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NHRE: A Modern Prototype Field Experiment

This, the fourth issue of Atmospheric 
Technology, is dedicated to the Nation
al Hail Research Experiment, or NHRE 
for short. NHRE itself has two primary 
objectives: first, advancing the knowl
edge of hail and severe storms, and 
second, determining the extent to which 
hail can be artificially inhibited.

But NHRE is also the most recent 
example of a major field experiment 
and, as such, provides a test-bed for 
recently developed observing systems 
and their integration. In this regard 
successes and failures provide lessons for 
the future— both in terms of major 
deficiencies in the capability of present 
observational techniques and in their 
integrated operation, and also with re
spect to the way in which large amounts 
of diverse data are analyzed, inter
preted, and pieced together. It also 
provides some important lessons— both 
good and bad— in teamwork among 
investigators of highly disparate inter
ests.

We can see from the contents of this 
issue of Atmospheric Technology that 
NHRE is one of the most complex 
atmospheric experiments ever under
taken, involving a multiplicity of air
craft with sophisticated instrumentation 
and data systems, quantitative measure
ments for precipitation mapping and 
from hail detection and control radars, 
ground-based mesonet and radiosonde 
observations, and special hail sensors. 
Some highly significant results have al
ready emanated from the work of the 
past two seasons— especially findings 
of exceedingly large liquid water con
tents aloft, regions of negative buoy
ancy in the lower region of the main 
updraft, overall storm precipitation effi
ciency, the location of hail with respect 
to the main drafts, and the distinction 
between the embryos of large and small 
hail. It is to be hoped that all these 
findings will soon be integrated into 
some unified picture of the overall 
storm dynamics and microphysics.

But where are the deficiencies and 
how can we correct them? An even 
more basic question is, “Are our present 
tools really capable of meeting the re
quirements of the job?” Obviously we’d 
like the four-dimensional (including 
time) fields of temperature, pressure, 
vapor, condensate, and motion. In addi
tion, we’d certainly like to have a rea
sonable measure of particle sizes, com
position, and concentration. Clearly this 
is an impossible task— for some of 
these parameters can hardly be mea
sured at all, let alone in the density we 
would like. But we should not despair, 
for in many cases we can approximate 
the real data requirements and in others 
we can substitute measurable param
eters for those we’d really like. For 
example, four-dimensional quantitative 
radar reflectivity measurements are now 
a reality. While we cannot interpret 
reflectivity uniquely in terms of liquid 
water content, or even in terms of rain
fall rate near the surface, we should at 
least show whether the measured reflec
tivity pattern is consistent with that 
predicted by a numerical model and, if 
not, we must alter the model so as to 
match the two.

It is now becoming possible to mea
sure the velocity field within and 
around storm systems using both chaff 
and precipitation tracers and to do so in 
four dimensions with a resolution of the 
order of 0.2 to 1 km; clearly this kind of 
velocity data is vital to our fundamental 
understanding of the evolving dynamics 
of a thunderstorm. In combination with 
the moisture field, the field of motion 
controls the distribution of water sub
stance so that the measurements of 
radar reflectivity and velocity must 
show an interdependence. The impor
tant relationships will become clear as 
we examine more data and look for the 
key signatures which our numerical 
models suggest in advance or which 
those models can help to explain later.

Note here particularly the relation

ship of modeling to observing. In the 
past fairly simple hypotheses were set 
down and experiments conducted to 
test them. The numerical model is no 
more than a more complex and sophisti
cated hypothesis whose end point must 
be a validation against another set of 
observations. Neither the model (hypo
thesis) nor the observation is the begin
ning or end of the process, but both are 
involved in a continuous feedback loop 
with the model specifying the observa
tional requirements and the observa
tions feeding back to alter the model 
until we are ultimately satisfied that 
both are fully consistent. To argue that 
it is sufficient to have either greatly 
im proved observations or improved 
models, is absurd and at odds with the 
fundamentals of the scientific method.

While it is probably economically 
unfeasible to obtain direct measure
ments of temperature, density, and 
humidity with the desired resolution, 
more limited measurements by aircraft, 
radiosondes, and a dense mesometeoro- 
logical surface network are feasible; 
continuity in space and time can be 
provided, at least in part, by remote 
radar sensors.

An automated mesonetwork would 
reduce data processing time, allow for 
rapid and cheap analysis of more storms 
in greater detail, and provide real-time 
objective analysis and graphical displays 
to control experimental strategies and 
other experiments according to the 
actual situation. Obviously we still have 
a long way to go before we will be able 
to do the job, but I’m excited by what 
has been done to date and even more so 
by the potential major advances in the

Director
Facilities Laboratory
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Students Contribute to N HRE

During the past operational season of 
the National Hail Research Experiment, 
as in the summer of 1972, a number of 
students from Metropolitan State Col
lege in Denver participated in various 
phases of the field program. Their in
volvement in the project was a conse
quence of the interest and initiative of 
their supervisor, Steven Cohen, who 
perceived that such participation would 
provide useful, practical experience 
supplem entary to the meteorology 
course offered at the college.

Although the students were mainly 
employed in servicing the precipitation 
network, the prime evaluation system in 
the project, others were engaged in a 
variety of other activities: operating

surveillance and research radars, as
sisting in the Operations Headquarters, 
and flying as observers in research air
craft. While each student was assigned 
to a particular duty, a series of pre
season briefings familiarized them with 
the overall objectives and operational 
plans of the project to convey the rele
vance and importance of the role they 
were to play. Also, whenever practic
able, interchanges of duties were ar
ranged to broaden the students’ experi
ence.

In order to consolidate their experi
ence in the field, a number of the stu
dents have undertaken to prepare the 
series of articles that follow. The high 
quality of this written material testifies

to their understanding of, and impor
tant contribution to, the project.

In conclusion, I wish to acknowledge 
with thanks their essential and dedi
cated cooperation in the overall success
ful field program during the past sum
mer, and to express the hope that we 
can look forward to continued partici
pation by the college in the succeeding 
years of NHRE.

William C. Swinbank 
Director
National Hail Research Experiment

Student Issue of ATMOSPHERIC TECHNOLOGY
Steven H. Cohen, M etropolitan S tate College, School o f  Engineering Technology, and  

Mary Poppino, M etropolitan S tate College, Skills R einforcem ent Center

Most of the articles in this issue were 
written by students of meteorology 
technology from Metropolitan State 
College, Denver, Colorado. Metropolitan 
State College is an urban, four-year in
stitution offering higher education to 
those within the urban community who 
normally would be unable to attend col
lege. The average student at MSC is near
26 years of age, is married, works either 
full or part time, and (if male) is a 
veteran.

The meteorology technology program 
at MSC is a course of study with a ter
minal four-year degree that prepares 
students for operations and research 
technician positions. The curriculum 
includes not only meteorology, but also 
electronics, computer programming, 
aviation, mathematics, and biology. 
Individual programs are built into the 
curriculum  around field experience

obtained from projects such as NHRE.
During the 1972 and 1973 seasons, a 

total of 32 MSC students participated in 
the NHRE field program. Some spent 
long hours covering the back trails of 
northeastern Colorado, manning the 
hundreds of stations on the precipita
tion and mesoscale networks. Some 
assisted in radar operations, communica
tions, and data quality control at the 
headquarters site in Grover. Others rode 
the NCAR aircraft as data technicians.

For participating in the NHRE field 
program, students received either lower 
or upper division credit, depending on 
the work level of their assignments. In 
addition, their meteorology courses 
during the winter quarter were planned 
to reflect the technical needs of the hail 
p ro jec t. For example, junior- and 
senior-level students who were involved 
in learning instrument theory, logistics,

and data processing were used to train 
lower division students in instrument 
handling and data collection.

Drawing on previous field experience, 
th is summer and fall the students 
worked with Mary Poppino of the MSC 
Skills Reinforcement Center on articles 
included in this issue. The Skills Center 
offers academic support to students 
enrolled in regular MSC courses. The 
Center also recruits urban students for 
programs such as meteorology technol
ogy, which traditionally have not at
tracted large numbers of inner city 
students.

This educational program, although 
relatively new, is proving successful. The 
students are studying to be technolo
gists who can fill the need for qualified 
workers in the field, the laboratory, or 
the office. •



An Overview 
of the 
National Hail 
Experiment

Shirley Connally

Damage to crops by hail on a world
wide basis is estimated at approximately 
$1 billion every year. In the United 
States alone the Department of Agri
culture places the loss at more than 
S300 million. Damage to property is 
harder to assess but it is thought to be 
10 - 20% of crop damage.

While there has been an economic 
incentive to suppress damaging hail fall 
for a long time, the immediate stimulus 
for hail research in a number of coun
tries was the apparent success of investi
gators in the Soviet Union in the late 
1950s and early 1960s. United States 
scientists visiting the USSR found these 
claims impressive but the verification 
procedures unsatisfactory; the convic
tion grew in this country that a con
trolled experiment to investigate the 
feasib ility  of hail suppression was 
needed.

In May 1965, the Interdepartmental 
Committee for Atmospheric Science 
(ICAS) recommended to the Federal 
Council for Science and Technology 
that the National Science Foundation

Aerial view o f  the NHRE experimental site in Grover, Colorado. 
The large inflated radome in the foreground protects the radar 
antenna against wind.

(NSF), in consultation with other in
terested government agencies, should 
develop a plan for hail suppression re
search. It was recognized that such a 
project was too big an undertaking for a 
single insitute, and that expertise in 
various areas of hail research from uni
versities, government agencies, and pri
vate bodies should be coordinated under 
the direction of one institute.

In response, NSF formed the Hail 
Suppression Research Steering Com
mittee, and in December 1968 re
quested the National Center for Atmo
spheric Research (NCAR) to prepare a 
detailed plan for a national experiment 
on hail suppression research. The plan 
was submitted to ICAS and endorsed by 
them  in April 1969; management 
responsibility for the project was given 
to NCAR in September 1969.

The plan called for an intensive in
vestigation into hailstorms over a five- 
year period, with 1972 as the first year 
for full-scale field operations. Funding 
of the project by the Research Applica
tions Directorate, Research Applied to

National Needs (RANN) of NSF, was 
approved through May 1972. Continua
tion of the experiment for the remain
der o f the recommended five-year 
period was made contingent on the 
approval of the National Science Board 
at that time. In May 1972, the National 
Science Board reviewed the progress of 
the project and approved its continu
ance for two more years.

The emphases of the project, now 
named the National Hail Research Ex
periment (NHRE), are twofold:

1. To increase our understanding, by 
observation and analysis, of all aspects 
of the cloud dynamics and microphysics 
governing the severe convective storms 
that produce damaging hail fall at the 
ground; and

2. Equipped with this knowledge, to 
develop, if  possible, a practicable 
method for suppressing the occurrence 
of damaging hail.

