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A Joint Hail Suppression Research 
Project carried out by ESSA, Colorado 
State University, and NCAR from early 
June to mid-August in northeast Color
ado gave researchers an opportunity to 
probe theoretical and practical ques
tions upon which successful hail control 
schemes will depend. The program was 
in part a realization of plans formulated 
at the First National Symposium on 
Hail Suppression in Dillon, Colorado in 
1965 to channel U.S. hail research into 
a common effort. Committees appoint
ed at the symposium submitted reports 
to the National Science Foundation in 
1967 suggesting guidelines for coopera
tive research, many of which influenced 
the course of this first summer program 
[1968],

A more immediate influence on the 
aims of the summer program was the 
recent disclosure of a successful hail 
suppression program in the USSR, in 
which artillery shells are fired into 
clouds to  prevent large hailstone 
growth. Soviet researchers under G. K. 
Sulakvelidze, Director of the High 
M ountain G eophysical In stitu te , 
Nalchik, have reported considerable re
duction of hail damage in areas under 
their protection. Sulakvelidze’s report, 
“Results of the Caucasus Anti-Hail Ex
pedition  of 1965” [available from 
NCAR in translation, and summarized 
in Facilities for Atmospheric Research, 
No. 4, Summer 1967], was received 
with great interest by American scien
tists. The theoretical model to explain
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hail growth, radar techniques for detect
ing the hail accumulation zone, and the 
unique method of seeding with artillery 
shells all appeared to be developments 
that U.S. research could not ignore.

Helmut K. Weickmann, Director of 
ESSA’s Atmospheric Physics and Chem
istry Laboratory in Boulder, Colorado, 
suggested the 1968 summer program, 
now planned to continue each summer 
for several more years. Topics under 
study include forecasting techniques, 
storm environment and cloud mapping, 
airborne mapping of the hailswath, 
radar reflectivity profiles, identification 
of the hail accumulation zone, cloud 
seeding evaluation techniques, and seed
ing delivery systems. Some of these 
topics pertain directly to features of the 
Russian technique; others pursue inde
pendent lines of American research. 
Some stud ies progressed well this 
summer, while some were not yet sched
uled, or were delayed by an unseasonal 
lack of hail activity.

Guy Goyer of NCAR’s Laboratory of 
Atmospheric Sciences [LAS] was coor
dinator for the summer project. Peter C. 
Sinclair, Assistant Professor of Atmo
spheric Science at CSU, co-chaired 
overall planning with Weickmann and 
Goyer, and directed CSU operations. 
Byron B. Phillips, Chief of ESSA’s At
mospheric Physics Branch, was also in
stru m en ta l in coordinating various 
phases of the project. Summer field 
headquarters were located at Raymer, 
Colorado, on the edge of the Pawnee 
National Grasslands. Crews from all 
three organizations were in the field 
from 10 June to 17 August, with some 
men on duty at all times. Radar crews 
began operations on 20 May and contin
ued seven days a week through mid- 
August. The three organizations opera
ted a total of five research aircraft, some 
on contract from private agencies. The 
Greeley, Colorado, Air National Guard 
donated ground radars, and the Fort 
Huachuca, Arizona, Army Meteorologi
cal Support Activity made twice-daily 
rawinsonde soundings from a site near 
Fort Collins to aid the forecast of prob
able hail conditions.

The NCAR Field Observing and 
Research Aviation Facilities supplied 
field equipment, instrumented aircraft, 
and technical and logistical assistance. 
FOF staff installed office and living 
trailers and cooperated with CSU and 
the Federal Communications Commis
sion in maintaining ground-to-ground 
and air-to-air radio communications. 
NCAR’s mobile laser unit, operated by 
LAS scientists, made high altitude 
measurements of atmospheric aerosol 
concentration, which on analysis may 
show a relation to hailstorm activity. 
Other LAS scientists conducted radar 
observations, ground based observations 
of hailfall, and cloud seeding studies. An 
NCAR Queen Air 80 provided several 
flights in support of the last of these.

Airborne Studies

In support of CSU hailstorm and 
thunderstorm model studies [funded 
under NSF grant] and as participants in

the joint program, several CSU instru
mented aircraft were used to obtain 
data near and within storm centers. A 
specially instrumented T-33 jet aircraft 
made upper level [8.5-12.8 km] mea
surements, including over thirty pene
trations of severe storms to obtain ver
tical and lateral velocity distributions 
and temperature data. Preliminary re
sults indicate relatively little turbulence 
outside the cloud, and maximum ver
tical and lateral motions of 20^-0 m/sec 
within the cloud. In addition, infrared 
radiometer and direct temperature mea
surements were made above and within 
the cloud anvil. These data are still be
ing analyzed, but appear to shed new 
light on some of the very low equivalent 
blackbody cloudtop temperatures made 
from satellites. Analysis of the upper 
cloud measurements will permit for the 
first time a quantitative picture of 
temperature and velocity structures 
within severe storms.

Lower level [surface to 4.6 km] mea
surements were made with instrumented

Infrared camera installation. [CSU photo]



Thermal image in the 8-13/u spectral pass band o f  hailswath in fields 40 mi ESE 
o f Cheyenne, Wyo., 19 July 1968. Darkest area is 3°C; brightest, 22°C. Note 1 mi 
section lines and alternate harvest-fallow strips. Image is formed similarly to 
TV raster. Detector is mercury-doped germanium cooled to 28°K. [ESSA, APCL photo]

North American T-6 research aircraft. 
Qualitative analysis of the data from 
these flights indicates that the updraft 
area can be mapped, and its time and 
space features defined much more pre
cisely than has previously been possible. 
Some cases suggest that the mass, heat, 
and moisture flux can be traced from 
cloud base to ground. When analyzed 
quantitatively these results will contri
bute to the description and theory of 
the lower cloud and sub-cloud regions. 
The final goal is to link the lower cloud 
analysis with that of the upper cloud 
region.

A third CSU aircraft was used to ob
tain more information on the areal 
coverage and volume concentration of 
the ground hailswath. An infrared cam
era system was developed and installed 
in one of the CSU Atmospheric Re
search Flight Facility aircraft. Flight 
tests over equivalent snow surfaces indi
cate that this system has sufficient reso
lution to delineate the hailswath surface 
area.

ESSA’s Research Flight Facility in 
Miami, Florida stationed a DC-6 air
craft, instrumented as a mesometeoro- 
logical observation and analysis system, 
at Buckley Air National Guard Base in 
Denver for a five week period from 
mid-June to 20 July. The aircraft, out
fitted with 10 and 5 cm PPI and 3 cm 
RHI radars, a doppler navigational sys
tem, and temperature, pressure, dew- 
point, liquid water content, electric 
field, and freezing and condensation 
nuclei measuring equipment, flew more 
than 70 research flight hours. The 
doppler navigational unit measured the 
wind velocity at flight altitude, from 
which the divergence and vorticity of 
the air flux, the water vapor influx into 
the storms, and the relative locations of 
inflow and outflow of hail and non-hail 
storms were determined. Aircraft radar, 
stereophotogrammetric analyses, and 
side-looking 35 mm cameras were used 
to study the mesostructure of hail and 
non-hail cells. Condensation and freez
ing nuclei concentrations were measured 
at flight altitudes near cloud base level.

On fair weather days when hail was 
unlikely, the DC-6 flew “hot spot” 
studies in conjunction with an H. R. B.

Singer Co. C-47 aircraft instrumented 
with an infrared staring radiometer and 
an infrared scanning radiometric system 
capable of reproducing the ground sur
face temperature field by photo-imaging 
techniques. In these maneuvers, the 
C^-7 followed the DC-6 flight path to 
allow correlating these remote measure
ments of the temperature field with sur
face topography and wind field mea
surements made from the DC-6. Radi
ometers and thermistors on the ground 
provided a check of the aircraft mea
surements. The surface temperature pro
files and correlated measurements are 
primarily useful to hailstorm research in 
indicating topographical features which 
produce significant convective motions 
aloft.

On hail days the radiometric equip
ment aboard the C-47 was used to map 
the hailswath from the air. The colder 
surface temperatures of hail-covered 
areas appear as dark patches on finished 
photo images. The feasibility of this 
new technique for hailswath mapping 
was strongly borne out by excellent air
craft observations of surface hailfalls. 
The combined staring and scanning 
radiometric techniques also permit an 
evaluation of the fraction of the surface 
area which is hail covered. Project scien

tists are confident that these techniques 
will be important assets to future hail 
research programs, and specifically to 
the analytical phase of hail suppression 
activities.

Lightning Studies

ESSA scientists used both airborne 
and ground measurements to analyze 
various features of the electrical activity 
of storms. Electric field measurements 
made during all DC-6 flights in the vicin
ity of hail and non-hail storms allowed a 
determination of the charge distribution 
and the frequency of lightning dis
charges. At the ground crossed-loop 
frame antennas were mounted to mea
sure the radiated electromagnetic signal 
from lightning discharges. These mea
surements show the azimuthal location 
of cloud-to-ground lightning discharges, 
and in turn can be correlated with the 
precipitation echo returns obtained on 
the NCAR radar.

Radar Studies

Robert Bushnell of NCAR’s LAS di
rected radar studies near Raymer, from

’_________________ |____________________ | Scale (km)
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Range height photograph o f  the radar echo from the 28 July storm. The echo is 
caused by precipitation only; the surrounding cloud has no echo. The sharp wall 
on the west [left] side is about 10 km high.

a summer installation normally used in 
conjunction with his hailstorm drop
sonde program The radar is a military 
M33 which Bushnell has modified in 
previous years to allow rapid gathering 
of a large mass of data during dropsonde 
soundings; the modifications proved 
equally useful to the joint project 
studies. The 34 mm wavelength tracking 
radar, equipped with a recorder for the 
automatic gain control voltage, was 
carefully calibrated for recording reflec
tivities on scans through selected storm 
cells. The 88 mm wavelength acquisition 
radar has a 3.66 m diam pencil beam 
antenna which Bushnell installed for im
proved resolution of storm structure. 
The antenna is servo-positioned to allow 
scanning for plan position and range- 
-height displays, and for pointing at par
ticular echoes.

Radar crews worked in two shifts to 
make observations from the time cloud 
echoes appeared in the early afternoon, 
until late in the evening, seven days a 
week. The total radar operation time 
was twice that in any previous summer 
of normal hail research at the Raymer 
site. Although storms were infrequent, 
good case history data were obtained 
for eight hailstorms. Thanks to the 
seven day observation schedule, a vio

lent Sunday evening storm on 28 July 
that produced 5 cm hail— one of the 
finest storms so far witnessed— was 
documented in detail by the M33.

Bushnell and other scientists are ap
plying the data to studies of the relation 
between precipitation reflectivity and 
hail occurrence at the ground; reflectiv
ity measured in height vs radiosonde air 
temperature profiles; and the location 
of the hail accumulation zone according 
to the Russian model. Bushnell has 
devoted most attention so far to anal
ysis of the 28 July storm, but considers 
the seven other storms potentially val
uable for study. Robert E. Fisher, a 
graduate student at CSU, is studying the 
difference in radar reflectivity at 34 and 
88 mm to determine whether simultane
ous measurements at two wavelengths 
give a measure of hail size, as suggested 
by theory and prominently set forth by 
the Russians.

In early September project scientists 
had an opportunity to discuss hailstorm 
radar interpretations with Sulakvelidze, 
who visited NCAR briefly following the 
Toronto International Cloud Physics 
Conference. These discussions helped to 
clarify several points about detection of 
the hail accumulation zone, methods of 
radar calibration, and techniques to de

termine hail size prior to firing seeding 
agents.

