magnitude higher (2 to 10 per
liter) appeared erratically in air moving up the slope. In subsequent
years some brief trials using the filter method of collection did not work
out because of limitations in the experimental technique as used. Visual
observations of clouds at Flagstaff showed that the natural nuclei count
there can be variable in both time and space.

Some quantitative effects of seeding are covered in Todd's paper with
this report, Qualitative effects of seeding were of course noted each
year, visually and by radar. The timing and location of the first radar
echoes were consistent with what one would expect considering cloud
growth rates and temperatures.. In clouds with any reasonable liquid
water content, say with moderate upcurrents and thickness of more than
5000 feet, a first radar echo would appear from dry ice seeding in 4 to
6 minutes if the cloud top was -8C to -12C. Seeding of somcewhat warmer
clouds produced echoes more slowly. Experience showed that the first
radar echo from naturally seeded clouds could be expected ahout 15
minutes after the cloud top passed the -17C to -20C level (generally
around 22, 000 - 24, 000 feet). Often large seeded clouds showed 'feathers
projecting up from their tops presumably due to localized excess buoyancy
from localized seeding.

The convective clouds would show significant unmixed regions with
the maximum theoretical liquid water content. Turbulence was gencrally
moderate in the clouds. Traverse data (liquid water content, vertical
velocity, temperature fluctuations) showed that, in small to moderate
cumulus clouds, volumes with homogeneous properties were on the order
of 1000 feet across.
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L. Instrumentation and Field Techniques

The Flagstaff Cumulus Studies have been based on thorough instru-
mentation of the natural outdoor laboratory afforded by the San Francisco
Peak area. Thus special radars, cameras, ground instruments, and
airborne mstrumentation had to be developed or adapted to this task,
Further, the operational techniques of utilizing these devices in a targe
coordinated field program had to be created, and methods of analysis
developed which could cope with the voluminous and complex data
generated. The instrumentation and its utilization in the field necessarily
constituted the most expensive part of the work reported here.

[nstrumentation methods and techniques of use are described to some
extent in the separate papers which are part of this report and in the
published papers submitted earlier to NSF, The system improved steadily
each ycar. The over-all measurement and data reduction-analysis system
in use in the last field season with NSF sponsorship (1962) (jointly with
USAERDL) is reviewed briefly in the MRI Final Report of the USAERDL
project (May 1963). The final system will be described in the torthcoming
(May 1964) Final Report on the USAERDL project; this will depict the final
stage of development of the ficld system which originated in the NSF-ARG
work and evolved considerably thercafter through the USAERDL project.

The main features of the measurement system {essentially the 1962
version used on the joint MRI-ARG Flagstaff project) will be reviewed here.

A most important factor is the instrumented light aircrafi. This is
flown in systematic patterns probing for particular factors: horizontal
traverses through thermals and clouds, vertical spirals up with the
thermal core imto cumulus clouds and thunderstorm cells, spirals down
through hail shafts, and other patterns. Even with the instrumentation
designed for minimum power requirements, it is necessary to install a
special high-ampere generator in the aircraft. Recording is by the analog
chart method, with all data going on a multichannel Brush recorder of
2 or 6 channels, When more channels are desired than are available on
the recorder, some of the variables are cycled to share a channel {each
variable repeated once per second). Event marks on the recorder chart
show the timing of a clock, of all radio and voice data transmissions, of
frames of the time-lapse camera looking forward at the clouds and flight
instruments, and of footage of the continuous particle sampler. The basic
variables recorded are altitude (via light follower potentiometer on a
standard mechanical altimeter, giving 1000 feet full scale), temperature
(thermistor in a vortex housing, multiscale bridge), turbulence (Universal
Turbulence Indicator operating on high frequency, longitudinal velocity
fluctuations in the inertial subrange), mixing ratio (MRI phosphorous

13



pentoxide electrolyzing unit), liquid water content {Johnson-Williams

hot wire system), infrared with a Barnes 8-12 i radiometer, and vertical
potential gradient and airplane charge (balanced double radioactive probe
sensors, operational amplifiers). Special variables (hydrometeor charge,
conductivity, space charge) are added as desired. A magnetic tape
recorder records all pertinent verbal information. A continuous particle
sampler collects cloud droplets and crystals. The aircraft is equipped
with an oil fog generator to make certain air motions visible. The aircraft
is linked to ground control by 123. 3 mc radios.

A Cessna 180 served as the main research aircraft in 1962, It would
operate regularly to 20,000 feet, and was used to above 23, 000 feet in
rising cells. A supercharged Aero-Commander was partially instrumented
and employed at heights to 27, 000 feet. The Aero-Commander was
equipped to seed by releasing large amounts of pre-crushed dry ice. Small
quantities of dry ice pellets were occasionally released by the Cessna 180.
Another Cessna 180 with USFS Fuqua<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>