The authorization from NSF pro
posed the project over a five-year period 
beginning with the first season of full- 
scale operations in the summer of 1972;
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the period before that was to be for 
planning and preparation. During the 
summer of 1971, however, field trials 
of equipment already available were 
made to gain experience in operational 
procedures and techniques. Field study 
of hailstorms in northeast Colorado 
actually began in 1968 as the Joint Hail 
Research Project, a cooperative en
deavor involving NCAR, the National 
Oceanic and Atmospheric Administra
tion (NOAA), and Colorado State Uni
versity. This early study provided useful 
background knowledge and experience 
for the broader experiment which was 
to follow.

There were several particularly impor
tant achievements during 1972, the first 
year of full-scale field operations:

•  Specification of criteria for the 
reliable declaration of a Hail Day. Such 
reliability maximizes the power of the 
statistical evaluation of the suppression 
experiment. Twenty-two Hail Days were 
declared during the operating season, 
only one of which failed to produce hail 
in the Protected Area.

•  D evelopm ent of an efficient 
operating procedure for the conduct of 
the suppression experiment.

•  Deployment of the instrumented 
South Dakota T - 28 armored aircraft in 
mature storms, for the measurement of 
updraft velocities and water content. 
The latter had never been measured 
directly, and values upwards of 50 g/kg 
were recorded. This information has 
important implications for theories of 
hail formation.

•  Vertical penetrations, up to 4.0 km 
(13,000 ft) from cloud base, of the 
NOAA/NCAR sailplane The Explorer 
into growing cumuli with measurements 
of vertical velocities, cloud droplet and 
ice particle size distributions, and liquid 
water content.

•  Exploration of the weak echo re
gion of a thunderstorm by the Wyoming 
Queen Air, flying up to 4.9 km 
(16,000 ft) into it and releasing radar 
chaff for measuring its updraft velocity 
profile.

•  The first drop of dropsondes by 
the NCAR Sabreliner into what appears 
to be the major updraft of a thunder
storm  where dropsondes were sus

pended for periods as long as 20 min, 
implying vertical velocities in excess of 
26.8 m/sec (60 mph).

•  Successful demonstration of the 
Eccles-Atlas method for the real-time 
detection of hail in storms with a dual
wavelength radar by the CHILL radar.

•  Development by NHRE personnel 
of a hail-rain separator for the measure
ment of the mass of rain and hail for 
research and evaluation of the hail 
suppression test.

•  Development of an airborne, verti
cally launched cloud seeding rocket to 
insure a better location in time and 
space for the injections of the seeding 
agent into threatening storms. The rock
et is still being tested.

On the whole, the first year of full- 
scale field operations was considered 
very satisfactory. There was some dis
appointment in the comparative lack of 
well-defined, isolated storms— which 
were to have formed the primary re
search subject— but valuable coordi
nated observational programs were exe
cuted on the four days designated for 
intensive study. And there were many 
other days when the objectives of in
dividual participant research programs 
were met.

The design and procedures of the hail 
suppression technique were tested, and 
proved sound and workable during 22 
declared Hail Days, 12 of which were 
seeded and ten not seeded.

Several operational problem areas 
were identified, and remedies are under 
way. Radio communications are being 
improved. The Special Use Air Space is 
being enlarged and the Protected Area 
relocated within it (see Fig. 1). The 
number of seeding aircraft is being in
creased from four to five and the sup
pression project extended from a six- to 
a seven-day week. Some of the hail-rain 
separators were automated to remove 
the ambiguity that was part of the past 
method of daily network survey.

A separate article describes achieve
ments of the 1973 season.

Program Goals

The National Hail Research Experi
ment has chosen a series of program

goals that are intended to address collec
tively the dual purposes of NHRE. 
These goals were chosen in relation to 
the whole five-year program and the 
requirements of a comprehensive analy
sis and synthesis of findings in the 
period following final field operations. 
The program goals have been divided 
into research, suppression, operational 
analysis, environmental impact, and an 
approach to the feasibility, utility, and 
desirability of hail suppression on an 
operational basis.

The NHRE program goals are shown 
in Fig. 2 with the expected time re
quired to accomplish each.

•  Research. The objective of the first 
summer was to study isolated, single-cell 
storms to find the significant character
istics of the hail-producing cloud in the 
simplest case. Twenty-two cases in all 
were studied with multiple systems. Of 
these, four have been identified as the 
best candidates for intensive study. The 
goal for the summer of 1973 was to 
pursue this study; if progress is satisfac
tory, research will be directed to the 
more complex multicell storms.

As understanding of severe convective 
storms grows, the research will empha
size particular areas. For example, in 
1973 equipment was added to the 
T - 28 to extend its capability to make 
measurements inside storms, and more 
attention was given to microphysical 
processes.

With the aim of developing fore
casting techniques and identifying pre
dictive variables for severe convective 
storms, analysis of the synoptic condi
tions and their relation to the occur
rence of hail-producing storms will be 
made throughout the five-year period.

A final program goal is the integra
tion and synthesis of results into a com
prehensive description of severe convec
tive storms. While this process is ex
pected to evolve with the program, the 
synthesis of results should continue 
through the post-analysis period in 
1977.

•  Suppression. The aim of this ex
periment is the development of a sup
pression technique and a statistical 
evaluation of its efficiency. This evalua
tion is made by statistically testing the



Fig. 1 NHRE map showing the Protected Area in which the effects 
o f  hail suppression experiments are measured. Suppression experiments

are restricted to this block.

Fig. 2 Five-year program goals o f the National Hail Research Experiment

NHRE CALENDAR YEAR 
PROGRAM FISCAL YEAR 
GOALS FIELD TIME

1972 1973 1974 1975 1976 1977
F Y 7 2 ] FY73 | FY74 j FY75 | _ FY76 i FY77..... I ....

RESEARCH
Study Isolated Single-Cell Storms
Study More Complex Multi-Cell Storms
Special Studies and Investigations
Synoptic Analysis and Forecasting
Synthesis of Results

SUPPRESSION
Statistical Evaluation
Statistical Analysis
Test Technique in Another Area

OPERATIONS RESEARCH AND AN ALYSIS
Evaluation of Seeding Systems and Methods
Study Alternative Suppression Techniques
Evaluation of the Operational Application

of Seeding
ENVIRO NM ENTAL ASSESSMENTS

Social
Legal
Ecological
Economical
Downwind Effects 1

FE A S IB IL ITY , U T IL IT Y , AND D ES IR AB ILITY  OF
POSSIBLE EXPANSION TO OTHER AREAS

COST/BENEFIT ANALYSIS 1

Lighter segments of the lines indicate periods during which early research or suppression efforts 
are expected to  yield results enabling subsequent work to  begin.
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difference in hail on the ground be
tween seeded and unseeded cases. If a 
substantial difference is found before 
the end of the five-year operational 
period, the technique may be applied to 
the suppression of hail over another area 
or areas chosen on the basis of eco
nomic value.

As sufficient amounts of data become 
available, multivariate statistical analy
ses are made to determine statistical 
relationships between various measures 
in the hail formation process. One pur
pose of this work is to develop prob
abilistic parameters for assessing the 
economic utility and operational feasi
bility of hail suppression.

•  Operations Research and Analysis. 
Operational analysis and evaluation of 
the seeding methodology and seeding 
system were performed during the first 
two summers of field operations. This 
evaluation supports two program goals. 
It will provide relevant data on the re
peatability of accurate and timely place
ment of the seeding agent applicable to 
both the research and statistical analyses 
of the program, and it will provide 
necessary information on the feasibility 
of conducting an operational suppres
sion program using these techniques.

Another purpose of the operations 
analysis is to evaluate alternative seeding 
techniques as they are proposed. This 
could have several outcomes. Different 
techniques may be suggested for testing 
in areas that do not affect the suppres
sion experiment and, depending on the 
success of the experiment, refinements 
in the present technique may be evalu
ated.

The final goal of the operations re
search and analysis effort is evaluation 
of the operational feasibility of applying 
the NHRE suppression technology.

•  Peripheral Effects o f  Hail Suppres
sion. The impact of hail suppression on 
the environment is .considered from 
social, legal, ecological, and economic 
aspects. Evaluation of the implications 
for an operational suppression program 
will be made throughout the five-year 
period. The aim is to provide essential 
information for the decision process 
about whether operational suppression 
programs should be undertaken.

•  Feasibility, Utility, and Desirabil
ity o f  Hail Suppression. A final phase of 
the analysis of NHRE will address the 
question of the feasibility, utility, and 
desirability of hail suppression on an 
operational basis. This will involve a 
cost/benefit evaluation, incorporating 
the results of the suppression experi
ment with the results of the operations 
research and analysis effort and the 
environmental impact evaluations. The 
purpose of this analysis is to provide 
information— as definitive as the state 
of hail suppression technology allows at 
the end of the experiment— about the 
economic cost vs the benefits of hail 
suppression.

Hailstorm Research

Many studies of the rather idealized 
single, mature, convective storm have 
resulted in a very simple, qualitative 
description of its essential features. 
However, classification of these storms 
by type, identification of an average 
behavior for each type, and measure
ments of the magnitude of the devia
tions about this average are needed to 
develop the complete description of all 
storm types. Understanding the essential 
features of the “ideal” storm is impor
tant to the development of:

•  Improved forecasting methods.
•  Improved numerical models. The 

research program offers opportunities 
for the modelers to test their predic
tions against field observations of real 
thunderstorms.

•  Evaluation of the hail suppression 
experiment. As the knowledge of hail-

Figure 3

storm mechanisms increases through 
research, the models will become more 
realistic and may eventually serve to 
evaluate cloud seeding as a tool to 
modify hailstorms. Also, careful case 
studies of both seeded and unseeded 
storms lead to insights into the effects 
of silver iodide seeding.

•  Refinement of hail suppression 
methods.

Seven objectives of the research ef
fort have been proposed. Further re
search in these areas is considered neces
sary for a better understanding of the 
hailstorm and hail formation mecha
nisms and for making a scientific evalua
tion of the hail suppression experiment. 
These areas are the environment, the 
updraft velocity profile, the radar reflec
tivity profile, the liquid water content 
profile, the conditions at cloud base, the 
mechanism of hail embryo formation, 
and atmospheric electricity.