Other Ground Operations

Ground crews at Raymer measured 
ice and condensation nuclei counts daily 
for the entire summer, tallying the fig
ures for rain, hail, and clear days. Analy
sis of these data and comparison with 
data from rawinsonde soundings over 
Fort Collins will hopefully suggest im
proved hail forecasting methods for 
future operations. The crews also chased 
hailstorms in radio dispatched trucks to 
map the hailswath and to collect hail 
samples for laboratory analysis. A full
time M33 radar observer routed the 
crews to likely hail areas. Unfortunate
ly, the mild hailstorm season deprived 
the crews of good hail catches; in most 
cases only small stones were found. 
Field mapping of the hailswath did, 
however, provide useful evidence to vali
date the airborne radiometric mapping 
technique under trial.

Rural residents in the hail study area 
were also an important source of infor
mation on hail activity. CSU scientists 
mailed 10,000 questionnaires to ranch
ers and farmers in northeast Colorado, 
southeast Wyoming, and western Kansas 
and Nebraska, requesting estimates of 
hail size, amount, and damage. This 
method gives excellent coverage of areas 
larger than mobile observer units can 
patrol, and promises to remain an effec
tive technique.

In future hail control areas a network 
of unattended hail monitoring devices 
will also be needed to aid field crews in 
the collection of hail specimens and 
hailfall data. With this in mind ESSA 
technicians have designed a simple, low 
cost hail catcher with a refrigerated 
compartment for hail storage. A burlap 
cone, permeable to rain water, funnels 
the stones into a cloth bag suspended 
next to a dry ice chamber. Seventy-five 
hail catchers, with separate raingages 
attached, were spaced at one-half mile 
[800 m] intervals along a north-south 
line in the study area, to provide infor
mation on hail occurrence and se
quence, and the relative abundance of

5



rain and hail, and to preserve hailstones 
for subsequent microscopic analysis. 
Minor improvements in the devices will 
be made before next summer.

At NCAR, Stig Rossby, Arden Buck, 
and Alan Owens have recently built an 
electronic hail pad to obtain informa
tion on hail arriving at the ground by 
recording impact data on a tape record
er. The pad’s sensing element is an elec
trically shielded rubber sheet attached 
to a heavy phenolic base. In response to 
a shock, the rubber produces a momen
tary voltage change. The voltage is trans
formed into a tone burst proportional in 
length to the original impact energy. 
The hail pad can indicate time of hail, 
number density per unit time, and im
pact energy. A pyramidal structure of 
three to four pads with different oper
ating frequencies, used instead of a 
single flat pad, would enable sensing the 
hail’s direction of arrival as well. Pend
ing the results of field tests, Rossby’s 
group will attempt to make the device 
reliable and inexpensive enough for 
mass field use.

Cloud Seeding Systems

American researchers agree that artil
lery or rocket delivery of the cloud 
seeding agent into the proper tempera
ture zone of the hail cloud is probably 
more effective than relying on natural 
convection processes to carry the seed
ing nuclei into clouds from ground or 
aircraft generators. In many instances, 
in fact, only a few minutes are available 
after radar detection of the hail accumu
lation zone to seed the cloud in time to 
retard large hail growth. Joint project 
scientists are pursuing several possibili
ties for rapid and effective delivery of 
seeding agents. Preliminary negotiations 
have begun with the U.S. Army for 
development of a non-hazardous, totally 
frangible artillery shell, and engineers at 
both CSU and NCAR are working on

Hail pad designed by NCAR Design and Prototype Development Facility. aircraft-released rockets for use in
future stages of the joint project.

The CSU rocket development pro
gram, headed by Sinclair, comprises the 
backbone of CSU’s contribution to the
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/ /  joint project, and is supported by a two 
year National Science Foundation grant. 
Universal Propulsion Co. of Riverside, 
California is manufacturing the rocket 
according to the CSU design; it carries a 
500 gm payload exploded at the target 
by a highly exothermic reaction which 
bursts the rocket and yields lead iodide 
seeding vapors as a reaction product. 
The pyrotechnic creation of iodides is 
practical with a wide range of formula
tions that can be precisely tailored to 
consume all reactants and to create the 
desired degree of dispersion. The re
sidual hardware, weighing only 0.75 lb 
[310 gm] after exhaustion of the pro
pellant, consists of the motor unit and a 
thin-walled phenolic tube housing the 
m oto r and payload. The explosion 
should burst this hardware into several 
small pieces or deform it to a high-drag, 
low-mass body that should strike the 
ground with less force than a large 
hailstone.

Recent flight tests over the Mojave 
Desert showed that the rocket can be

I  launched safely and along a trajectory
parallel to the aircraft heading. It attains 
a speed of Mach 3 within 2500 ft 
[760 m] of the launch point, and has a 
range of 1-6 mi [1.6-9.6 km ], depend
ing on the time delay of the pyrotechnic 
fuse. In seeding tests rockets will be 
fired into the hail cell from about 3 mi 
[5 km] away. Sinclair is optimistic 
abou t the effectiveness of aircraft- 
launched seeding rockets, which should 
enable a seeding team to cover 50,000 
sq km, compared to 400-500 sq km 
using similar ground based units.

NCAR’s Design and Prototype Devel
opm ent F ac ility , headed by Stig 
Rossby, is currently evaluating a stan
dard 2.75 in. [70 mm] Folding Fin Air
craft Rocket which could be outfitted 
with cloud seeding nose cones. The 
FFAR, or “Mighty Mouse,” is a reliable 
and inexpensive fin-stabilized rocket de
veloped during World War II. It provides 
stable flight with little demand on 
m anufactu ring  precision. Scientists

C could attach to the motor unit nose 
cones containing seeding agents or sens
ing instruments. Before large invest
ments are made in developing frangible

CSU cloud seeding rockets with wing mounted launch pod on 
Lockheed T-33 jet aircraft. Each rocket weighs 2 lb [900 gm] 
before launch, reducing to 1.25 lb [570 gm] within 2 sec through 
consumption o f  propellant. Launch is by electrical ignition 
on pilot’s command. Rocket nozzles produce spin force to 
stabilize flight. [CSU photo]

rockets, experiments with prototype 
models must show the general effective
ness of rocket seeding. Tests must deter
m ine, for example, whether point- 
source ejection of silver iodide from a 
star burst, or line-source emission from 
a jet or nozzle would seed more effec
tively. Rossby surmises that the latter 
would be simpler and cheaper to 
develop.

Field testing of the CSU rocket in the 
hail area, planned to start in 1969, will 
provide an opportunity to examine the 
remaining basic questions about seeding. 
For example, the threshold concentra
tion of injected nuclei needed to trigger 
precipitation must be determine'd, and 
cold and warm seeding of cumulus 
clouds with equal seeding agent concen
trations must be compared. In these ex
periments radar will be used to monitor

the time between the first seeding and 
the first echo; it will also measure the 
rate of echo growth, while visual esti
mates trace the growth of the cloud 
tops.

The first phase of study has made it 
clear that as the joint project continues 
to unfold, the science and technology of 
hail suppression will advance together. 
As the mutual progress of rocket 
systems development and cloud seeding 
studies indicates, new technological aids 
illuminate theoretical problems, and 
theoretical advances in turn suggest new 
technological requirements. Participants 
in the project are enthusiastic about the 
fresh viewpoints and diverse skills gain
ed through collaboration, and feel confi
dent that through cooperative programs 
U.S. hail research will make substantial 
progress. •
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D a t a  O u tp u t  T e c h n iq u e s  fo r  
G lo b a l  M o d e l in g

The NCAR model divides the globe into 
5° latitude-longitude grids, with 
two or six vertical layers. Changes in 
?nany variables at each grid point are 
computed according to physical principles 
governing atmospheric behavior. Movies 
assembled from plotted maps show the 
emergence, movement and decay o f  
weather patterns. The model predicts 
weather several days in advance, given 
adequate initial data.

A group of meteorologists and mathe
maticians at NCAR has been working 
for several years on a numerical model 
to simulate the general circulation of 
the earth’s atmosphere. It is one of sev
eral groups in the U.S. and abroad ex
perimenting with computer models with 
the common aim of forecasting weather 
for extended periods. Though forced to 
rely on many simplifying approxima
tions, computer models represent a 
great advance in the scientific under
standing of the atmosphere’s enormous
ly complex processes. At the same time 
they represent one of the greatest chal
lenges to all that modern computer 
technology can offer. If present hopes 
are borne out, models may in a few de
cades be able to provide two weeks’ ad
vance weather forecasts; these hopes 
underlie an increasing shift of emphasis 
in modern meteorology. Both scientific 
analysis and computer development 
must continue to progress to realize 
present expectations.

Most atmospheric models owe their 
inspiration and some of their details to 
the pioneering work of the English 
meteorologist L. F. Richardson some 50 
years ago. Though computers as such 
were unknown to him, Richardson de
veloped the basic principles which now 
enable computers to simulate the weath
er in a series of repetitive numerical 
integrations. The NCAR general circula
tion model uses the basic hydrodynamic 
and thermodynamic equations by which 
Richardson gave mathematical defini
tion to atmospheric processes, with 
adaptations according to more recent 
knowledge. The model is designed to be 
enlarged stepwise, accommodating an

increasing degree of detail as new fac
tors become known. Without forsaking 
its general applicability to weather pre
diction, the model also serves as a flex
ible research tool for scientists to test 
new hypotheses and to study specific 
interactions.

Influences on atmospheric motions, 
such as solar energy input, seasonal 
changes, earth surface topography, 
ocean areas, and a host of lesser effects, 
all require mathematical definition, inte
gration into the basic scheme of the 
model, and lengthy computational oper
ations. Thus, the difficulty of supplying 
input data and managing computed out
put data grows in proportion to the 
model’s complexity and sophistication.

Data Requirements

The ability of models to forecast 
actual weather conditions several days 
ahead is presently hindered by a lack of 
sufficient initial-state data. Without 
comprehensive worldwide data for a 
given moment in time, the model’s 
equations cannot accurately predict 
future weather events. Plans for global 
scale programs, such as the World 
Weather Watch and the Global Atmo
spheric Research Program, are to a large 
extent motivated by the need to remedy 
this lack of data.

Managing the massive output of data 
generated by an atmospheric model is 
an equally important though perhaps 
less awesome problem, lying within the 
realm of computer techniques. During 
calculations of the general circulation 
model on the NCAR Control Data
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6600, the computer core memory and 
its supplemental storage memories must 
hold 1 /2 to 1 million pieces of informa
tion and about 12,000 arithmetic and 
logic instructions. The computer must 
perform about 100 floating arithmetic 
operations for every time step at each of 
the model’s grid points, located at 5° 
latitude and longitude intersections. Re
sulting from these manipulations is a 
vast accumulation of output data— up 
to five sets of 38,000 numbers every 
minute— which not only exceeds the 
maximum storage capacity of the com
puter, but also has little meaning while 
in raw form. A vital step in computer 
modeling is thus to develop routines to 
reduce output data to manageable 
amounts and to present them in easily 
in te rp re ted  form. Akira Kasahara, 
Warren Washington, and others working 
on the model have been ably assisted in 
developing the necessary output rou
tines by members of the Computing 
F a c i l i ty  s ta ff , includ ing  David 
R obertson , Joyce Takamine, and 
Bernard O’Lear.

Case Histories

A simple and effective method used 
to reduce the bulk data output has been 
to save data only at some constant inter
val of time for the purpose of observing 
hourly or daily large scale atmospheric 
developments. This selection eliminates 
writing a data record on magnetic tape 
at every time step of the advancing 
model, but does not sacrifice the conti
nuity of the computer flow pattern. The 
data to be retained are collected on 
magnetic tapes and comprise a case his
tory of the experiment. Should data for 
a given variable be required for interme
diate time intervals, they can be approx
imated with sufficient accuracy by in
terpolating between the case history 
data sets.