Hail Suppression Research

The method of suppression chosen 
for statistical evaluation is the accurate 
delivery of adequate quantities of nu
cleating materials into clouds threaten
ing to produce hail at the ground. As 
the project proceeds, the placement and 
quantity of the nucleating material is 
expected to be more narrowly defined. 
At the same time, there will be an 
opportunity for experimental testing of 
other promising methods of suppres
sion.

The method proposed for suppressing 
the occurrence of large, damaging hail
stones is based on a hypothesis which,

A N A LY T IC A L RELATIONSHIP BETWEEN RESEARCH  
AND THE STA TIST IC A L EXPERIM ENT IN NHRE
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though reasonable, has little direct 
experimental evidence to support it at 
present. The hypothesis is that the 
average size of hailstones produced by 
the storm depends on the concentration 
of freezing nuclei in the air feeding the 
storm. When these are comparatively 
numerous, the ensuing competition for 
the available supercooled water ensures 
the production of a large number of 
small hailstones. When the freezing nu
cleus population is small, the result is a 
small number of large hailstones. This 
suggests that large hailstones can be 
suppressed by augmenting the naturally 
occurring freezing nuclei with the intro
duction of artificial nuclei, e.g., silver 
iodide.

While the two major objectives of the 
project are sequential, they are being 
pursued simultaneously since in a pro
ject limited to a five-year period it 
would not be possible to wait for full 
understanding of hailstorms before 
attem pting suppression. Suppression 
experiments are being conducted from 
the outset, using techniques which, with 
existing knowledge, are most likely to
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Social implications

be successful. (See Fig. 3 for an analyti
cal relationship between research and 
the statistical experiment in NHRE.)

Organization and Personnel

The function of NHRE management 
is to plan and direct a large cooperative 
experiment in hail research involving the 
participation of a number of university 
groups, government agencies, and pri
vate institutes. Scientific, technical, and 
administrative personnel were appointed 
for this purpose. A detailed organization 
of the NHRE staff is shown in Fig. 4.

Figure 5 shows an organization chart of 
field operations responsibilities.

The policy in establishing this office 
structure has been that certain existing 
NCAR facilities will be available to the 
project whenever possible and supple
mented, when necessary, by NHRE 
resources.

The advice and opinions of partici
pating groups were invited while the 
experiment was being planned, but once 
the design of the experiment was de
cided on, groups working within the 
framework of the hail program were 
asked to undertake a specific aspect of 
the field work or data analysis. They 
were also asked to work within the over
all framework of the program: to con
duct their field operations under the 
direction of the field management team, 
cooperate in the data analysis process at 
the end of each season in the field, and 
work with the project director and 
other scientists involved in the formula
tion of the succeeding year’s field 
efforts. •

Shirley Connally is a junior at MSC, 
majoring in meteorology technology 
and minoring in mathematics. She has a 
private pilot’s license, and worked for 
NHRE for one summer.
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Summary of 1973 Field Operations

The 1973 NHRE field program began 
on 1 May, following a research aircraft 
calibration and intercomparison pro
gram during April. The primary research 
goal for 1973 was to continue the study 
of isolated, single-cell storms. The plan 
for the suppression experiment was to 
continue the randomized experiment 
using both fuzees and cloud seeding 
rockets.

The research and suppression pro
grams continued without interruption 
through 31 July, and additional cloud 
seeding tests were conducted through 
8 August. A staff of over 100 persons, 
representing seven universities and three 
federal agencies, participated in the 
summer operations.

The components of the observation 
system for the program are listed in 
Table 1. Improvements to the system 
prepared for the 1973 season included:

•  Addition of contoured PPI displays 
and automatic scan control to the 
NCAR radar, and, in cooperation with 
the University of Chicago and the Illi
nois State Water Survey (ISWS), devel
opment of a system for the transmission 
of CHILL radar data to the NHRE 
Grover headquarters.

•  Construction of a miniaturized
3 - cm radar for mounting on one of the 
FPS - 18 (CHILL radar) antenna side 
arms to eliminate the bulky M33 3 - cm 
system and the occasionally unreliable 
servo system  previously used to 
synchronize the dual-wavelength radar.

•  Addition of a NOAA doppler radar 
system that provides a two-dimensional 
distribution of winds in storms, and (by

deriva tion ) three-dimensional wind 
fields within selected storms. The sys
tem consists of two 3 - cm doppler 
radars, one located near New Raymer, 
Colorado, and the other near Bushnell, 
Nebraska.

•  Modifications to the Desert Re
search Institute (DRI) M33 radar to 
allow NHRE air traffic control beacons 
to be identified and the research and 
seeding aircraft tracks to be recon
structed by the Data Acquisition and 
Display System (DADS). These tracks 
were superimposed on contoured radar

data for use in directing research and 
seeding operations.

•  Refinement of DADS to provide a 
real-time contoured PPI display of the 
Grover radar data. The display shows 
the base map of the experimental area, 
selected coordinates, the contouring 
levels, the elevation angle, and the mag
nitude and location of the maximum 
reflectivity.

•  Installation aboard the South 
Dakota T - 28 aircraft of a Barnes 
PRT - 5 infrared radiometer for radia
tive temperature measurements, an

T a b l e  1.
1973 N H R E  O b s e r v a t i o n  S y s t e m

r  *
R A D A R S NCAR Grover Radar

University of Chicago and Illinois State Water Survey Radar 
NOAA 3-cm Doppler Radar System 
Desert Research Institute WI33 Radar

r  A I R C R A F T NCAR Sabreliner
NCAR Buffalo
Two NCAR Queen Airs
University of Wyoming Queen Air
South Dakota School of Mines and Technology T-28
NOAA/NCAR Sailplane

M E S O S C A L E  N E T W O R K Five USAF Radiosonde Stations 
32 Surface Meteorological Stations

P R E C I P I T A T I O N
N E T W O R K

360 Precipitation Stations

M I C R O S C A L E  
H A I L  N E T W O R K

Illinois State Water Survey 2.6-kmJ dense hail network

M O B I L E
S U R V E Y  C R E W S  

>. — ............ j

Two from the University of Wyoming 
Two from the Desert Research Institute 
One from the NCAR Ice Physics Group
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Table 2 R A D A R  D A T A

L O C A T I O N

Grover:

Ft. Morgan:

New Raym< 
& Pine 
Bluffs, 
Wyoming:

-----------

TYPE OF RADAR
: • " ' '  ̂ ...............

Standard
Doppler

NU‘V;3lR or- 1 AP! S

j :> 9 
19 ■■■■■■■

Standard 
I Doppler

1 ::

j Dual doppler 
Vertical 
VAD

. . .

151
14.9

NUMBER OF HOURS

__
..

8
6.2
2.4
0.9

__

Table 3 R ES EA R C H  A IR C R A F T  MISSIONS

AIRCRAFT

NCAR Queen Air
NCAR Queen Air
Wyoming Queen Air
NCAR Sabreliner
NCAR Buffalo
South Dakota Armored T-28
NCAR Sailplane

CALIBRATION RESEARCH

3 16
1 11
6 20
i 13
4 ..

■ - 3 " /
3 16

TOTAL

19 
12 
26 
18
20 
10 
19

Table 4 CO O RD IN A TED * R ES EA R C H  F L IG H T S

NUMBER OF AIRCRAFT NUMBER OF DAYS

7 1
6 3
5 ■' ^ ■

4 7
3 0
2 o
1 li

*W ith ground-based systems

improved evaporator for condensed 
water content measurements, a foil im- 
pactor for determining size distributions 
of water drops, a camera for photo
graphing ice particles larger than 2 mm 
in size, and a precipitation sampler for 
collecting three independent samples of 
a few grams of water per flight.

•  Development by the University of 
Wyoming of a parachute-transponder 
system to measure updraft velocities in 
storms where chaff may be masked by 
heavy precipitation. The transponder is 
released from the University of Wyo
ming Queen Air in the updraft at cloud 
base and tracked by the DRI M33 radar 
at Grover. The system accurately mea
sures velocities through the full depth of 
the updraft region of the storm, unless 
the instrument becomes iced.

•  Development of instruments for 
NCAR’s sailplane The Explorer, in
cluding a polonium probe electric field 
meter for measuring the vertical field, 
an improved pitot system for measuring 
dynamic and static pressure, and an ice 
particle decelerator and collector.

•  Increase of USAF radiosonde sta
tions and surface meteorological sta
tions from four to five.

•  Automation of the measurement 
of the mass and rate of both rain and 
hail through addition of a recording 
system to 125 hail separators.

•  Installation of a dense network of 
150 hail cubes in a 2 .6 -km 2 (1 - mi2) 
area for the analysis of the fine struc
ture of hail falls.

Although final evaluation of the 
scientific contributions of the 1973 
field program must await data reduction 
and analysis, the quantities of data 
gathered indicate a large measure of 
success. Multiradar data were gathered 
on about 30 days, precipitation data on 
45 days, and research aircraft data on 
about 35 days.

Dual-wavelength radars were operated 
throughout the program at the Grover 
headquarters and at Ft. Morgan. Dop
pler radars were operated from 11 June 
to 31 July. Table 2 shows the total 
number of hours of data gathering by 
each system.

Three hundred sixty precipitation 
measuring ground stations were installed

w ith in  an area of approximately 
3,000 km2, but concentrated in the Pro
tected Area; the network operated 
during all 90 days of the summer pro
gram. Rain was measured at one or 
more of the ground stations on 42 days 
and hail on 15 days. Over 500 hail pads 
contributed data on the concentrations 
and the size distributions of hailstones 
during the summer. An equal number of 
data points was also obtained with 120 
hail impactors, 120 weighing rain gages, 
and 240 hail-rain separators. A dense, 
2.6 - km2 hail network, comprising 114 
stations and operated by ISWS, col
lected hail-fall data on three occasions, 
and one or more of six mobile ground 
teams collected clean samples of rain 
and hail for laboratory studies on 17 
days.

Seven aircraft participated in the 
summer research flight operations. Five 
were contributed by NCAR and one 
each by the University of Wyoming and 
the South Dakota School of Mines and 
Technology. Table 3 summarizes the 
number of days each aircraft flew cali
b ra tio n  or research missions, and 
Table 4 shows the number of days on 
which aircraft flew coordinated missions 
to focus on single storm systems simul
taneously with ground-based research 
equipment. Coordinated research flights 
were flown by two or more aircraft on 
19 days and by single aircraft on 35 
days. In addition, the aircraft flew mis
sions for specific experiments such as 
the measurement of inflow chaff (4 
days) and updraft chaff (4 days), drop
sonde tests and measurements (5 days),
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massive seeding (1 day), and nucleus 
sampling (5 days).