Cathode Ray Tube Recording

Although it is possible to print out a 
large amount of numbers in a short 
time, it is practically impossible for the

A. Cylindrica l equal-spaced pro jection

scientist to digest the results and judge 
his experiment without resort to graphic 
displays. At NCAR, the output data 
processing is aided by a cathode ray 
tube [CRT] microfilm recorder called 
the Data Display 80 [dd80]. Like other 
output devices, such as magnetic tape 
units, high speed printers, or card 
punchers, the dd80 is an integral part of 
the computer’s peripheral equipment, 
and is controlled by programmed rou
tines. Grid point data resulting from the 
model’s calculations are analyzed by the 
computer and plotted on the dd80 
scope as graphic contour lines overlying 
various map projections. The map pro
jections are also generated by computer 
programs. The dd80 scope, similar to an 
oscilloscope, is enclosed in a light-tight 
box with a 35 mm camera. The camera 
film records all images appearing on the 
face of the scope, and is advanced frame 
by frame by instructions from the com
puter. The exposed film strip is devel
oped by an automatic film processor 
which currently handles a work load of 
200,000-300,000 frames per month. 
Completed film strips may be examined 
directly and individual frames converted 
to hard copy on a microfilm reader- 
printer, or they may be processed into 
motion pictures showing the evolution 
of the flow patterns over a short time. 
Fred Walden of the Computing Facility 
has handled many problems connected 
with processing film from the dd80 and 
with preparing film strips for conversion 
to motion pictures.

B. Polar equidis tant pro jection

C. Orthographic pro jection

Map projections are o f  three main types, 
shown above. Data from the model are 
contoured onto A without transformation; 
trigonometric formulas transform the 
data to appropriate coordinate systems 
for B and C before contour plotting.
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M E T H O D S  OF C O N T O U R  ANALYSIS
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Cell-at-a-time method. Comparison o f  the corner values o f  a 
cell with the value o f  the contour to be plotted determines 
how the contour traverses the cell. Values above contour 
value are plus; values below are minus; values equal to 
contour value are taken as plus. Line types for various 
combinations o f  corner conditions are shown at left. Ambiguous 
cases [o and p at right] are assigned arbitrarily but in a 
consistent manner.

Single contour method. The boundaries and interior o f  the 
Zu  field [ 1-5] are scanned to locate the contour starting 
point, which must be between adjacent points above and 
below its own value. The upper value is now used as a 
control point from which the program probes surrounding 
points. I f  a point is below the contour value, the contour 
line must pass between it and the control point, and the 
exact location is then determined by interpolation. The probe 
continues to swing in clockwise direction until the point 
above the contour value is found. This point becomes the 
new control point, and the process is repeated. I f  the 
contour began on the field boundary, it must eventually 
end on the boundary; i f  it began within the field, 
it must close on itself.

Methods of Contour Analysis

Contour lines, connecting points of 
equal value on a surface, are the most 
convenient graphic form for the output 
data, since they show in weather map 
format how regions of equal pressure, 
temperature, and other variables are sit
uated and move over the globe. Fields 
to be contoured are usually in the form 
Zj j with i and j defining the spatial posi
tion of each value Z. Two basic contour
ing schemes are used. In one method the 
computer program traces all contours 
within each cell of a subdivided array 
before moving to a new cell; in the 
other method the program traces each 
contour from beginning to end. In the

first, cell-at-a-time method, a contour 
segment is determined to be present in a 
cell if values above and below its own 
value are present. By testing the corner 
points of each cell, the program can de
duce from a logical array of 16 possibili
ties whether the contour segment tra
verses that cell, and in what direction. 
While this method is simple and fast, it 
repeats many plotter instructions, and is 
somewhat cumbersome with some coor
dinate systems.

In the single contour method each 
successive segment of the contour is lo
cated by searching with a “feeler” to 
surrounding points for values above and 
below the contour value. The contour 
must then pass between these points.

This scheme makes more streamlined 
use of the plotter, but requires more 
computer logic.

Motion Pictures

Motion pictures have a value analo
gous to that of satellite motion pictures 
of global weather in heightening the 
viewer’s intuitive grasp of constantly 
changing processes. They show in con
tinuous evolution what piecemeal views 
can never quite depict. Thus, in addition 
to containing a great deal of quantita
tive information in a convenient format, 
films supply information beyond the 
purely analytical.
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The first step in making black and 
white movies is to subject data from the 
case history tapes to time and space 
smoothing in order to eliminate small or 
rapidly changing features which would 
muddle the pictorial flow of more essen
tial features. The global model group 
has experimented with many combina
tions of factors to derive suitable formu
las for this purpose. After the smooth
ing calculations are completed, the data 
are plotted on the dd80 scope along 
with a desired map projection. The con
secutive 35 mm frames are now printed 
over a time interval corresponding to 
several days of real time, and finally 
they are reduced to 16 mm movie film.

Color movies afford still greater clar
ity of presentation and the addition of 
more information. They are particularly 
advantageous in illustrating simulta
neously the patterns of different vari
ables for comparison. The color films 
are easily produced as a by-product of 
the black and white film process. The 
method is analogous to that of color 
separation used in conventional print
ing. First, a film strip is assembled with 
alternate frames for each feature that is 
to have a different color in the final 
film. Next, the black and white film

strip is re-shot, using special color filters 
for each color. Alternate frames, now in 
color, are superimposed, and a master 
color negative is printed onto 16 mm 
film. For example, to make the film of 
sea level pressure superimposed on an 
orthographic map projection [a single 
frame of which is shown on the cover], 
black and white frames are made with 
the map projection and continent out
lines alternating with the sea level con
tours. This film is run twice through a 
special effects optical film printer, a 
blue filter exposing the map projection 
and continent outlines on the first pass, 
and a yellow filter exposing the sea level 
pressure contours on the second pass.

A recent improvement in these color 
films has been to include cloud regions. 
Clouds indicate not only the relation
ship of upward motion to horizontal 
large scale weather patterns, but also 
imply areas of release of large amounts 
of heat energy. The clouds are printed 
during the color filter processing runs 
by allowing unfiltered light to expose 
those areas of the output display that 
indicate strong upward motion and high 
moisture content. As the cover photo
graph shows, they appear as patches of 
white on the finished color film, and

show a good correlation to the large 
scale computed weather patterns.

Further Needs

The color movies have proved to be 
extremely effective study tools and owe 
their excellence to a great deal of inge
nuity by the Computing Facility staff. 
Washington points out, however, that 
movie production using superimposed 
colors falls short of what would be 
possible if the cathode ray scope could 
plot directly in color. This would, for 
example, eliminate the appearance of 
white line segments wherever two colors 
overlap— a drawback of the present 
method. Washington and Kasahara hope 
that a color plotting cathode ray device 
will become available in the future. 
Another valuable innovation would be 
the use of holography for graphic dis
plays, allowing realistic photography in 
three dimensions. If holographic tech
niques can be developed to reveal the 
three-dimensional simulated structure of 
the atmosphere, the information con
tent of a single graphical display will be 
greatly increased.

A irc ra f t  Lost in R esea rch  M iss ion

With deep regret we announce the loss of one of our Queen Air 80 aircraft, with three persons aboard, during a 
research flight on 23 October 1968. At the time of the aircraft’s disappearance it was flying research patterns over 
Lake Superior in support of a University of Wisconsin project to measure lake surface temperatures by infrared 
radiometry. An intensive eight-day search, organized by the Coast Guard Search and Rescue Service in Cleveland, 
with the participation of Coast Guard, Air Force, Civil Air Patrol, and NCAR aircraft, Coast Guard cutters, and 
numerous small boats, was unable to find evidence of survivors or to locate the missing plane. Aboard were: 
Robert C. Carew, NCAR pilot; Gordon E. Jones, pilot for Combs Aircraft, Inc., Denver, flying under contract to 
NCAR; and V. Krishna Menon, University of Wisconsin graduate student conducting the airborne measurements. 
Efforts are continuing to locate and recover the aircraft, and the National Transportation Safety Board has begun 
an investigation of all aspects of the accident.

We wish to take this opportunity to thank the many agencies and individuals who assisted in the search for the 
missing aircraft, and to express, on behalf of all those in the atmospheric science community with whom we 
work, our intense sympathy to the families of those who were lost.

John W. Hinkelman, Jr., Manager 
Research Aviation Facility
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S id e -L o o k in g  R a d a r p 3̂

Radar probing through a thunder
storm squall line during aircraft passes 
parallel to the line constituted one of 
the first uses of the Research Aviation 
Facility’s new side-looking radar appara
tus. Frank Brunot, an engineer on the 
Facility staff, adapted the apparatus 
from an off-the-shelf RCA AVQ-55 
radar, a type frequently used in light 
twin aircraft. To adapt the radar for 
sideways scanning, Brunot modified the 
indicator to increase the normal 120° 
forward sector sweep to a 360° sweep, 
and built an entirely new antenna unit. 
The original receiver, transmitter, and 
reflector dish were retained. The adapt
ed radar is mounted in the nose of a 
Queen Air 80 aircraft under a special 
fiberglass radome, manufactured by 
Cham berlain Engineering Corp. of 
Akron, Ohio.

The radar traces a 7° cone through a 
full circle in the vertical plane. Revolv
ing at a speed to overlap its path with 
each circular sweep, it probes a continu
ous cylindrical channel in the direction 
of the airplane’s flight. It transmits an 
X-band, 9375 MHz signal with 20 kW 
peak power pulse adapted for ranges of 
15, 30, and 45 mi. Used in conjunction 
with a doppler radar to determine exact

aircraft position, it will give cloud phy
sics researchers a much needed tool for 
studying the three-dimensional structure 
of clouds. It can also be used in con
junction with the Facility’s optical elec
trical particle size discriminator [see 
Facilities for Atmospheric Research, 
No. 6, September 1968], which deter
mines precipitation and droplet size 
spectra. By correlating the radar reflec
tivities from various spectra of droplet 
sizes, scientists will be able to under
stand precipitation processes in relation 
to cloud structures.

Brunot had begun to conceive some 
of the engineering principles necessary 
to build a side-looking radar before 
coming to NCAR. On joining the staff 
of the Research Aviation Facility, he 
collaborated on the final design with 
Edward N. Brown, who heads the Facili
ty ’s R esearch Engineering Services 
Group.

The Facility has acquired a second 
RCA AVQ-55 indicator and antenna 
which it will use unmodified on a sepa
rate aircraft to locate clouds of interest 
to the experimenter. [The Facility’s Ku- 
band Bendix RDR-100 radar is also suit
able for this purpose.] The aircraft 
carrying the side-looking radar will then

be able to fly into the designated area to 
perform detailed cloud analysis. Plans 
are also in progress to acquire and 
modify a C-band radar to the same side- 
looking capability. The C-band wave
length is less subject to attenuation by 
heavy precipitation and thus in most 
instances has a greater range. This char
acteristic will suit it for use on NCAR’s 
Sabreliner jet research aircraft, recently 
delivered by North American Aviation, 
Inc. •
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A e r i a l  
S e a rc h  

f o r  
H id d e n  

T o rn a d ic  
T u b e s

On 14 June 1968 an NCAR Queen 
Air 80 and an Air Force B-57 of the 
DSAS Squadron based at Hill Air Force 
Base, Utah rendezvoused in the sky east 
of Wichita, Kansas. The purpose was to 
probe with chaff and airborne radar for 
tornadic vortices buried in the clouds 
developing on the southwestern flank of 
a severe squall-line thunderstorm. The 
role of the B-57 was to drop X-band 
chaff, at the rate of about 900 lb/min, 
into the suspected clouds from an alti
tude of about 20,000 ft, while the 
Queen Air flew a track parallel to the 
cloud line to observe the clouds and 
chaff with a side-looking [RHI] X-band 
airborne radar. The radar employed was 
an AVQ-55 with a novel mounting and 
rotation of its antenna about the air
craft’s longitudinal axis.