In spite of the small number of Hail 
Days, the research objectives were met 
and NHRE scientists are confident that 
their understanding of the microphysics 
and dynamics of thunderstorms will be 
increased by the large assembly of new 
observational data. The scarcity of hail, 
however, resulted in a lean year for the 
hail suppression test. The randomized 
test initiated in 1972 was again per
formed, but only six days qualified as

NHRE Radar

Among NHRE’s meteorological ra
dars are the Grover dual-wavelength 
radar located at NHRE’s Grover head
quarters; the DRI radar, owned and 
operated by the Desert Research Insti
tute, Reno, Nevada, also located at 
Grover; and the CHILL dual-wavelength 
radar operated jointly by the University 
of Chicago and the Illinois State Water 
Survey.

Grover Radar

The Grover radar is NHRE’s principal 
meteorological research radar and also 
produces real-time displays used to 
direct NHRE aircraft and ground opera
tions. This radar system consists of an
8.5 -m  diameter S-band (10 .8-cm 
wavelength) antenna and digital con
trols; a heavily modified FPS - 18 trans
mitter and receiver (CP - 2); an M33 
X-band (3.2 - cm wavelength) radar; the 
radome; and the Grover Research Radar 
Control Room.

The S-band antenna is constructed 
mainly of aluminum; it is approximately 
16.4 m high, and together with its 
p e d e s ta l  weighs app rox im ate ly
15,000 kg. The 8.5 -m  dish has a root

Hail Days (sample days), compared with
22 days in 1972. Of the six declared 
Hail Days, only two were seeded. Never
theless, in view of NHRE’s goal of 15 
samples per year— accepted at the 
outset as the necessary number of 
sam ples for a meaningful five-year 
test— the total of 28 samples over the 
first two years is satisfactory. It is, of 
course, too early to discuss the effi
ciency of cloud seeding for reducing hail 
damage.

Seeding was accomplished by burning

silver iodide-producing flares under the 
fuselage of five cloud seeding aircraft. 
The cloud seeding aircraft were flown 
for purposes of calibration (1 day), 
rocket tests (8 days), research (7 days), 
surveillance (20 days), and seeding (6 
days). Several ground-based and air
borne tests of a new cloud seeding 
rocket were performed; they contri
buted to a total output of 35.4 kg of 
silver iodide during the experimental 
period. •

NHRE’s Grover radar.
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mean square (RMS) deviation from 
paraboloidal of about 2 mm. Azimuth 
and elevation are controlled by paired 
750 -W (1 hp), dc, servo-controlled 
electric motors.

The radome that protects the S-band 
antenna from the weather is a truncated 
balloon 19.8m in diameter, made of a 
nylon fabric coated on both sides with 
vinyl; the fabric is capable of with
standing 5 5 -m/sec winds. Pressure 
inside the radome is designed to be 
slightly above the dynamic-plus-static 
pressure of ambient winds, to ensure 
constant positive surface tension at its 
fabric skin and, therefore, the desired 
spherical shape. Radome pressure is 
m a in ta in e d  by  a low -pressure 
backw ard-curve blow er with the 
dynamic-plus-static pressure of ambient 
winds as its input. In case of a power 
failure, an automatic blower control 
circuit detects the deviations from 
proper air pressure and turns on a 
gasoline-powered alternator. If there is a 
rip in the radome, a low-pressure blower 
failure, or some other hazard (such as 
pressure inadequate to keep the radome 
spherical in ambient wind), the auto
matic circuit turns on a high-speed 
blower, activates an alarm, and records 
all details on a six-channel chart re
corder.

Information received from the an
tennae via the CP - 2 is processed, re
corded, and displayed in the Grover 
Research Radar Control Room. An all- 
digital control unit allows the radar to

raster-scan a convective storm between a 
pair of radial limits adjusted from the 
analog (undigitized video) PPI scope in 
the operations room. The maximum 
elevation of the antenna and the angle it 
will rise at each scan limit are set to fit 
the desired 120-sec scan time through 
a convective storm. Initially, near 0°, 
there are four choices of incremental 
elevation angle: 0.35, 0.7, 1.4, and 2.8°. 
The antenna always begins at 0° and 
moves horizontally through the storm 
until it reaches the radial scan limit set 
on the analog PPI. Almost instantly the 
antenna begins a reverse sweep with its 
elevation adjusted by the next higher 
increment until it again reaches its scan 
limits. This continues until the antenna 
reaches the maximum elevation set into 
the controls. At the next radial scan 
limit it returns to 0° and repeats its ras
ter scan of the storm. Once this antenna 
scan is set, it is totally automatic and 
provides a precise and unvarying format 
for collecting data.

The principal instrument in the Gro
ver Research Radar Control Room is the 
200 - point, high-speed averager (Bioma- 
tion 102 - S), of which 100 data points 
(or range bins) are assigned to the S- 
band (10 - cm) radar and the remaining 
interleaved 100 points are assigned to 
the X-band radar. As shown in Fig. 1, 
the quantities averaged are the log IF 
outputs from each radar. In 1973 the 
average of 64 digitized samples of infor- 
m a tio n  in each range bin was 
(a) transmitted to one of two nine-

track, 1,600 - cpi (characters per inch), 
IBM-compatible-format tape recorders 
(Kennedy 8109); (b) compared to a 
digitally set contour level and the time 
o f contour crossing sent to a PPI 
m em ory oscilloscope (Telequipment 
DM64); (c) converted to an analog vol
tage and displayed on a memory oscillo
scope organized as an A-scope (Tek
tronix 5103); and (d) converted to 
analog and— if it exceeded a preset vol
tage threshold— painted on another 
PPI memory oscilloscope (Tektronix 
603). The memory A-scope, (c) above, 
is permanently connected to the aver
ager. The memory PPIs are connected 
through foot-switches so that only the 
pertinent slices (maps of storm radar 
reflectivity), or series of slices, need to 
be transmitted by closed-circuit TV to 
the NHRE operations personnel, who 
see the location and contours of the 
storm on a map overlay.

The digital data from the averager 
transmitted to the tape recorder, (a) 
above, pass through the averager inter
face circuit. This selects the tape re
corder to be used and an alternate re
corder that cuts in when the communi
cation continues beyond the end of the 
reel of tape. The selected recorder is 
commanded to start even before the 
averager has completed its task so the 
tape can be up to speed at the end of 
the “average” cycle. The tape recorder 
transmits “ ready” at the instant this 
average cycle is completed and the 200 
bytes of averaged data are written on
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tape followed by eight words of “log 
book” information: time, day, year, 
azimuth, elevation, initial range, range 
interval, and names of operators. The 
interface then sets the averager memory 
to zero and starts the next averaging 
cycle.

The X-band h a lf o f the dual
wavelength radar is the track portion of 
a highly modified M33 radar. The 
X-band 3 - cm antenna (3 - m diameter 
lens) has a 1° beam width and is slaved 
to the S-band antenna; its transmitter is 
synchronized with the CP - 2 trans
mitter. As described earlier, the X-band 
IF information is sent to the averager in 
the same way as that of the S-band IF, 
but in channel 2 which is interleaved 
with the S-band channel 1 of the Bioma- 
tion 102-S. The dual-wavelength data 
for the Grover radar are available after 
analysis by the Control Data 7600/6600 
computer at NCAR in Boulder.

DRI Radar

System (DADS) for use in making a 
track of NHRE aircraft in or around a 
convective storm. The track radar re
cords the movement of research aircraft, 
the movement of slowly falling radar- 
reflective chaff for updraft measure
ment, the paths of dropsondes, and the 
measurement of cloud-top heights.

Polar coordinates of the tracked 
object are supplied by the tracking radar 
to an analog computer which, in turn, 
supplies the operator with cylindrical 
coordinates: height, horizontal range, 
and bearing. These coordinates are then 
fed to DADS for operations display on 
TV monitors, and permanent recording 
on magnetic tape.

In this way the radar can track an 
aircraft and transpose that track to an 
over-the-ground plot of the aircraft, 
accurate within 0.1 km, using a known

Fig. 2 Block diagram for CHILL data

geographical point as a reference. When 
an aircraft enters clouds of high density 
or precipitation, however, the radar 
reflectivity of the cloud and precipita
tion is much higher than that of the 
aircraft, causing the radar to acquire the 
echo of the higher reflectivity. This 
difficulty in discriminating between the 
aircraft echo and cloud echo also occurs 
during chaff tracking. Both the A-scope 
of the track radar and the optics fixed 
to the track antenna are used in deter
mining cloud-top heights.

C H IL L  Radar

The CHILL radar is a modified 
FPS-18 with 10.8-cm and special- 
design 3 - cm wavelength radars. Its 
transmitter/receiver and 1 - m lens are 
mounted on the side of the S-band’s

Used mainly as a logistics radar, the 
DRI radar without the computer and 
plot boards is made up of the following 
three basic systems.

•  The air traffic control transponder, 
piggybacked on the main search radar, is 
an L-band system with a horizontal 
beam width of 7°. The vertical beam is 
not defined in height. Output can reach 
1,500 W at peak power.

•  The track portion of the radar 
transmits and receives at a frequency of 
10,090 MHz.

•  The S-band, 8.5 - cm wavelength Averaged z10 
acquisition radar with a 1.4° horizontal (t0 Tape Recorder) 
beam width and an indeterminate verti
cal beam height (calculated at approxi
mately 10° in normal mode), has the
capability of raising the lowest portion 
of its normally cosecant squared beam 
to minimize nearby ground clutter.
Output is 100 kW at peak power.

The DRI radar performs a variety of 
tasks for NHRE. The acquisition radar 
information is fed to a repeater scope in 
the NHRE operations room where it is 
used to locate and monitor convective 
storm growth and NHRE aircraft. The 
air traffic control information is sent to 
a digital Data Acquisition and Display
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8.5 - m (28 - ft) paraboloidal dish, thus providing collimated 
10 - and 3 - cm beams. Both the 10 - and 3 - cm radars have a 
1° beam width and a pulse width of 1 ûsec.

A block design of the incoherent portion of the Radar 
Digital Processor, manufactured by Control Data Corpora
tion, is shown in Fig. 2. It yields a dual-wavelength hail indi
cation and a measurement of attenuation from which liquid 
water content is inferred. The theory behind the data proces
sor is that in the absence of hail (when a storm only contains 
water drops) the product of the echo power received from 
the storm, P watts, and the square of the range to the storm, 
r kilometers, is proportional to the storm’s radar reflectivity, 
Z, and is independent of wavelength; thus

P r 2 = c  Z ( 1)

The water droplet reflectivity factor, Z = 2D6, is clearly the 
same for both radars since it is dependent only on the drops 
themselves.

If we use a dual-wavelength radar the 10 -cm portion 
yields (2), in which the total effective reflectivity factor, Z, 
of (1) is apportioned.