The feasibility of the method had 
been established only a few days before 
in tests over the Great Salt Lake, after 
m onths o f testing several airborne 
radars. An experimental drop into cu
mulus clouds showed that the chaff 
came in “loud and clear,” while only 
those cumuli developing into the thun
derstorm stage were perceptible on the 
scope. Thus the method promised clear 
registration of chaff patterns in tornado

searches.
The experiments were part of a pro

gram conducted by Fred C. Bates of 
Saint Louis University, in cooperation 
with NCAR and the U.S. Air Force, to 
test one hypothesis for the violent tur
bulence that often endangers aircraft in 
the vicinity of thunderstorms. Conspicu
ous aspects of this turbulence are the 
surprisingly large distances from the 
radar echo of the thunderstorm at 
which it has been experienced, and its 
extraordinary violence. From observa
tions of tornadoes located under cumu
lus congestus clouds at distances from 
10-20 mi from the related thunder
storms, Bates pointed out the hazardous 
nature of such storms to aviation as 
early as 1962. In National Science 
Foundation supported flight operations 
near Otis, Kansas in July 1961, and 
again in studies near Follett, Texas in 
June 1962, Bates depicted tornadoes 
throughout their life cycles using both 
still and motion picture photography 
from aircraft. During these flights he 
also studied the related clouds and 
storms in detail. On the basis of these 
well documented observations, Bates 
has traced the probable causes of several 
aircraft accidents in recent years to

tornadoes or their “cousins”— funnels 
a lo ft, and invisible or embedded 
tornadic “tubes.” At the same time, 
Bates’ observations and studies have sug
gested an interesting hypothesis to ex
plain the generation and structure of 
these violent storms.

Tornado Development

The tornado observations pointed to 
the frequent location of the storms 
under lines of cumuli extending from, 
and often on a common base with, in
tense thunderstorms which were fre
quently in squall lines. It was also appar
ent that these lines tend to extend into 
the storm-relative wind in the lower and 
middle troposphere. While an NCAR 
visitor during the summer of 1966, 
Bates made airborne studies of thunder- 
s to rm s  in w estern Kansas and 
Oklahoma, and found this up-relative- 
wind region to be favorable for cumu- 
lus-line formation and new storm forma
tion— even for storms of moderate 
intensity in regions of modest vertical 
wind-speed shear. Other investigators, 
including Chester W. Newton at NCAR, 
had also found this region to be favor
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Typical radar patterns o f  hazardous flank. Cloud storm complex viewed by 
ground radar with 0.5° tilt.

able for the formation of new thunder
storms in squall lines.

Bates explains that on the up-relative- 
wind flank of the mature thunderstorm, 
which stands more or less erect and 
blocks the wind flow, favorable drag in
terference between the storm and the 
first cumulus on its flank reduces the 
wind effect, permitting the cumulus to 
stand more erect and to develop. The 
same effect permits successive cumuli to 
form in a line into the relative wind. 
Elsewhere around the thunderstorm, 
however, wind-speed shear suppresses 
cum ulus formation by forcing the 
young cumuli to slope sharply, and to 
undergo aggravated entrainment effects.

Bates reasons that when the cumuli in 
the line slope in such a way that their 
updrafts interconnect and then connect 
to the blocking thunderstorm aloft, the 
birth of tornadoes, or their “cousins,” 
begins. The thunderstorm does not dif
ferentiate between this alternate duct
work and its own updraft below the 
level of connection. Hence it exacts 
from the ductwork the same mass rate

of flow per unit area. Unable to supply 
this flow due to the much weaker up
drafts of the cumuli, the ductwork near 
the thunderstorm connection experi
ences an increasing mass deficiency and 
pressure reduction, resulting in a radial 
inflow. Since the updrafts of the cumuli 
will have at least a slight rotation [due 
to conserved moment of momentum of 
air parcels drawn in at their base], rota
tion will continue in the radial inflow 
and, finally, the core of the connected 
tube will draw down to a violently ro
tating tube. As this process then blocks 
further radial inflow in some segment 
near the storm connection, the process 
repeats downward and outward in the 
heart of the updraft ductwork, or mani
fold, of the cumuli. If it continues long 
enough and with sufficient intensity, 
the tornadic tubes evolve downward to 
the surface below the cumulus bases. 
Their presence can often be detected 
visually from below only as surface dust 
whirls [or water swirls over a marine 
surface, as Paul Kadlec of Eastern Air
lines has pointed o u t]. Under other

tornadic tubes the central pressure re
duction may be sufficient to form fun
nels aloft, and under a few— rarely 
more than two at a given time— fully 
developed tornadoes may appear. Bates 
has estimated that for every such occur
rence that produces an observed and re
ported tornado there must be ten or 
more that do not, and that for every 
observed and reported tornado there 
may be as many as one hundred 
“cousins.”

Hazard to Aircraft

While the vast majority of these 
“cousins” present no danger at the 
ground surface, an uncomfortably large 
number can be of life and death impor
tance to aviation. Bates’ observations 
have indicated that there is little to 
warn a pilot of an imminent encounter 
with one of these tubes. Except at low 
levels, the cumulus clouds in which the 
tubes are embedded are not detectable 
on radar. In fact, as Bates showed with
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FLA N K IN G  LINE
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C-band radar observations in the flights 
over Follett, Texas, even a fully devel
oped tornado funnel is not visible on an 
airborne radar. Continuing development 
of the cumuli in the line hides the dan
ger from view; as photographs show, no 
associated lightning or precipitation 
identifies the location of the tubes. 
And, as the Texas flights and observa
tions by other airborne observers near 
tornadoes confirm, the turbulence in 
the vicinity of the tube, to as close as 
one-half mile, is no more than light to 
moderate. In short, without prior know
ledge of this phenomenon and skillful 
use of suggested avoidance procedures, 
any pilot is a candidate for catastrophe 
in flights around thunderstorms.

At least one p ilo t— Capt. Mel 
French of Eastern Airlines— has come 
back from such an encounter and inde
pendently deduced that he had flown 
through a tornado. Flying in a DC-8 
southw est o f H ouston, Texas in 
November 1963, French encountered a 
tube between 18,000 and 20,000 ft 
about 9 mi north of the radar echo 
boundary of a squall-line thunderstorm. 
At the time of the encounter he was in 
cloud, having flown “into an arch of 
cloud between two cells” in an area of 
north to northeasterly winds in the 
lower troposphere. Bates has studied 
this episode and agrees that it represents 
an authentic tornado encounter.

Practical Studies Needed

While well supported with observa
tions outside clouds, Bates’ hypothesis 
contains several theoretically arguable 
points, such as the plausibility of inter
connecting vortices. He feels, however, 
that the due course of scientific certifi
cation, which often forces new theory 
to wait years for final acceptance or 
rejection, must to an extent compro
mise with the necessity for practical 
advice to aviation. In view of the lack of 
any reasonable and more or less com
plete meteorological explanation for 
extreme turbulence near thunderstorms, 
direct probing for embedded tornadic 
tubes with chaff and radar seems to 
Bates to be a valid and informative

Schematic view o f  the hazard in the flanking line.

Graphic concepts courtesy o f  F. C. Bates.

A “black triangle” defines the region o f  danger to aircraft near the 
flanking line.
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Kzew o f  mammatus on underside o f  
anvil to north o f tornado-producing 
squall-line thunderstorm east o f  
Wichita, Kansas during 14 June 
operation. Queen Air was at
16.000 ft; side-looking radar 
estimated the clouds to be
26.000 ft, lowering to 20,000 f t  
in center o f  frame.

approach. Through the detection and 
mapping of such tubes by this method, 
aviation can be confidently alerted to 
the existence and location of the haz
ard, even though further testing may be 
required  to substantiate details of 
theory.

N CAR Assistance

The 14 June flight was Bates’ first 
attempt to pursue this approach, arid his 
only opportunity during the past sum
mer. In this operation, piloted by 
Robert J. Foltz, Bates rode in the 
Queen Air as “bird dog” to locate the 
right area for the B-57 chaff drop. After 
locating the first storm activity about 
40 mi northeast of Wichita, Bates called 
the drop ship from Buckley Air Na
tional Guard Base, Denver, while con
tinuing to patrol at about 16,000 ft to 
the west of the associated flanking cu
mulus line. The B-57 was close in as a 
tornado occurred just under the clouds 
to the east, at Augusta, Kansas. The 
final stage of the operation— radar 
tracking of the chaff— was unfortu
nately flawed, either by an incompati
bility in radio communications or by

the unusually rapid dispersal of the 
chaff, which failed to appear on the 
radar. Since the two aircraft were not in 
visual contact at the time of the drop, 
the former seems likely.

The flight did, however, prove the 
feasibility of essential operational proce
dures. It showed that aircraft may be 
fairly easily vectored to the vicinity of 
significant storms from bases as far as 
500 mi away during an operating day. 
Aircraft on location before and during 
storms can accomplish remote sensing 
of the storms safely and from close 
range vantage points inaccessible to 
other observing methods. Since the 
cumuli in the flanking line produced no 
echoes on the side-looking AVQ-55 
radar, chaff inserted into such clouds 
should be readily detected, given 
successful coordination between the 
observer and drop ships.

The cloud and radar photographs 
obtained in the flight also constituted a 
unique set of observations of the 
tornado-producing storm and cloud 
com plex. These included a three- 
dimensional reconstruction of the storm 
radar volume from RHI slices with 
associated photographs, and still and 
motion pictures of profuse and exten

sive mamma on the underside of the 
“wet” fas confirmed by radar] anvil of 
the thunderstorm.

During the next storm season Bates 
hopes to use the Research Aviation Fa
cility’s Sabreliner jet as both a drop and 
radar ship for several operations. He 
plans to use a chaff package that will 
delay dispersion until it is well into the 
cumuli. The evidence of tornadic tubes 
embedded in the clouds should reveal 
itself both in axial transport of the chaff 
upward and laterally in the tubes and in 
patterns in the RHI plane. The test 
would be considered negative if chaff 
patterns show no difference in compari
son with drops into innocuous cumuli 
of similar vertical development.

Bates also hopes that aviation and 
aviation safety agencies may join efforts 
in the near future to take full advantage 
of aircraft capability in the observation 
of these storms. He suggested this in a 
presentation to the annual Corporate 
Aviation Safety Seminar of the Flight 
Safety Foundation in Chicago last May, 
pointing out the unusual capability in 
airborne meteorological research that 
has developed within NCAR, and 
NCAR’s policy of encouraging coopera
tive research efforts. •

16



c

Field operations in Florida State Uni
versity’s 1968 Barbados Experiment cul
minated several years of scientific, logis
tics, and organizational planning by the 
FSU meteorological staff and many sup
porting agencies that participated in the 
experiment. During June, July, August, 
and part of September, scientists and 
technicians [from FSU, ESSA, the 
Army, Navy, Air Force and Coast 
Guard, private contractors, universities 
engaged in support or parallel research, 
and NCAR] worked to gather data on 
many levels of atmospheric behavior 
vital to an understanding of tropical me
teorological processes. Funding for the 
experiment was supplied by the U.S. 
Army Electronics Command, Fort 
Monmouth, New Jersey; ESSA; the 
National Science Foundation; the U.S. 
Forest Service; and the State of Florida 
through FSU. The Barbados Govern
ment, the Barbados Meteorological Ser
vice, and the recently formed Institute

for Tropical Meteorology, also gave 
monetary or practical assistance.