Pi o r 2 = Cj o (Z +  Z io  )

/  \  (2> 
W A T ER  H A IL

If we take account of the attenuation, we obtain (3) as the 
equivalent equation for the 3 - cm radar:

P3 r 2 -  c ,  (Z +  ZS) 1(f “ -

/  \ ®
W A T ER  H A IL

where 1 o"0 2^(A+qĤ dr is the attenuation factor. Attenuation 
adds complexity to the explanation, and is primarily caused 
by liquid water. However, hail will be indicated in the same 
vay if water attenuation is absent, so a simplified version of 
(3), neglecting the effect of water attenuation, is

P3 r 2 = C3 (Z +  Z3 ) (4)

The ratio of (2) and (4) is

C3 Pi 0 _ Z + Z] 0 

Ci 0 P3 Z + Z3

Eccles and Atlas (1973) show that Z10 is greater than Z3 for 
all sizes, wetness, surface roughness, shape, and orientation 
of hail, and C3/Ci o is a constant, say C. Thus, if C Pi 0 /P3 is 
unity the radar indicates the presence of rain only. If 
C P10/P3 is greater than unity, then hail is present (with or 
without rain).

Attenuation of the 3 - cm microwave power forces a slight 
modification to this simple principle. When C P 10/P3 is 
positive, the graph of the ratio of C P i0/P3 to range has a 
hump in it (see Fig. 3). The hump has an upslope (positive 
slope), a crest, and a downslope (negative slope). Now the 
sign of the range differential of C P i0/P3l [d(C P ioA M dr],
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Parts (b) and (c) show the same 
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Figure 6.
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is the sign of this slope. Figure 3(c) shows that this differen
tial has a positive value, then a region near zero, followed by 
a negative value as the range increases. For convenience the 
quantity plotted in Fig. 3(b) is Y = 10 log (C Pi 0 /P3), and 
this has units of decibels (dB).

It is the negative value of dY/dr in Fig. 3(c), called the 
“hail signal,” that is of prime importance. The far side of a 
hail shaft (the side remote from the radar) yields a negative 
value for this derivative whether or not attenuation is 
present.

No other known meteorological phenomenon can cause 
this negative-valued hail signal. However, if the signals Pj 0 
and P3 are not exact estimates of infinitely averaged echo 
power, and the finite time to scan a storm precludes such a 
perfect estimate, some false indications of hail will result 
unless the initial limit for detecting the hail signal is set well 
below the 0-dB/km line shown in Fig. 3(c), and also in Fig. 6 .

Figures 4 and 5 demonstrate that attenuation, other than 
total absorption (P3 = 0), makes little difference to the hail 
signal. The effect of uniform rain and therefore uniform 
attenuation is shown in Fig. 4(c). A model of the hail signal 
from a hail shaft immersed in a cloud is shown in Fig. 5(c) 
(Carbone et al., 1973). There is clearly little difference 
between these and Fig. 3(c) for zero attenuation.

The three types of hail signals are grouped together in 
Fig. 6 . In each case the hail signal is the portion below 
0 dB/km, though the detection level should be set lower than 
this, as mentioned above.

The doppler processor for CHILL provides 16- to 
5 12-point spectra (the number of lines in the spectrum 
between -prf/2 and prf/2) in 32 range gates. The mean fre
quency and standard deviation of spectra are calculated and 
recorded on magnetic tapes.

A digital antenna control was added to CHILL’s system 
for 1973, and is similar to the Grover radar’s digital antenna 
control.

References:

Eccles, P. J., and D. Atlas, 1973: A dual-wavelength radar
hail detector. J. Appl. Meteor. 12 (5), 847 - 854.

Carbone, R. E., D. Atlas, P. Eccles, R. Fetter, and E. Mueller,
1973: Dual-wavelength radar hail detection. Bull. Amer.

Meteor. Soc. 54 (9), 921 - 924.

Other reports pertaining to the radars are included in the 
list of publications by NHRE participants, elsewhere in this 
issue. •

Acknowledgement: Portions o f  the text were written by 
William Bradley, a junior at MSC majoring in electronic 
engineering and minoring in mathematics. Bradley worked in 
aviation and radar technology for the U.S. Navy and is now 
employed by NHRE as an electronics technician for the 
Grover radar.
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Data Acquisition and Display System

Effective study of the internal struc
ture of a storm or group of storms de
pends on remote sensing systems, and 
particularly on sensitive radars. Conven
tional radar system displays present data 
of which only a small portion can be 
used, but a computerized system can 
present several displays that are free of 
signal fluctuations simultaneously on 
separate screens. This enables larger 
q u an titie s  of real-time information 
about a storm to be evaluated con
currently.

A D ata Acquisition and Display 
System (DADS) was designed for NHRE 
by the Desert Research Institute, Uni
versity of Nevada, to meet two require
ments: the real-time display of data that 
is essential for the management of the 
experiment, and the storage and sub
sequent retrieval and reproduction of 
data. The system, as designed, can pro
vide as many as seven different displays 
at each console position in the Opera
tions Room at the Grover headquarters.

System Components

The primary components of DADS 
are two NOVA 800 expanded chassis

m in icom puters, augm ented w ith 
NHRE-designed circuitry for processing 
and displaying radar information; a pair 
of digital cassette recorders; two data- 
recording tape decks; and two disk units 
with a combined storage capacity of
750,000 16 - bit words. Part of this 
capacity provides immediate availability 
of programs and the remainder provides 
data storage for real-time displays.

The system also includes three high- 
resolution scan converters used for 
complex displays such as multiple con
tour radar data, four low-resolution scan 
converters used for single aircraft track 
or other non-complex presentations, 
and television monitor consoles with 
push-button display selection systems.

Available Displays

DADS receives and processes radar 
data from the main Grover radar and 
from two DRI radars, used for tracking 
and search. Radar data are used to pro
duce single and multiple aircraft tracks 
and contoured PPIs. In addition, soft
ware programs are available for the 
VOR/DME coordinate systems for Gill, 
Akron, Cheyenne, and Sidney, for the

Operational Area and the Protected 
Area, and for magnification factors.

Radar data and software presenta
tions may be displayed in any desired 
combination. For example, one channel 
could display a three-contour-level PPI, 
Gill coordinates, the Protected Area, 
and a single aircraft track while a second 
channel was displaying the area of the 
highest radar reflectivity (dBZ), the 
Akron VOR/DME coordinate systems, 
multiple aircraft tracks of selected air
craft, and a magnification factor of 2.

Each channel may have a different 
coordinate system, a different area 
centered, and a different degree of mag
nification. However, no channel may 
have a unique dBZ-level contour dis
played; only the three contours re
quested for the multiple contour PPI are 
available for a single contour display.

Additional software presentations are 
being developed for inclusion in the 
system. •
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Design of the 
Hail Suppression 

Experiment

A primary goal of NHRE is to devel
op a hail suppression technique and to 
evaluate its effectiveness statistically. A 
basic criterion for successful suppression 
is a statistically significant reduction in 
the mass of hail at the ground for 
“Seed” vs “No-seed” days. Other useful 
data are the areal extent, intensity, time 
of onset, and duration of rain and hail 
fall; the size distribution of hailstones; 
and the silver iodide content in hail
stone embryos. As sufficient amounts of 
d ata  become available, multivariate 
analyses will be conducted to determine 
statistical relationships between various 
parts of the hail formation process; one 
goal will be to develop probability esti
mates of the economic utility and 
operational feasibility of hail suppres
sion.

The suppression method is based on 
the hypothesis (not yet verified experi
mentally) that the average size of the 
hailstones produced by a storm depends 
on the concentration of freezing nuclei 
in the air feeding the storm. A high 
concentration leads to a large number of 
small hailstones since many nuclei must 
share the available supercooled water; a 
low concentration leads to a small num
ber of large hailstones. The growth of 
large hailstones should thus be inhibited 
if natural freezing nuclei are supple
mented by seeding with artificial nuclei 
such as silver iodide.

Statistical studies of changes in cloud 
characteristics following seeding help 
the overall understanding of hail- 
producing storms and contribute to 
multivariate analyses. Such analyses can 
help to establish the possible links in the 
chain of events from seeding to the 
reduction of hail at the ground. For 
example, if seeding results in a larger 
number of small hailstones, the effect 
should be apparent in the magnitude 
and altitude of maximum radar reflec
tivity. Dual-wavelength radar should be 
sensitive to the decrease in liquid water 
content and to the shift toward smaller 
hailstone sizes. Aircraft penetrating 
above the level of seeding should also 
detect a decrease in liquid water content 
and an increase in ice crystal concentra
tion . The accompanying release of 
latent heat, which causes an increase in 
buoyancy and updraft velocity, should 
raise the radar echo top and the cloud 
top itself. Throughout the five-year 
study period, mutual feedback between 
the research and suppression portions of 
NHRE will contribute to greater pro
gress in each.

Experimental Design

NHRE’s experimental design differs 
from the classical “target” vs “control 
area” experiment. The classical ap
proach is inappropriate for hail modifi

cation experiments because of the low 
probability that hail will occur on the 
same day in adjacent regions large 
enough for field operations. Moreover, 
it would be difficult to avoid contami
nating the control area while seeding the 
treatment area, and monitoring two 
areas would require a prohibitive num
ber of hail-recording instruments on the 
ground.

Instead, the use of a randomized 
process for choosing Seed and No-seed 
days allows the test area to serve as its 
own control. When a storm threatens 
the Protected Area and develops a re
flectivity greater than 45 dBZ above the 
-5°C isotherm, a “Hail Day” is declared. 
A random choice is then made to seed 
or not to seed. If the choice falls to 
seeding, all storm cells exceeding a re
flectivity of 35 dBZ above -5°C are 
seeded until they decline or no longer 
threaten the Protected Area. (Cells 
showing a reflectivity of 45 dBZ or 
greater above the -5°C level are almost 
sure to produce hail at the ground; how
ever, to ensure the seeding of all poten
tial hailers once the Hail Day has been 
declared, a lower reflectivity value is 
used.)

An analysis by the Illinois State 
Water Survey (ISWS) showed that, given 
the frequency of hailstorms in north
eastern Colorado, with such an experi
ment it will take two years to demon
strate 80% success in suppression (at the 
0.05 significance level) and four years to 
demonstrate 60% success. Slightly faster 
results appear to be possible by making 
use of evidence from the Joint Hail 
Research Program (a forerunner of 
NHRE) that there is a tendency for 
day-to-day persistence in the occurrence 
of hail. Thus, if there is a sequence of 
Hail Days, seeding and non-seeding can 
merely alternate following the random 
choice on the first day. The randomiza
tion procedure is constrained to yield 
about equal numbers of seeded and 
unseeded cases distributed with reason
able uniformity throughout the season.

Reliable observations are required to 
identify threatening storms and to lo
cate the optimum time and location for 
seeding. Storms are first seeded when 
they are no more that 20 min away
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DECISION FLOW FOR A TYP IC A L  OPERATIONAL DAY

Begin 
Operations 
1000 Hr

from the Protected Area; storms origi
nating in the Protected Area are seeded 
as soon as a cell attains 45 dBZ. Seeding 
continues at regular intervals as long as 
the reflectivities remain above that 
value.

Seeding System

For the purposes of the suppression 
experiment, the concept of the hail for
mation mechanism is not closely speci
fied. Detailed concepts have been found 
to contain uncertainties or inconsis
tencies. Successful seeding should, how
ever, rely on the general concept that 
microphysical cloud processes, including 
hail formation, are generally determined 
by the microphysical content of the 
updraft. If artificial nuclei are added to 
the updraft, subsequent air motions will 
ensure their delivery throughout the 
cloud. Thus the cloud in effect deter
mines the role of the nucleant in modi
fying the hail formation mechanism. 
Nucleant must be introduced at a suffi
ciently low level in the updraft to en
sure adequate diffusion by the time it 
reaches the hail-forming region of the

cloud. Yet, it must be injected at a suffi
ciently high level to encounter tempera
tures low enough to prevent its deactiva
tion. Both requirements appear to be 
satisfied if the cloud is seeded at about 
the -5°C level.

The seeding system must be able to 
deliver adequate quantities of nucleant 
into several cells that might be widely 
separated in time and space. Injection of 
100 g of silver iodide at intervals of a 
few minutes appears to be sufficient. 
Multiple injections throughout the life 
cycle of a storm may require several 
kilograms of nucleant. When threatening 
cells are present, the seeding aircraft 
must be ready for dispatch over con
siderable periods of time. As soon as a 
storm registers any reflectivity, the air
craft are “scrambled.”

If an operational failure— such as 
disablement of a seeding aircraft—  
occurs before a Seed Day is declared, 
the suppression test will not be faulted 
since the day can simply be disregarded. 
Once a Seed Day has been declared, 
however, it cannot be discounted be
cause of the inability of the delivery 
system to treat every cell sufficiently.

Thus, high demands of reliability and 
accuracy are imposed on the seeding 
system as well as on radar observations 
to identify all seedable cells. In the 
wake of the storms, equally high de
mands are placed on the precipitation 
network to measure what fell to the 
ground: judged statistically, hail sup
pression attempts can be accounted 
successful only to the extent that their 
effects can be reliably measured.

Following each season seeded and 
unseeded cases are examined for statisti
cal differences. If a substantial differ
ence is identified with high statistical 
confidence before the end of the five- 
year period, the technique may be ap
plied to the suppression of hail in other 
areas chosen on the basis of economic 
value. •
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Cloud Seeding Operations
Rick Chartier Jr.

Seeding aircraft with rocket dispenser.

Components o f  the cloud seeding rocket.

Within the NHRE operational area in 
northeastern Colorado, a smaller (ap
proximately 1,600 km2) Protected Area 
is under continuous radar surveillance 
from Grover and Ft. Morgan. This is the 
location for cloud seeding operations on 
days that have been declared both “Hail 
Days” and “Seed Days.”

Hail Days and Seed Days

When storms threaten the Protected 
Area, upper air soundings may be taken 
as often as every 90 min and radar data 
are taken much more intensively in sec
tor scans of the area of greatest cloud 
development. Referring to the radar 
displays, the Operations Director at 
NHRE headquarters determines whether 
the threat is sufficient to justify declara
tion of a Hail Day. The criteria are a

radar reflectivity of 45 dBZ above the 
- 5 C level and movement of the storm 
cell toward the Protected Area at a rate 
that would place it at the border within 
20 min. The Operations Director will 
already have dispatched seeding aircraft 
to the area. The number of aircraft to 
be deployed and the amount of seeding 
materia] to be dispensed depend on the 
size and intensity of the storm cell. 
Details of the rationale for seeding 
decisions and statistical evaluation of 
seeding experiments are described in 
“Design of the Hail Suppression Experi
ment,” elsewhere in this issue.

The Seeding Rocket

A fleet of aircraft is maintained to 
carry out the seeding operations. Five 
Piper Aztecs, based at the Weld County

A irpo rt in Greeley, Colorado, are 
equipped to carry both end-burning 
flares for seeding at cloud base, and 
rockets and rocket launchers to deliver 
seeding material to the desired location 
within the storm cell. Each flare or 
rocket emits lOOg of silver iodide 
(Agl).

The rocket is of special interest 
because it represents a new approach to 
dispersal of the seeding agent. The 
innovative rocket and launcher system 
were conceived by the NHRE staff and 
developed by MBAssociates of San 
Ramon, California.

A vertical launch tube 2.4 m in length 
is mounted on the side of the fuselage 
of each seeding aircraft. It fires a rocket 
constructed primarily of fiberglass that 
weighs 426 g, is 21 cm long, and has 
high performance characteristics. When 
fired from an altitude of 3 km above 
mean sea level, the rocket achieves a 
speed of Mach 1.1 with a rotational rate 
of 750 revolutions per second for sta
b ilization  during crosswind launch. 
Maximum cloud penetration by the 
rocket is 2.1 to 2.3 km above the 
launching aircraft. The advantages of 
this delivery system are that the risk of 
deactivation of the seeding material is 
minimized and that it permits more 
accurate placement of the seeding agent 
within the storm cell. Over 75% of the 
rocket is burned away, leaving little 
hazardous falling debris.

The aircraft are held in standby status 
seven days a week; when a Hail Day is 
declared they can be summoned to the 
Protected Area in a short time. When 
they arrive over the operational area, 
the Operations Director and FAA per
sonnel control and direct the aircraft, 
using data from the M33 and Grover 
radars to dispatch them to the locations 
designated for seeding. •

Rick Chartier Jr. is majoring in mete- 
rology technology at MSC. Before that 
he studied meteorology in the U.S. 
Coast Guard and was stationed aboard 
weather patrol cutters in the Pacific 
Ocean for four years. He has worked in 
weather modification projects in 
Durango, Colorado, and in Libya.
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Surface Precipitation Network
David Branchaud and Jana Allman

A densely instrumented precipitation 
network provides data for the compara
tive statistical analyses required to test 
the hail suppression hypothesis and to 
correlate precipitation rates and area 
distribution with radar and aircraft mea
surements. The network is most dense 
in the Protected Area, a 1,600-km 2 
area in northeastern Colorado and the 
Nebraska panhandle centered approxi
mately 60 km northeast of NHRE’s 
Grover headquarters. Within this Pro
tected Area the effects of hail suppres
sion attempts are measured.

The network contains approximately 
360 instruments that record rain and 
hail accumulation and, in some in
stances, rain and hail rates. The instru
ments are:

•  Closing-top hail catcher. Metal 
boxes with an opening of 35 X 35 cm 
collect and separate rain and hail to 
allow measurement of each. Spring- 
loaded tops with automatic timing 
mechanisms close the boxes at the end 
of the day (see the article titled “The 
Hail Catcher”).

•  Automatic hail separator. This 
catcher is a refined model of the

closing-top separator and is also de
scribed in the article cited.

•  Belfort weighing rain gage. This 
standard commercial instrument weighs 
amounts of precipitation and records 
data on a three-day chart.

•  Hail impactor. Developed by 
NOAA, this instrument gives a timed 
record of hailstone impacts. Marks made 
on a rotating drum chart are propor
tional to the intensity of hailstone im
pact and size. The first hailstone impact 
activates the drum which runs in 
90 - sec cycles until one cycle after the 
last impact.

•  Hail pad. A styrofoam pad mea
suring 45 X 30 X 2.5 cm and wrapped 
in aluminum foil registers hail impacts 
as surface indentations. An automatic 
particle analyzer later measures the 
indentations to determine hailstone size 
and shape and the velocity, density, and 
direction of hail fall.

Service Routes

The network instruments are dis
tributed among 13 service routes, each 
about 240 km long. On each of four

routes there are 30 closing-top hail 
separators that are serviced daily. Nine 
Belfort gage and hail impactor sites are 
located along these routes at about 
6 - km intervals. Since they require ser
vicing only once every three days, stops 
are made at only one-third of the sites 
during each daily run. The closing-top 
catchers are placed along state highways 
or county roads, and the automatic hail 
separators are placed along somewhat 
more primitive dirt roads. On each of 
six routes there are 20 automatic separa
tors and five Belfort-impactor combina
tions; on each of three routes there are
19 Belfort-impactor combinations, with 
no other instruments. •

David Branchaud will receive his B.S. in 
aviation management from MSC in 
March 1974. He holds commercial and 
instrument pilot’s licenses, and worked 
for NHRE during the summer o f  1973.

Jana Allman is majoring in meteorology 
and minoring in electronics at MSC. 
During the summer o f  1973 she worked 
as a member o f  the precipitation 
network crew for NHRE.

Eleven MSC students service and maintain the precipitation network seven days a week.
Instruments shown are a closing-top hail separator (left), a hail impactor (center), and a Belfort rain gage (right).
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The Electronic Hail Catcher

The Hail Catcher
Terry Karpen

Hail catchers are used to separate hail 
from rain so that accumulations of each 
may be measured separately for each 
case studied. The separating and mea
suring device has undergone successive 
modifications to adapt it to the field 
environment of northeastern Colorado 
and to NHRE’s particular data-gathering 
requirements. Accuracy of measure
ments from the hail catcher and other 
instruments of the ground precipitation 
network is essential to the NHRE hail 
research. Since an operational day ends 
precisely at 2030 hr, measurements 
must be taken as near as possible to that 
time; readings made earlier or later 
might record too little or too much 
precipitation for the timed operational 
“unit.”

The Original Hail Separator

The original hail separator was de
signed by G. Brant Foote of NCAR. It 
was an open box constructed of gal
vanized iron and had a capacity of 14 £ 
of hail and 20 £ of rain. Baffles pre
vented hail from bouncing back out, 
and a slanted screen permitted rain to

CLOSING-TOP SEPARATOR

fall through to a rain reservoir while 
shunting the hail to a hail “bucket.” 
The open top allowed precipitation to 
accumulate during a storm but necessi
tated measurement of precipitation at 
the end of each day by the ground crew.