FSU professor Michael Garstang 
planned and directed the experiment. In 
the Bulletin o f  the American Meteor
ological Society, June 1968, Garstang 
and his colleague, Noel E. La Seur, 
describe the fundamental concepts and 
operational aspects of the experiment. 
They n o te  in  particular that me
teorological processes in the tropics 
must be studied simultaneously over a 
wide range of space and time scales, 
from microscale processes to distur
bances extending over hundreds of kilo
meters. Prior experiments by Garstang 
and La Seur in 1957 and 1963, as well 
as a number of studies by other work
ers, have made it clear that small scale 
events exert far more influence on larger 
scale weather patterns in the tropics 
than they do at mid-latitudes. Most 
major features of the tropical atmo
sphere, including the trade winds, the

T h e  
1968
B a r b a d o s
E x p e r im e n t
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equatorial trough, and hurricanes, must 
be understood within the framework of 
interacting space and time scales.

These interactions are due fundamen
tally to the absorption of a large frac
tion of the incoming solar energy by the 
tropical oceans, which become the pri
mary energy source for the atmosphere 
as a whole. Energy stored in the tropical 
oceans is transferred across the sea-air 
interface into the lowest layer of the at
mosphere through small scale turbulent 
processes, and higher into the atmo
sphere by convective and mesoscale 
processes and the convective clouds 
themselves. These processes are organiz
ed by larger scale, or “synoptic” scale 
influences, which in turn are important 
in transferring energy to higher lati
tudes. Unless field experiments clarify 
these inter-scale relationships, our 
understanding of the tropical atmo
sphere will remain obscure.

It is of course beyond the means of 
any data network to observe all scales 
and frequencies of events at all times. 
Consequently the Barbados Experiment 
attempted to sample a variety of data 
combinations on various scales in order 
to relate the normally unobservable 
smaller scale events to parameters mea
surable on a larger scale, or in current 
usage, to “parameterize” the smaller 
scale processes. Garstang points out that 
since all tropical investigations must ac
knowledge the interacting hierarchies of 
events, many techniques developed for 
the Barbados Experiment will be useful 
to future experiments as well.

Data Stations

The Barbados field experimental 
network consisted of a large variety of 
sensors and sensor vehicles to obtain 
data near the land and water surfaces; at 
the sea, air, and land interfaces; within 
the boundary layer; and throughout the 
troposphere. Six stations located along 
an east-west baseline parallel to the 
direction of the prevailing summer 
winds served as primary data gathering 
centers. The CGSS Discoverer, tending 
an instrumented ocean buoy 60 mi east

of Barbados, and serving as a platform 
for other measuring operations, formed 
the easternmost point in the line; buoys
15 mi east and west of the island and 
three island sites completed the line.

Tethered, superpressure, and free- 
floating balloons, multilevel towers, 
radar, radiosondes, time lapse cameras, 
and a full spectrum of meteorological 
instruments were used to obtain atmo
spheric and oceanographic data through
out the array. Calibration chambers, 
data logging and analysis centers, and 
workshops were also set up on the is
land. Not all instruments were restricted 
to the baseline stations, but were in 
many cases distributed at strategic 
points around the island and at sea. 
Flights by aircraft from NCAR, Weather 
Science, Inc., and the military brought 
back data on both local and synoptic 
conditions. Finally, NASA’s ATS-3 
synchronous satellite, stationed over the 
Amazon D elta, provided excellent 
photographic coverage of the entire 
Atlantic, including detailed photos of 
the Barbados area.

Among the large assemblage of 
instruments and instrument platforms 
were a number of specially developed 
systems contracted by Florida State 
University for the Barbados Experi
ment. These included:

• Radar and rawinsonde digital data 
acqu isition  system s  developed by 
NCAR’s Field Observing Facility [see 
Facilities for Atmospheric Research, 
No. 5, Fall/Winter 1967], One system 
recorded  meteorological data and 
azim uth and elevation angles from 
rawinsonde balloon ascents in computer 
compatible form. A second system 
recorded data from the M33 radar, 
which tracked superpressure balloons 
released from the island and from 
aircraft.

• Superpressure balloon borne tran
sponders developed by Weather Science, 
Inc., Norman, Oklahoma for use in con
junction with the M33 and the digital 
recording system. The combined sys
tems made it possible for the first time 
to record simultaneously the trajectories 
of superpressure balloons moving as air 
parcels, and meteorological data along



these trajectories.
• A sub-cloud layer monitoring sys

tem employing an extremely lightweight 
modulated transponder suspended from 
a tethered balloon or kite, also devel
oped by Weather Science, Inc. Tempera
ture, humidity, and horizontal and verti
cal wind speeds were measured and 
transmitted with very low power drain, 
allowing the system to remain aloft for 
much longer periods than previously 
possible.

• A 115 ft, 6.25 ton TRITON buoy, 
designed by FSU and constructed with 
assistance from Dan Clark, Inc., Woods 
Hole, Massachusetts. Data including 
rain, wind, temperature, humidity, and 
ocean variables needed to calculate 
energy fluxes were recorded in digital 
form on magnetic tape.

Field Observing Support

The NCAR Facilities Laboratory 
assisted the Barbados Experiment both 
in the field phase and in many aspects 
of liaison before and during the summer 
operation. About fifteen members of 
the Field Observing and Research Avia
tion Facilities participated throughout 
the 3xh  month program, some perform
ing or supervising specific tasks, others 
helping where needed. R. B. James*was 
the FOF representative in the field. 
James also assisted ‘NCAR scientist 
Edward J. Zipser in coordinating the 
program of time lapse photography 
aboard  the Navy and Air Force 
“hurricane hunter” reconnaissance air
craft based in Puerto Rico. R. W. 
Sanborn arranged with the Air National 
Guard for four logistics flights and for 
eight observers to participate in the 
photography program aboard the recon
naissance aircraft; and with the U.S. 
Army for the services of two GMD-1B 
r a win sonde technicians from White 
Sands Missile Range, New Mexico.

Sanborn and James flew to Barbados 
in April with the first logistics flight to 
survey equipment allocation and last 
minute installation needs. On 5 June the 
Tennessee Air National Guard airlifted 
*  Deceased October 1968.

ad d itio n a l NCAR equipment from 
Buckley Air National Guard Base in 
Denver, and FSU equipment from 
Tallahassee, Florida, to Barbados.

FOF staff members were stationed at 
various locations on Barbados, seven 
men remaining for the full period and 
two men for several weeks. Among the 
specific tasks performed were:

• Upper air sounding program, super
vised by Robert McBeth. Military, 
Barbadian, and FSU technicians used 
GMD supplied by ESSA and the 
B arbados Meteorological Service to 
make three to six hourly rawin observa
tions, and obtained 303 valid soundings. 
Bill Pinkerton of FOF supervised data 
acquisition for the program, using dual 
recording techniques on a TMQ-5 and 
an FOF-provided Redcor system.

• M3 3 radar surveillance o f  precipi
tation echo distribution and tracking o f  
superpressure balloons. Alan Sorenson, 
together with Donald Brown of FSU, 
operated and maintained the radar. 
George Langer supervised operation of 
the FOF’s data acquisition system, 
developed under his direction for the 
Barbados Experiment. Despite problems 
encountered in tracking during the first 
part of the field program, about 75% of 
the data will be recoverable.

• Installation o f  VHF and HF com
m unica tions network. Brian Lewis 
installed equipment at the three main 
island tower sites as well as at the air
port, on the CGSS Discoverer, and on a 
buoy-servicing sea launch. Lewis then 
departed, leaving Robert King in charge 
of communications operation. King also 
assisted the M33 crews, and in servicing 
the MRIs and data acquisition systems. 
Edward Elsberry provided crucial assis
tance in MRI repair.

• Power generator operation and 
maintenance, and general mechanical 
maintenance, carried out by William 
Bragg and others.

N CAR Aviation Support

The NCAR Research Aviation Facil
ity operated a Queen Air A80 in sup
p o rt o f the Barbados Experiment,

logging a total of 236 research flight 
hours. Cleon Biter, the project coordina
tor, supervised flight activities, which 
were under the scientific direction of 
LAS scientist Edward Zipser. Pilots 
were Lester Zinser, Robert Foltz, and 
James Covington. Melvin Busch handled 
aircraft instrumentation and John Coats 
looked after mechanical maintenance.

Fifty-five island flights were made in 
direct support of the FSU program; 20 
synoptic flights, and 19 flights in 
support of NCAR air sampling programs 
and a University of Wisconsin study of 
the vertical distribution of net short 
wave [solar] radiation were also carried 
out. Data on dry and wet bulb tempera
ture, dew point, ambient pressure, air
speed, sea surface temperature, solar 
radiation, and wind were measured and 
recorded on the ARIS recording system. 
O ther equipment was mounted for 
special purpose flights.

Flights over the island generally fol
lowed the surface baseline between the 
offshore buoys 15 mi to the east and 
west. The usual flight pattern began 
with a descent to 50 ft over the water 
surface, followed by a sounding to the 
cloud base [usually about 1900- 
2000 f t ] . The aircraft then descended 
to 1700 ft and flew the length of the 
baseline, crossing the island below the 
cloud base. The island crossing was re
peated on a reverse course to check for 
systematic wind errors; then the pattern 
was repeated at a different altitude to 
measure changes in island effects with 
altitude. During intense 24 hr data 
gathering periods these maneuvers were 
repeated every 3-6 hr.
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Long range flights were planned large
ly on the basis of interesting weather 
conditions. Among the 20 flights was a 
run up the Atlantic side and down the 
Caribbean side of the Lesser Antilles. 
Several flights were made to investigate 
synoptic scale disturbances, in some 
cases to probe the same disturbance on 
two different days as it passed through 
the Barbados area from east to west.

NCAR Scientific Activity

Several scientists of NCAR’s Labora
tory of Atmospheric Sciences partici
pated in the FSU program and conduct
ed independent research in the Barbados 
vicinity. Edward Zipser, who directed 
the Line Islands Experiment in the 
equatorial Pacific two years ago, coordi
nated the aircraft programs which sup
plied basic observations of the synoptic 
scale background within which the base
line data array measured small and 
mesoscale events. The Air Force and 
Navy reconnaissance flights collected a 
great deal of much-needed conventional 
meteorological data from the data-void 
regions east and northeast of Barbados; 
Air National Guard observers aboard 
these flights secured time lapse motion 
pictures of clouds on a routine basis. 
Raul Lopez of Colorado State Universi
ty participated in the Navy flights, help
ing to secure radar photographs both of 
disturbances and of undisturbed trade 
wind conditions. At NCAR’s request, 
the Air Force and Navy flight tracks 
were modified to obtain data at levels 
most useful for synoptic analysis of the 
moist layer— 10,000 and 1,500 ft. 
Zipser also planned the routes of the 
Queen Air flights, using satellite data 
available on a real time basis to select 
the most interesting tracks through dis
turbances. He will be using all the data 
to pursue his research on the interac
tions of intense convection and tropical 
disturbances, including the role of meso- 
systems similar to mid-latitude squall 
lines found in some of the disturbances.