A Modified Version

The first modification to the hail 
catcher was a closing top, suggested by 
Guy Goyer and designed by Ed Lamb- 
din, both of NCAR. The design incor
porated a timing mechanism that could 
be set to close the top automatically; 
the field crew were to raise the top in 
the morning, measure the collected 
precipitation from the previous day, and 
set the timer for automatic closure at 
the end of the research day. In field use, 
however, dust and debris caused mal
function of the timing mechanism with 
the result that the separators remained 
open all night. The crews then visited 
the sites twice daily, once in the morn
ing to open the tops, and again in the 
evening to close them and to measure 
and record the accumulated precipita
tion.

ELECTRONIC SEPARATOR

A further modification to the original 
separator was made by an NCAR con
su ltan t, James E. Smith of Micro
motion, Inc., Boulder, Colorado. In this 
modification, siphons in the hail and 
rain reservoirs of the catcher are con
nected to an electronic box that makes 
a film record of the date, time, and sta
tion number, and of the number of 
tim es the siphons have filled and 
emptied (“dumped”). The amount and 
type of precipitation for each storm can 
be determined by counting the recorded 
dumps and correlating this with other 
recorded information.

Because the electronic hail catcher 
required service only once every three 
days, it was located in the more remote 
areas of the research network, but field 
tests revealed the need for further modi
fication. The surface tension of water 
inside the siphons proved to be so 
strong that it would not break when it 
reached the terminals at the top of the 
siphon cup and so the recording device 
was not actuated. This problem was 
solved by installing a plastic tube 
around the terminals to increase the 
area of the terminal; in this way precipi
tation was released and the recorder 
triggered. Because of corrosion of the 
battery terminals, film in the recording 
device sometimes failed to advance. The 
only solution to this problem was to 
scrape the terminals periodically.

A Future Version

T. R. Nicholas of NCAR has designed 
another hail catcher, a prototype of 
which is now undergoing further devel
opm ent. Smaller than the previous 
catchers and using the siphon-electronic 
concept of the last model, it will be able 
to record larger amounts of precipita
tion over short periods of time. •

Terry Karpen is a senior at MSC with a 
professional pilot major. He holds 
commercial, multiengine, instrument, 
and instructor ratings.
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The Mesonet
Ronald Rutherford and Timothy Smith

Meteorological data are recorded twice each day on the Station Status 
Report. The thermograph appears at the front o f  the shelter; the hygrograph 
is behind it; and the microbarograph is at the right.

The 1973 NHRE Surface Mesonet- 
w ork consisted o f 33 stations located in 
northeastern Colorado and southwes
tern Nebraska. The purpose o f the 
Mesonet is to  record continuous surface 
w ind speed and direction, temperature, 
relative hum id ity , and barometric pres
sure. These data, supplemented by air
craft, radar, radiosonde, and precipita
tion network data, are necessary fo r the 
calculation o f hailstorm air mass and 
moisture budgets. The Mesonet is part 
o f the more extensive surface m oni
toring netw ork; i t  helps to verify other 
data and to determine storm structure. 
The 1973 Mesonet is larger than i t  was 
in 1972. Its expansion has been an asset 
to NHRE because o f the importance 
now given to surface and near-surface 
data in  hailstorm research.

The Instrument Systems

Each o f the 33 stations included 
instrument systems continuously ex
posed in a modified African thermal 
shelter. The instruments are constructed 
to be rugged and durable; their re liab il
ity  under extreme weather conditions 
has added to the value o f the Mesonet. 
The instrument system consists of:

•  Climet wind system: a research 
grade instrument which provides an 
analog strip chart record o f both wind 
speed and direction. Wind speed is in 
meters per second. The Climet wind 
speed transm itter is accurate to w ith in  
1% o f the actual wind speed. Both speed 
and direction transmitters can operate 
in climates w ith  temperatures ranging 
from  -48 to +67°C. (Used w ith  semi
m onth ly  charts.)

•  Epic thermograph: a continuous 
drum-type recorder o f the ambient air 
temperature, w ith  a temperature range

o f 0 to 40°C and an accuracy o f ±0.1C°. 
(Used w ith  a daily chart.)

•  Serdex hygrograph: uses the Ser- 
dex membrane to provide records o f 
relative hum id ity . This hygrograph is 
thought to be unreliable fo r readings 
above 80% and below 20%; w ith in  that 
range, errors o f 5% are considered very 
good. (Used w ith  a daily chart.)

•  Belfort microbarograph: records 
continuous changes in barometric pres
sure. I t  is the standard Weather Bureau 
pattern Belfort but w ith  daily instead o f 
weekly charts fo r better time resolution. 
The Belfort microbarograph has an 
accuracy to ±0.1 mb.

•  M inim um -m axim um  thermom
eters: standard Weather Bureau mercury 
column thermometers. W ith the accu

racy o f the thermographs, i t  is doubtfu l 
that these thermometers w ill be neces
sary fo r next year’s experiment.

•  Shelter: a modified A frican shelter 
w ith  louvered sides to perm it free air 
c irculation throughout, and a double 
top designed to protect the instruments 
from  precipitation, condensation, and 
thermal radiation. Two sets o f doors 
allow maximum access to the instru
ments w ith  m inim um disturbance o f 
them.

Additional Instruments

Two other instruments are used by 
the technicians to calibrate and supple
ment these six systems. Designated as 
the standards by which errors in the
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strip chart instruments are determined, 
these two instruments are:

•  Digital aneroid barometer: pro
vides the technician with an instan
taneous digital readout of the baromet
ric pressure to within 0.02 mb. (In prac
tice, pressure is read to the nearest 
0.1 mb.) Each digital barometer is cali
brated against the mercury barometer at 
NCAR before being used in the field as 
a standard. The error between this in
strument and the barograph in the shel
ter is noted for each station and re
corded on a trend chart for later data 
processing.

•  Assman aspiration psychrometer: a 
spring-driven aspirator utilizing wet-bulb 
and dry-bulb thermometers. After each 
reading of this instrument, the wet- and 
dry-bulb temperatures are used to cal
culate dew point and relative humidity 
by a circular psychrometric calculator. 
The dry-bulb reading is used to check 
the error of the thermograph, and the 
calculated relative humidity is used to 
determine the error of the hygrograph. 
These errors are also recorded on trend 
charts for future processing.

Calibration

Prior to field installation, the Climet 
wind systems were calibrated electroni
cally in the NCAR Field Observing 
Facility (FOF) wind tunnel; during 
setup in the field each system was re
checked by a portable Climet calibra
tion box. The thermographs and baro
graphs were calibrated in the FOF’s 
environmental chamber before and after 
exposure. During setup they were re
checked with the Assman psychrometer. 
Barographs were adjusted to station 
pressure during setup, using the digital 
aneroid barometer. Analysis of minor 
calibration discrepancies noted during 
the 1973 season may suggest procedural 
improvements.

Servicing and Maintenance

Thirty-two stations were arranged 
along four north-south lines and one 
station was at the Grover headquarters 
(see Fig. 1). Each of four technicians on 
the Mesonet crew was responsible for

*The call letters for a shortwave radio sta tion 
opera ted  by the National  Bureau o f  S ta n 
dards in Ft.  Collins, Colorado; it broadcasts  
time signals only.

Only data from selected research days 
were subjected to detailed processing. 
Sections of the thermograph, hygro
graph, and microbarograph strip charts

□  MESONET STATIONS 
«« EXPERIMENTAL AREA BOUNDARY 
H  PROTECTED AREA BOUNDARY 

STATUTE MILES

Fig. 1 Map o f  NHRE 
1973 Mesonetwork. The 

station at Grover is not shown.

There were several reasons for making 
a second run. It was essential to inscribe 
additional time marks on the charts in 
order to time-match the data since the 
chart drives were spring wound. An
other reason was to reduce hazards to 
the collection of good data, such as 
failure of pens to write and occasional 
intrusions by rodents and large insects. 
During the second run, readings from 
the instruments in the shelter and the 
two standard instruments were again 
recorded on the Station Status Report.

At the end of the day, each techni
cian reviewed the charts removed in the 
morning run for any obvious errors such 
as missing data or faulty entries in the 
Station Status Report. They recorded 
errors on the trend charts and checked 
the three time marks with the Station 
Status reports. Once a week they sent 
all charts and Station Status Reports to 
the Data Manager at the Grover site, 
who cataloged and stored them for 
further processing.

Data Processing

servicing and maintaining one line of 
stations. In order to obtain the desired 
time resolutions, the crew visited the 
stations twice a day five days a week 
and once each on Saturday and Sunday 
to perform chart changes, routine cali
bration checks, and maintenance. Prior 
to  each day’s servicing, technicians 
synchronized their watches with WWV* 
time.

On the first run of the day, the tech
nicians removed the microbarograph, 
hygrograph, and thermograph charts 
from the previous 24 hr. At a time 
noted to the nearest second they re
corded their readings on the Station 
Status Report, along with readings from 
the digital aneroid barometer and the 
Assman psychrometer. They also noted 
time marks and readings on the Climet 
wind recorders (beginnings and ends of 
traces on the chart both constitute time 
marks).
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covering the period from  noon to 
2100  h r  w ere  f irs t  digitized with 
N C A R ’s Datagrid graphic digitizing 
system. From  the time marks on the 
charts, and various other parameters, 
x ,y  coo rd ina tes  for readings every 
0.51 mm along the trace segment were 
recorded on magnetic tape. One tape 
was generated by the Datagrid for each 
selected research day.

A prepass program checked keyboard 
entries and rewrote the tape in a more 
convenient form at. Next, a canned pro
g ra m m in g  rou tine  established time 
scales consistent w ith twice-daily time 
marks, converted from Datagrid x,y 
units to meteorological units, in ter
polated linearly for param eter values 
each whole m inute, and incorporated 
correction factors (trend chart data) 
into all interpolated values of pressure, 
te m p era tu re , and relative hum idity. 
A no ther canned routine used these 
corrected  interpolations to  com pute 
dew points for each whole m inute.

Finally the data were analyzed for 
errors. Trend chart values, which were 
determ ined by comparing standard in
strum ent values w ith station instrum ent 
values, were then distributed linearly in

time for every whole m inute between 
the times o f consecutive station visits. 
No trend values were determ ined for the 
station at the Grover site or for the 
wind data.

The 14 - day wind speed and direc
tion charts were divided into 24 - hr 
days. Two lines were drawn for wind 
speed to  represent the average mean 
wind and the average mean peak gusts; 
on the direction chart the actual trace 
was used. N ext, the charts selected for 
processing were digitized in the same 
manner as the other instrum ent charts, 
except that the wind speed had two 
readouts.