Air filters and impactors aboard the 
Queen Air provided four LAS scientists 
with aerosol samples for chemical and 
microscopic analysis. Flights were made 
east of Barbados for Irving Blifford and 
Ju lian  Shedlovsky, using sampling 
equipment which they and others at 
NCAR have developed or adapted dur
ing the last few years. Impactor samples 
for determining size and number distri
bution of aerosols, and samples from a 
larger impactor in amounts sufficient 
for chemical analysis were returned to 
Blifford. Similar collections were made 
for Shedlovsky using pure polystyrene 
filters which he has developed for high 
accuracy sampling. Both workers had 
previously sampled aerosols over the 
Pacific, and were eager for data from 
the central Atlantic, where to date virtu
ally no higher altitude sampling activity 
had been reported.

Flights were also made for Blifford 
over the Orinoco Delta of South 
America to collect aerosols at 25 mi in
tervals inland from the coast. The 
Queen Air flew parallel to the wind at 
1000 ft elevation to gather samples in
dicative of the change in ocean aerosol 
content as the wind moves inland. The 
meeting of unbroken expanses of ocean 
and jungle provides ideal conditions for 
such an investigation.

Additional aerosol samples were col
lec ted  for John Pate and Arthur 
Wartburg, using a special impactor de
veloped by Wartburg. These samples 
were taken for comparison with data 
they have gathered at sites in Panama in 
cooperation with the U.S. Army. Pate 
and Wartburg also collected samples at 
the ground near the eastern extremity 
of Barbados which they will correlate 
with the airborne samples. They may 
also seek to correlate their findings with 
those from a University of Miami sam
pling program carried out at the same 
time. They hope eventually to charac
terize aerosol content from the open 
Atlantic, the Caribbean Basin east of 
Panama, the Pacific Ocean west of 
Panama, and the Panamanian jungle. •
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Scientists using high altitude balloons 
as vehicles for their research experi
ments are generally interested in know
ing how much of the atmosphere 
remains above the level at which data is 
recorded. Atmospheric pressure mea
surements and corresponding altitudes 
read from Standard Atmosphere tables 
supply this information. When pressure 
and virtual temperature data are avail
able from the experiment altitude to the 
surface, a more accurate pressure to alti
tude conversion can be made by inte
grating the hydrostatic equation. Atmo
spheric pressure measurements for 
scientific ballooning are generally made 
in millibars. [One bar is 106 dyn/sq 
cm— slightly less than sea level atmo
spheric pressure.] Gage pressure is refer
enced to atmospheric pressure, while 
absolute pressure is referenced to a 
vacuum.

Types of gages used to measure pres
sure include liqu id  manometers, 
Bourdon tubes, strain gages, piezo
electric devices, capacity diaphragms, 
variable reluctance diaphragms, rare 
earth  tran sd u cers , corona current 
devices, thermoconductivity measuring 
devices, hypsometers, radioactive densi
ty gages, and solid state pressure sensing 
devices. Many of these gages are applica
ble to  on-board  pressure-altitude 
measurements.

A balloon borne pressure gage should 
be accurate under all balloon environ
mental conditions; it should be reliable, 
easy to calibrate and operate, small, 
rugged, lightweight, and reasonably 
inexpensive, and it should consume a 
relatively small amount of electrical 
power. The NCAR Scientific Balloon 
Facility has evaluated several types of 
pressure transducers with the aim of se
lecting a device for routine use on bal
loon flights. Diaphragm, thermoconduc- 
tiv ity , rad ioactive d en sity , and 
hypsometer gages were evaluated.

Diaphragm Gages

Two 7 mb diaphragm type transduc
ers underw ent tes ts . One u n it, 
Rosemount Model 830A, is a capacitive 
device using a taut membrane stretched 
between two stationary capacitor plates. 
The space between the membrane and 
one stationary plate is evacuated, while 
the space between the membrane and 
the other stationary plate is connected 
to the gas whose pressure is to be mea
sured. The displacement of the mem
brane with respect to the stationary 
plates is a measure of the pressure, and 
is determined by capacity measurements 
between the membrane and the station
ary plates. An oscillator-detector circuit 
is used for capacity measurements, the

dc output voltage being a direct repre
sentation of absolute pressure. The 
output voltage ranges between 0-5 V, 
and varies linearly with pressure.

The other diaphragm type transducer 
is a Pace Model CP51. The mechanical 
configuration of this gage is similar to 
the Rosemount unit, with a taut mem
brane between two rigid blocks. The 
Pace unit operates on the principle of 
variable reluctance rather than variable 
capacitance. An E core and coil assem
bly is embedded in each block. A small 
gap between the diaphragm and the E 
core in a symmetrical arrangement re
sults in a condition of equal inductance 
with the membrane in an undeflected 
position. Diaphragm deflection results 
in an increase in the gap in the magnetic 
flux path of one core, with an equal de
crease in the other. This increases the 
inductance of one coil while decreasing 
the inductance of the other. A simple 
bridge and detector circuit converts in
ductance ratio to a dc output voltage, 
which varies linearly with pressure.

Thermoconductivity Gage

The MetroPhysics ultra low pressure 
transducer utilizes the change in ther
moconductivity of a gas to detect pres
sure changes. A thermistor sensor in a 
temperature controlled environment is
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heated by a constant voltage supply, 
and changes its equilibrium temperature 
inversely with the pressure to be mea
sured. The thermistor is part of a bridge 
circuit, the output of which changes 
proportionally to pressure. This output 
voltage is amplified to provide a 0-5 V 
dc signal over the pressure range to be 
measured. The MetroPhysics transducer 
has good performance characteristics 
with good resolution in the very low 
pressure range under controlled condi
tions. Since it measures thermal conduc
tivity, its accuracy depends upon the 
chemical composition of the gas being 
sampled.

Radioactivity Gages

A radioactivity pressure gage, de
veloped by the University of Minnesota, 
gives continuous readings from sea level 
to less than 1 mb. The instrument has a 
sensitive electrometer to measure the 
ionization current due to a very weak 
polonium alpha particle source of less 
than 1 microcurie, in the form of non
reactive ceramic microspheres. The 
pressure is read out by measuring the 
time interval between resets of the 
drifting electrometer, in a form con
venient for transmitting by radio 
telemetry. The form consists of full 
scale voltage shifts at one-half the rate 
of the reset pulses. This period is in the 
order of 50 sec at 3 mb. The gage is 
accurate, but requires a new calibration 
or a calibration correction immediately 
prior to balloon flight because of the 
decay of the radioactive source.

The Alphatron transducer NRC 718 
is manufactured by the Norton Co., 
Vacuum Equipment Division. It also op
erates on the principle of measuring ion
ization currents generated by a radio
active source. A blocking oscillator 
generates a pulse train whose frequency 
is a function of the ionization rate, and 
varies directly as the pressure or gas den
sity. This gage is not compensated to 
allow for temperature variations; there
fore its temperature environment must 
be controlled or temperature measure
ments of the ionization chamber must 
be used to make corrections. Since

Alphatron-type gages are basically densi
ty measuring devices, their accuracy is 
affected by the composition of the 
measured gas.

Hypsometer

The hypsometer is an instrument 
which measures the pressure of a gas 
through the relationship of the vapor 
pressure of a liquid to its temperature. 
If a liquid is maintained at its boiling 
point, its vapor pressure is equal to the 
surrounding gas pressure. Thus the 
vapor temperature is a measure of this 
gas pressure. A Cambridge Systems 
Model 128 hypsometer was flown on a 
pressure sensor evaluation balloon 
flight. The device is designed for a tele
metry system which reads the resistance 
of the temperature sensing thermistors, 
and is thus not directly compatible with 
a voltage analog telemetry system. For 
our evaluation flight an interface circuit 
was placed between the thermistors and 
the telemetry system. The device has a 
slow response and is tedious to prepare 
for flight; it is therefore not considered 
desirable for routine balloon flight 
operations.

Corona Current Gage

Another type of pressure transducer 
subjected to testing is a stratospheric 
altimeter, manufactured by Del Elec
tronics Corp. This unit, Del Model Bl, 
operates on the density dependence of a 
corona discharge in air. A positive ion 
flow is generated in a region of high 
electric field gradient in the immediate 
vicinity of a fine wire suspended axially 
within a conducting cylinder. There is a 
high voltage gradient between the wire 
and the cylinder. The magnitude of the 
current flowing between the wire and 
the cylinder is a function of gas density 
in the region between the electrodes. 
Since the unit is basically a density mea
suring device, the corona current is sen
sitive to temperature variations. The 
transducer has a temperature compensa
tion circuit which makes it function as a 
pressure measuring system.

Flight Tests

For balloon flights the transducers 
have been used with a standard IRIG 
FM/FM telemetry system. Outputs from 
all the devices have been fed to the 
input of subcarrier oscillators [SCO]. 
Transducers whose outputs are voltage 
analogs of pressure have been calibrated 
with SCO frequencies as a function of 
pressure. This eliminates a conversion 
step at the ground station, since the 
SCO frequency can be recorded togeth
er with elapsed time on a digital record- 
e r . Pressure readings from  the 
Alphatron-type gages are taken by mea
suring the period of the recurring pulses, 
which vary as the absolute pressure.

Calibration of the sensors is carried 
out with a Texas Instruments Model 
145 precision pressure gage at the 
NCAR Laboratory in Boulder, and with 
a Meriam oil manometer at NCAR’s 
Palestine Flight Station. The two gages 
agree with each other quite well on 
substitution measurements.

The MetroPhysics, Rosemount, Pace, 
and Del transducers have been flown in
dividually on several balloon flights, 
where the only other gages for pressure 
comparison were bellows systems. In 
one instance the two diaphragm types 
[Rosemount and Pace] were flown to
gether and gave float altitude readings 
within 0.10 mb of each other at 
3.75 mb pressure. On this flight the two 
sensors agreed well with a bellows-type 
photobarograph instrument. On all 
flights, the diaphragm gages have ap
peared to perform well. In the calibra
tion bell jar the Rosemount has shown 
better repeatability and less hysteresis 
than the Pace unit. It appears to have 
better long term stability.

The MetroPhysics thermoconductive 
unit has undergone several flights for 
comparison with a Pace diaphragm-type 
and with the bellows systems. It has 
consistently indicated pressures higher 
than the comparison devices, even 
though it was carefully calibrated prior 
to the flights. This is probably due to 
contaminated air being sampled by the 
sensor. Tests show that the presence of 
helium, which has a higher thermal 
conductivity than air, will alter the
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0 9 :3 5 4 .7 4 3 .5 3 3 .5 5 3 .5 3 3 .4 2 3 .5 5 4 .3 4 .4 8

0 9 :4 3 4 .6 5 3 .4 8 3.51 3 .4 6 3.31 3 .6 3 4 .2 4 .3 0 3 .4 4 7

0 9 :5 1 4 .6 9 3 .5 0 3 .5 2 3 .5 3 3 .2 9 3 .6 9 4 .2 4 .1 5

1 0 :0 2 4 .5 8 3 .4 3 3 .4 6 3 .4 4 3 .2 5 3 .7 6 4 .0 4 .1 0

1 0 :3 4 4 .3 0 3 .2 5 3 .2 6 3 .2 9 3 .1 0 - 3 .8 5 3 .9 5

Results o f  20 May 1968 flight test to 
compare pressure readings o f  eight 
gages on a single balloon flight. 
Balloon’s theoretical float pressure- 
altitude was 3.4 mb (127,000 ft).

sensor’s calibration.
The Del sensor has been flown on 

several flights, but no useful float alti
tude data have been obtained. The avail
able unit has appeared to suffer a more 
complete voltage breakdown between 
the cylinder and wire electrodes than 
the expected corona or Townsend dis
charge. This was noted during calibra
tion at pressures below 1 mb, but not at 
typical balloon float pressures, such as 
3.5 mb. Since the device is susceptible 
to contamination errors, the available 
un it may have suffered permanent 
damage from depositions on the axial 
wire.

Comparison Test

One balloon flight was made specifi
cally to compare various pressure sen
sors. The float altitude sensors included 
the MetroPhysics thermoconductivity 
sensor, and the Pace and Rosemount 
diaphragm gages. Full range sensors in
cluded the University of Minnesota and 
the NRC Alphatron gages, a Computer 
Instrum ents Corp. [CIC] potentio- 
metric bellows gage, a Wiancko variable 
reluctance 0-15 psia gage, a barocoder 
and a photobarograph. The float alti
tude sensors and the hypsometer were 
commutated with reference voltages 
in to  a single SCO and the SCO

frequency printed at the ground station. 
The Alphatron-type gages each modula
ted a separate SCO, so that the recur
rence rate of their pulses could be mea
sured. The CIC and Wiancko full range 
gages were commutated into a single 
SCO channel, and the CIC resolution 
was expanded by a factor of four when 
the pressure was less than 100 mb. The 
barocoder Morse code data were typical
ly handled by the tracking beacon sig
nal, while the photobarograph results 
were recorded aboard the balloon. The 
Del unit was not flown because of pre- 
flight calibration difficulties.

Results of the flight show that the 
Rosemount, Pace, and Minnesota sen
sors agree quite well at an altitude 
where radar and temperature data gave a 
float pressure of 3.48 mb. They agree 
within 0.1 mb of the 3.40 mb theoreti
cal float pressure-altitude, and with the 
float pressure determined from radar 
data by integrating the hydrostatic 
equation. The MetroPhysics sensor con
sistently  registered about 1.15 mb 
higher pressure at float, while the 
hypsometer was 0.2 mb lower. The 
barocoder and photobarograph indi
cated pressures 0.7-0.8 mb higher than 
the float altitude sensors. The NRC 
Alphatron failed to perform accurately 
shortly after reaching float altitude. It is 
believed that failure was a result of early 
battery discharge affecting one of the

four b a tte ry  voltages required for 
operation.

The Wiancko and CIC sensors were 
used for the full range pressures, and 
agreed quite well with the Minnesota 
gage, the barocoder, and radar up to
75,000 ft, using Standard Atmosphere 
tables for altitude conversion. Because 
of the approximate inverse exponential 
variation of altitude with pressure, the 
resolution and accuracy of the linear 
pressure sensors do not produce accu
rate altitude conversion above 75,000 ft 
[35 m b].

On the basis of the various calibra
tion, environmental, and flight tests, the 
R osem ount Model 830A has been 
chosen as the transducer for routine 
NCAR balloon operations. This unit has 
good short term calibration repeatabil
ity, very low calibration hysteresis, and 
is not seriously affected by a contami
nated atmosphere, temperature varia
tions, or mechanical vibration. The unit 
also provides a continuous data readout 
and has a rapid response. Calibration 
data taken during a nine month period, 
while the unit was subjected to various 
flight and environmental tests, show a 
maximum calibration shift of approxi
mately 0.3 mb and a standard deviation 
of approximately 0.05 mb. It is believed 
that with careful calibration and data 
readout the pressure accuracy should be 
well within 0.1 mb at float altitudes of 
1-7 mb.

A continuous effort is underway to 
obtain more accurate and reliable pres
sure transducers as the state of the art 
advances. The immediate plan is to use 
three Rosemount transducers for full 
range coverage. The full scale pressure 
ranges of the units will be 7, 70, and 
1035 mb. Power will be supplied only 
to the active units during flight. The 
output of the units will be telemetered 
to the ground stations where pressure 
will be determined from calibration 
data. A circuit is being developed to 
convert pressure readings to a linear alti
tude presentation for use aboard a bal
loon tracking aircraft or at a ground sta
tion. A pressure-time differentiation 
circuit will also be developed for rapidly 
determining balloon rate of ascent. •
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Sea Breeze
968

During the past summer, researchers 
of the University of Texas Atmospheric 
Science Group continued their study of 
the sea and land breeze cycles on the 
Texas Gulf Coast, concentrating data 
gathering efforts during a peak four 
week period in June. The 1968 field 
phase of the National Science Founda
tion supported project was directed by 
K. H. Jehn and N. K. Wagner, meteorol
ogy professors on the University of 
Texas faculty.

The scientific aims of the project and 
the methods used to obtain data repre
senting the true scale and frequency of 
natural events were similar to those 
described in Facilities for Atmospheric 
Research, No. 4, Summer 1967. In this 
summer’s measurement program special 
attention was given to energy transfers 
contributing to the overall heat budget, 
and to a better definition of the land 
breeze.

The data gathering network for the 
June operation extended in a rough line 
perpendicular to the shore, from about
14 mi offshore to 11 mi inland. Nine

site were used for equipment repair and storage. MRI mechanical weather stations mea-

A 20 f t  tower at the surf site measured wind variables at three levels and 
supported a manually raised and lowered psychrometer to determine temperature 
and humidity profiles. Nearby shelters housed readout and recording equipment 
for the tower mounted sensors. The 105 f t  beach site tower, with suspended 
psychrometer, stands in the background. Eight-channel analog tape recorders 
and chart readout devices were kept in a nearby van. Other vans at the beach
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suring wind speed and direction, and 
temperature were located at intervals 
along this line. The three main data sites 
[a surf site at the water’s edge, a beach 
site 200 ft from the shore, and a canal 
site about 3 Vi mi inland] were equipped 
with instrumented towers to permit ver
tical profile measurements from ground 
level up to 105 ft. This vertical profile 
was extended to about 1500 ft by a 
tethered balloon bearing an instru
mented sensing package, and to about 
5000 ft by instrumented aircraft. The 
combined network supplied a narrow 
vertical slice through the entire flow of 
the sea and land breeze cycle. Aircraft 
passes were also made parallel to the 
coastline to determine the extent to 
which this slice was typical.

Eleven University of Texas scientists 
and technicians worked throughout the 
study period, coordinating the experi
ment and servicing instrumented towers 
and other data installations. Several of 
these people returned for two weeks in 
July for additional work.

The NCAR Field Observing Facility 
and Research Aviation Facility assisted 
the study during a four week period by 
supplying field and flight staff, sensing 
and power generating equipment, and a 
Queen Air 80 aircraft. Julian Pike head
ed the FOF field crew and supervised 
the operation of FOF’s Boundary Pro
file systems at the beach and canal sites. 
Edward Elsberry supervised installation 
and servicing of the mechanical weather 
stations.

The Queen Air made low and inter
mediate elevation passes along the in
strument route from the offshore oil 
platform to the last inland MRI, and oc
casional passes parallel to the shore. The 
aircraft was equipped with a Barnes in
frared radiometer to scan land and 
water surface heat emission, a parameter 
important to calculation of energy 
transfers. On-board sensors also mea
sured wind, temperature, and pressure 
at various altitudes. The Queen Air was 
based at a nearby airport for one week 
in June and was piloted by Loyd 
Newcomer and Clay Orum. Gene 
P ran tner co o rd in a ted  the flight 
operation with other activities in the 
field. •

The Boundary Profile System consists o f  a tethered balloon trailing 
a sensor and telemetry package to measure and transmit wet and dry 
bulb temperature pressure, and wind data. The balloon vehicle 
was kept inflated in a tent to reduce flight preparation time, and 
when ready for launch was raised and lowered by a power winch to 
heights up to 1500 ft. The system still in the development stage, 
functioned well. Jalbert airfoil kites were on hand for use 
during heavier winds.

Telescoping towers extensible to 105 f t  
were mounted by University o f  Texas 
scientists at the beach and canal sites.
Vane and anemometer sets measured at 
seven tower levels and a Gill bi-vane and 
thermocouple at the top registered the 
vertical component o f  air motion and 
accompanying temperature fluctuations. The 
pulley was used for automatic up-and-down 
shuttling o f  a recording psychrometer 
from the ground to about 80 ft.

An MRI mechanical weather station installed on a Standard 
Oil Co. platform 14 mi offshore measured wind and 
temperature variables. A temperature sensor suspended 
in the water from a life ring near the platform measured 
temperature just below the water surface.

25



Fifth  A F C R L  
Scientif ic  B a l lo o n  S y m p o s iu m

Over 200 scientific ballooning special
ists from industry, the military, and var
ious research organizations attended the 
Fifth AFCRL Scientific Balloon Sympo
sium at Portsmouth, New Hampshire 
from 17 to 19 June 1968. Participants 
in the three day conference discussed 
balloon fabrication and testing, failure 
problem s, in s tru m en ta tio n , field 
o p era tio n s, and special balloon 
applications.

Host speaker Robert M. Slavin 
[AFCRL] noted in his introductory re
m arks that balloon technology has 
grown in the last decade from a rather 
primitive state beset by uncertainties, to 
a reliable research adjunct. He said that 
the primary use of balloons to date has 
been to lift astronomical and high ener
gy particle physics experiments, but 
that in the future many other scientific 
disciplines will make use of balloon 
platforms.

Scientists reporting on high altitude 
physics experiments carried out with 
balloons indicated that for many appli
cations balloons are superior to all other 
vehicles, including satellites. However, 
the need for higher and longer flights 
capable of carrying larger payloads was 
stressed by Peter H. Fowler [University 
of Bristol], who reviewed important 
breakthroughs in cosmic ray research 
using a balloon borne emulsion detec
tor; George T. Chapman [Oak Ridge 
National Laboratory], who is involved 
in gamma ray spectral measurements at 
high altitude; and C. L. Hemenway 
[Dudley Observatory], who described 
high altitude dust collection experi
m ents from  balloon-top collection 
devices.

Balloon Testing

Several of the talks made clear that 
balloon testing in the laboratory and

field remains an important need. De
spite significant improvements in bal
loon reliability, not all causes of balloon 
failure have been eradicated. Arnold D. 
Kerr [New York University] pointed 
out that although a large variety of film 
materials is now at the manufacturer’s 
disposal, we may not yet be fully clear 
about how to evaluate films. Kerr said 
that present specifications may lead to 
erroneous expectations about a given 
film’s durability. In a series of labora
tory simulations Kerr found that some 
films able to withstand considerable 
pressure under cold temperature condi
tions— as experienced at the tropo- 
pause— behaved far less reliably if first 
preloaded at room temperature, simu
lating launch stresses. Prior specifi
cations have not regarded the effect of 
creep, induced by this initial stress, on 
burst resistivity at colder temperatures.

Another improvement on present 
film specifications was suggested by 
Harold Alexander [New York Universi
ty] , who reasoned that a plotting of 
elongation vs time for various film load
ings would better identify the stress 
rup tu re  point than the traditional 
plotting of stress vs elongation.

Balloon manufacturers reported their 
continued search for new materials with 
a variety of special properties. L. Mielke 
[Winzen Research, Inc.] described tests 
on new polyurethane and nylon materi
als to determine heat sealing properties, 
cold brittleness, and behavior under sim
ulate d fluttering. Mielke and Maj. 
Robert M. Brown [AFCRL] both dis
cussed tests in search of films or film 
coatings resistant to electric static 
buildup— essential, for example, when 
lifting explosive gases. A conducting sur
face is needed to bring about the decay 
of localized charges; yet, as tests show, 
placing a conductive material on the 
polyethylene does not assure that the 
balloon surface will be conductive.

Other papers dealt with the measure
ment of balloon performance during 
flight. Robert M. Lucas and George H. 
Hall [Arthur D. Little, Inc.] described 
experiments to measure fabric tempera
tures and radiative temperatures of bal
loons flying through sunset and sunrise. 
Aluminum bead thermistors next to the 
fabric and within the gas bubble regis
tered temperature changes. Lucas and 
Hall developed a computer model to 
predict temperatures theoretically, and 
found good correlation between the 
predicted and measured data.

Karl Stefan [NCAR] reported on 
development of an instrument system 
for detailed study of balloon structural 
characteristics during flight. The system 
includes photocell registration of film 
strain elongation, air and helium pres
sure gages at the top end-fitting, and top 
end-fitting accelerometers; it has been 
tested with good results and promises to 
be an effective analytical tool. Data are 
relayed to the ground by telemetry dur
ing flight, while photographic records of 
balloon shape and appearance, and of 
relative wind indicated by attached 
stream ers, are recovered from the 
payload.

Walter C. Wagner [AFCRL] discussed 
modifications to thermistor heat trans
fer pressure gages to reduce their ten
dency to drift. The modifications, based 
on careful analysis of the causes of drift, 
showed considerable improvement for 
operational use.

For both manufacturers and users of 
balloons, the practical culmination of 
investigations of balloon performance 
would seem to be an improved set of 
criteria for selecting an optimum bal
loon for each need. In effect, the aims 
of practical engineering join with con
siderations of buying and selling. This 
area was dealt with by Jean R. Nelson 
[Winzen Research, Inc.], who presented 
balloon selection and design criteria to
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achieve optimal balance between cus
tomer requirements, costs, and perfor
mance specifications. Nelson concluded 
that choice of an initial design can legiti
mately bypass “tried and true” designs 
if these do not sufficiently represent the 
particular combination of factors under 
consideration.

A balloon design developed by Raven 
Industries, Inc. was described by James 
A. Winker. Called the Vistadome II, it 
consists of a conical shaped dome at
tached to the top of a large balloon to 
improve deployment characteristics dur
ing ascent. The dome provides predict
able transverse stress, and allows for 
reinforcement at critical points. Conven
tional balloons are subject to unknown 
transverse stresses which often prove 
destructive as the system rises. By con
trolling the deployment of excess mate
rial, the Vistadome should permit bal
loons up to 50 million cu ft to fly 
higher— up to 180,000 ft— and to 
carry large payloads w ith  high 
reliability.

Launch and Recovery

Several talks dealt with problems of 
damage to large balloons at launch, and 
on the recovery of payload packages. 
S. V. Stenlund [G. T. Schjeldahl Co.] 
described a method of in-flight deploy
ment being worked out jointly by 
NCAR and Schjeldahl engineers. The 
main balloon, towed by a smaller bal
loon, remains packaged in a container 
until it is drifting at wind speed; it is 
then deployed. A load-lowering device 
lowers the payload from the tow bal
loon to  the main balloon and is 
jettisoned along with the container by 
parachute.

Justin H. Smalley [NCAR] reported 
on studies of balloon pairs in a tandem 
arrangement, often used to improve 
launch reliability of particularly large or 
expensive systems. During ascent the 
lifting gas expands and the main balloon 
is inflated from the tow balloon. 
Smalley has investigated the pressures 
and stresses which each balloon would 
undergo, the shape-altering effects on

the main balloon produced by towing, 
methods for estimating the supporting 
force as the system ascends, and other 
factors that must be analyzed prior to 
thê  design of a working system.

Smalley also read a paper by Robert 
Kubara [NCAR] describing cryogenic 
techniques for transporting and storing 
balloon inflation gases in the liquid 
state. Transporting liquid gases to the 
launch site and converting them to the 
gaseous state during inflation can vastly 
reduce logistic expenses and difficulties. 
Smalley said NCAR intends to study the 
safety aspects of hydrogen gas, for 
possible use in future launch operations. 
The cryogenic properties of hydrogen 
are preferable to those of helium, and 
although unpopular with balloonists, it 
can be handled safely by modern 
cryogenic techniques.

Ronald J. Niccum [G. T. Schjeldahl 
Co.] laid down guidelines for employing 
parachute technology in the recovery of 
heavy, high altitude payloads. He said 
that the state of the art in parachute 
deployment in rarified air lags behind 
our needs. He discussed necessary test
ing procedures and the system design of 
rigging, deployment techniques, etc. 
During inform al discussions, Eiger 
Stauber [New Mexico State University] 
illustrated a parachute tested for pay
load recovery at lower elevations at the 
Alamogordo test site. The four-pocket 
parachute opens twice as fast as stan
dard designs, inflates in full reef condi
tion, and does not squid; it could offer 
one type of design suitable for high 
altitude needs.

Power, Command, and Data

Other areas given attention were 
power outfitting of balloons, and relay 
of data and commands between the 
ground and the balloon. Robert C. 
Ham ilton [In s titu te  o f Defense 
Analysis] presented a useful design anal
ysis and review of balloon electrical 
power systems derived from chemical, 
solar, nuclear, and wind sources through 
various types of power converters. The 
printed study will be compiled to serve

as a design guide for power system de
signers, and will contain tables and 
figures to  enable system selection 
according to  various experimental 
needs.

Edward Chupp [University of New 
Hampshire] described an inexpensive 
and simple data acquisition system for 
balloon borne experiments, developed 
by A. A. Sarkady, J. W. Dickey, and 
himself. The low cost, 20 lb package is 
suitable where high speed analog to digi
tal conversion is required. It features 
high pulse height resolution, nearly 
instantaneous time response, and high 
data rate.

Ralph J. Cowie [AFCRL] demon
strated a command data link designed 
for on-board control applications in 
large free flight systems, initially de
signed to substitute wireless remote 
control for the cable running over the 
balloon to operate the top valve. The 
commercially available equipment is 
built on a modular concept, allowing 
individual components to be assembled 
for specific needs, such as control of 
s u s p e n d e d  p a y lo a d ,  in -f l ig h t  
dep loym ent systems, and tethered 
systems.

Electronic requirements for monitor
ing payload azimuth were discussed by 
Wayne L. Darnell [NASA]. Three suc
cessful tests of an azimuth sensing sys
tem using radar tracking of magneto
meter signals have been carried out so 
far. The system was developed for use in 
NASA’s Planetary Entry Parachute pro
gram, but is applicable to any payload 
orientation about the vertical axis of a 
balloon system.

Tethered Balloons

Conference participants expressed 
divided opinions about the present and 
potential capabilities of tethered bal
loons. The most optimistic view was ex
pressed by Jerom e J. Vorachek 
[Goodyear Aerospace Corp.], who de
scribed studies to determine the feasi
bility of tethered ascents as high as
100,000 ft. Vorachek said that a combi
nation  o f natural and streamlined
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shapes, special tapered cable geometry, 
and intermediate balloons at wind-free 
levels, would make such high altitudes 
attainable. The chief engineering devel
opments still required would be a 
method for top-loading, with a reefing 
system to reduce flapping on those 
members subject to high dynamic pres
sure, and a tapered glass fiber cable.

A nother Goodyear representative, 
George R. Doyle, Jr., showed computer- 
modeled dynamic characteristics of an 
ascending and descending tethered 
system, based on theoretical equations 
of motion. While the effects of the bal
loon’s motions are minimal, the tether 
itself poses severe problems, reaching its 
most critical tension near the winch.

A technique to enable meteorological 
prediction of conditions favorable or 
unfavorable to long-life tethered sys
tems was presented by I. I. Gringorten 
[AFCRL]. Gringorten developed a com
puter model to estimate wind speeds 
over Cape Kennedy, Florida and Santa 
Monica, California, where detailed past 
records of winds are available. The 
model could be adapted to any area for 
which adequate empirical records are 
available, and could serve as a useful 
diagnostic for the life expectancy of a 
tethered system.

G. Stilke [University of Hamburg, 
Germany] described work in maritime 
boundary layer meteorology requiring 
tethered launches from shipboard. The 
tethered ascents have made possible the 
first measurement of the diurnal change 
of the trade wind inversion. Stilke re
marked that he was sometimes plagued 
by line failure, due to electric buildup 
along the tether. The nylon line often 
had molten beads at the severed ends. 
Static-resistant materials, waterproof 
coatings, and metallic strands woven 
into the line to remove charge were 
suggested as possible remedies.

Constant Level Balloons

Harold Alexander [New York Univer
sity] is currently studying the possi
bility of using expansible balloons as an

advantageous alternative to the super
pressure balloon now generally in use 
for constant level flight. He pointed out 
that films for this purpose are now fea
sible, and outlined techniques that he 
has developed to analyze stress-strain 
re la tio n sh ip s. He also explained 
methods of achieving constant level 
float a t prescribed altitudes with 
expansible balloons.

The GHOST project, now in its third 
stage of flight testing from Christ
church, New Zealand, has achieved pre
eminence in the use of superpressure 
balloons to trace winds at various pres
sure levels. Despite the project’s empha
sis on balloon development to date, 
interesting meteorological data have 
already emerged. Samuel Solot [NCAR] 
reported that though conclusions are 
still tentative, analysis of GHOST flight 
data has revealed interesting contrasts 
between southern and northern hemi
spheric zonal wind patterns, and pecu
liar, large meridional seasonal migrations 
of air trajectories in the southern hemi
sphere. Jack Tefft [NCAR] discussed 
the related topic of balloon launches 
from Ascension Island in the south 
Atlantic for testing rendezvous capabili
ties between constant level balloons and 
satellites, in preparation for the GARP 
balloon-satellite links in the 1970s. 
Tefft announced that the prerequisite 
development of suitable balloon vehicles 
and actual testing in the areas where 
they must fly is running on schedule.

Special Balloons

A growing need for many scientific 
purposes is a rapid-ascent balloon for 
faster data returns, reduced displace
ment by winds during rise, and better 
tracking data. A. J. Kelly [W. R. Grace 
Co.] presented results of studies to 
define the factors affecting ascent rate 
which bear on design needs. He also dis
cussed the performance of some current 
fast-rising balloons, pointing out the 
aerodynamic features that explain their 
fast ascents.

The possib ility  of stable, semi

permanent overhead balloon platforms 
for anchoring antennas, boundary layer 
sensors, etc., was indicated from two 
different approaches. A film shown by 
Don Woodward illustrated a prototype 
vee-line dart shaped balloon streamlined 
to  hover stably on a tether with 
m inim um  disturbance from winds. 
George F. Nolan [AFCRL] discussed 
the possibility of free floating balloons 
used as hovering or station-keeping vehi
cles. Changes of altitude made by valv- 
ing the ballast discharge could hold a 
balloon in a cycle of alternating winds, 
reducing its net migration to a small 
area with respect to the earth.

Leland E. Ashman [Arthur D. Little, 
Inc.] described experiments with air 
filled balloons lifted by solar warming. 
Rough calculations show expected inter
nal temperature rises and corresponding 
lift obtainable for various balloon sizes. 
Ashman said that though the idea is 
presently more fanciful than practical, it 
nevertheless breeds interesting specula
tion on possible uses based on low bal
loon cost and operational simplicity. 
Ashman described successful tests of 
solar powered balloons, including one 
that rose to over 5000 ft.

Bob W iltz described Schjeldahl’s 
“Silent Joe,” a low level airship for 
travel between ground stations up to 
100 mi apart. The pilotless airship, de
veloped under military contract within a 
matter of weeks, is propelled both by 
combustion engines and by battery 
driven electric motors. Wiltz noted that 
the revival of the nearly-forgotten 
airship concept emphasizes the recurring 
kinship of past developments with 
modern needs.

Conference Proceedings

AFCRL is presently gathering the 
symposium contributions into a pub
lished Proceedings, to be available at an 
announced time. The Proceedings will 
include the papers listed above and 
several papers by authors unable to 
attend the conference. •
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