Data Presentation

A fter digitizing, a p rin tou t o f  raw 
data was produced from magnetic tapes 
and checked for errors by the prepass 
program. The Station Status Report 
data were com puterized to  produce a 
readout o f data on a m inute-to-m inute 
b as is  by interpolation; the readout 
covered time, wind speed, wind direc
tion, hum idity , pressure, and wet- and 
dry-bulb tem peratures, from which dew 
point was com puted. Data from  the

strip charts were then superim posed on 
these com puterized data to  produce a 
final prin tout.

Final printouts o f data have been 
microfilmed and cataloged for use by 
interested scientists. Data are shown in 
the following categories: time, tem pera
ture, pressure, relative hum idity , average 
mean wind speed, average mean wind 
peak gust, wind direction, and calcu
lated dew point. These data have not 
been analyzed in relation to m eteoro
logical events, but are simply a listing of 
available surface m eteorological data to 
supplem ent other research data. •

R onald R u therford  is com pleting work 
this m on th  fo r  a B.S. in aviation 
management, with a m inor in m eteorol
ogy. He holds a private p ilo t certificate, 
and has w orked fo r  tw o years as a 
technician on the N H R E  M esonetwork.

T im othy Sm ith  is a senior a t MSC, 
majoring in m eteorology and minoring  
in aviation management. Trained in the 
U.S. A rm y  as a p ilot, he w orked fo r  
N H R E  as a M esonet technician during 
the sum m er o f  1973.

Radiosonde Network Stephen P. Geoghegan

Radiosonde observations are vital to 
NHRE’s data-collection program. The 
radiosonde netw ork was furnished and 
staffed by the U.S. Air Force Sixth 
W e a th e r  Squadron, com m anded by 
Col. H. D. Turner. Their mission was to 
obtain the atmospheric soundings that 
are used in studies of selected hailstorms 
and that will contribute to the evalua
t io n  o f  N H R E ’s h a il  suppression 
experim ent.

The network consists o f  five radio
sonde sites located at or near NHRE’s 
Grover headquarters, the Sterling air

port, and F t. Morgan in Colorado, and 
the Kimball and Sidney airports in 
Nebraska. Each site had a crew o f four 
observers and two maintenance men 
except Grover and Sterling, where five 
observers were needed.

The Grover and Sterling sites oper
ated seven days a week w ith scheduled 
daily radiosonde releases at 0730, 1030, 
1330, and 1630 MDT. The sites at 
F t. Morgan, Kimball, and Sidney oper
ated Monday through Saturday with 
scheduled daily releases at 1030, 1330, 
and 1630 MDT. When promising condi

tions existed, headquarters at Grover 
requested that additional releases, called 
“ serials,” be made at 90 - min intervals. 
S ta n d a rd  surface observations were 
obtained hourly at each site: tem pera
ture, pressure, relative hum idity , wind 
speed and direction, com puted dew 
point, visibility, and sky condition. On 
serial days, however, standard surface 
observations were taken every 30 min, 
beginning on the half-hour closest to the 
time the serials were called for and con
tinuing until 2000 MDT. Most o f the 
hourly surface data were gathered from
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Mesonet stations collocated w ith the 
radiosonde sites. All these data were 
transm itted in coded form to Grover 
headquarters via telephone lines.

A id  to Operational Decisions

In addition to providing research data 
for the study o f three-dimensional con
vective storm structure, the radiosonde 
network is operationally im portant in 
assessing the potential for convective 
activity. Accordingly, data from the 
early morning releases are prom ptly 
p lotted at Grover headquarters and used 
in m orning briefings. Radiosonde infor

m ation contributes to  such decisions as 
w hether or not to alert aircraft and per
sonnel for Hail Day declaration and 
preparations. Throughout the day the 
incoming radiosonde signals are closely 
m onitored for operational inform ation: 
surface wind data, height o f the -5 and 
-30°C levels and o f cloud base, m oisture 
and air mass data, and the existence of 
steering winds at 500 mb.

T h e  radiosonde network provides 
both  operational and research data that 
can be used as standards for calculating 
moisture and air mass budgets and for 
com p ariso n  w ith data from instru
m ented aircraft and from surface sta

tions. Collected radiosonde data are 
keypunched onto cards, processed by 
the NCAR com puter, and stored on 
magnetic tapes. The NHRE Data Man
agement Office can provide access to  
radiosonde data for any day or even for 
any particular storm. •

Stephen P. Geoghegan is a senior at 
M SC majoring in m eteorology and  
minoring in aviation management. He 
w orked fo r  N H R E  as a technician 
servicing the M esonetw ork_________

Cloud Photography Gary Potts

Cloud photography is used in NHRE 
to record visual data on hailstorms for 
early analysis and later com parison with 
the Grover radar data. Bolex - 16 time- 
lapse cameras at the Sterling and Grover 
sites can be focused on the same storms 
to  provide separate views for com pari
son. The standard Bolex movie camera 
is equipped w ith an intervalom eter that 
can be adjusted to time single-frame 
exposures at selected intervals, usually 
one frame per 10 sec. Playback at nor
mal m otion picture speeds reveals the 
storm ’s m ovem ent, growth, and decay. 
Two Russian-built wide-angle 35 - mm 
panoram a cameras are used at Grover 
and Sterling to  provide still photographs 
o f storms and cloudscapes. Each camera 
has a 126 X 54° field of view and is 
manually operated, usually at one frame 
per 5 min. Scientists examine the nega
tiv e s  to  measure cloud height and 
angles, and to  determine the movement, 
growth, and death of storms.

Photographs from the still and time- 
lapse cameras are compared with the 
Grover radar data to  determine simi
la r i t ie s  in cloud-top and radar-top 
heights and to  measure storm  move
ments. •

Gary P otts is in his third year a t MSC; 
his major is aviation management and  
his m inor is meteorology. He holds a 
private p ilo t’s license, and has worked  
one sum m er with NHRE.
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A  storm photographed with a wide-angle 35 - m m  panorama camera 
a t Sterling, Colorado, at 1634 M D T  on 9 Ju ly 1973.

A  cloudscape at sunset photographed with the panorama camera at
Grover, showing radome, radars, and sailplane on tow  (2019 M DT, 9 Ju ly 1973).



Research Aircraft
Russell W. Trook

Seven research aircraft participated in 
NHRE’s 1973 field program: NCAR’s 
Buffalo, Sabreliner, sailplane, and two 
Queen Airs; the South Dakota School o f 
Mines and Technology’s armored T - 28; 
and the University o f Wyoming’s Queen 
Air. Flying in and near storms, the 
planes collected data that could be cor
related with surface and radar measure
m ents o f the same storms. Instrum ents 
aboard all the aircraft recorded a wide 
variety of meteorological and flight vari
a b le s . In addition, the planes had 
specific functions.

•  N C A R  Buffalo, Sabreliner, and 
Queen Airs: These aircraft provided a 
com bined research tool used simul
taneously to: ( 1) study the dynamics of 
thunderstorm s, the structure of their 
environm ent, and the way these in te r
act; (2) learn how moisture and wind 
distributions contribute to  forming and 
sustaining thunderstorm s; (3) measure 
air and m oisture fluxes in the sub-cloud 
layer o f both the inflowing and dow n
draft branches, and at various levels 
from the base o f the cloud to 10 km to 
study the exchange o f mass and m om en
tum  between the storm  and its sur
roundings; (4) delineate the effects o f 
changing surface roughness and other 
properties on thunderstorm  dynamics 
and precipitation; and (5) attem pt to 
improve the 30 - 60 min forecasting of 
th u n d e r s to r m  properties using the 
characteristics o f the air mass below the 
cloud and the condition of the surface.

•  N O A A /N C A R  Sailplane: During 
ascent in the core o f cloud updrafts, the 
Cannon cloud particle camera aboard 
the sailplane photographed cloud drop
lets and ice particles for analysis o f size, 
shape, and number densities. An electro

static disdrom eter obtained continuous 
data on drop size distributions. Data 
were also gathered on derived liquid 
water content, updraft velocity, tem 
perature, the vertical com ponent and 
one horizontal com ponent o f the elec
tr ic  field, and other environmental 
parameters.

•  University o f  Wyoming Queen Air: 
Separately and in conjunction with 
ground mobile units, the Wyoming air
craft contributed to  the investigation of 
hailstorm dynamics by means of: ( 1) 
observations o f vertical velocity, tem 
perature, m oisture, and turbulence in 
the sub-cloud organized updraft and, on 
occasion, in the lower portion of the 
weak echo region (radar chaff was re
leased for quantitative exam ination of 
updraft structure w ithin the weak echo 
region); (2) observations made in the 
updraft which, combined with radar and 
ground observations, were used to im 
prove conceptual and numerical models; 
(3) ground observations o f tem perature, 
dew point, pressure, and wind speed and 
direction at selected locations relative to 
the storm system; and (4) observations 
to help clarify microphysical processes 
involved in hail form ation, such as the 
development and physical properties o f 
hail em bryos, analysis o f freezing nuclei 
and of the chemical properties o f sur
face precipitation samples, and sup
porting measurem ents o f rainfall rate, 
hail fall size distribution and fall speeds, 
and meteorological conditions.

•  South  Dakota T  - 28: This armored 
aircraft gathered data in the immediate 
vicinity o f and within hailstorms to: ( 1) 
take measurem ents o f updrafts in hail- 
fo rm in g  regions; (2) determ ine the 
composition o f high radar reflectivity

zones; (3) obtain a “ first look” at ice 
and water budgets of hailstorms; and (4) 
provide for input to numerical models 
o f both  hailstone and hailstorm  growth.

Data Q uality

In order to ensure accurate and con
sistent data from all the aircraft, each 
was required to undergo comparison 
tests that included tower flybys and 
inter.-aircraft comparisons. The tower 
flybys compared the aircraft equipm ent 
with instrum ents o f known accuracy 
m ounted on a 15 - m tower. The aircraft 
flew past the tower w ith equipm ent 
operating and at airspeeds normally 
flown during research flights. Readings 
were taken on the aircraft and the tower 
at the m om ent o f passage; values were 
compared and discrepancies identified.

Formal comparison flights were con
ducted at the beginning o f the season to 
c e r tify  each aircraft’s readiness for 
research. The aircraft flew in form ation 
through a flight pattern  containing two 
legs at right angles to each other, and 
c o l le c te d  d a ta  c o n t in u o u s ly  for 
30 - 50 min. The Buffalo led the form a
tion and was the reference standard for 
the other planes.

R o u tin e  inter-aircraft comparisons 
were also made as often as possible 
before or after research flights during 
the three-m onth field season. On the 
way to or from storms, instrum ent 
readings were compared for a few 
m inutes in whatever flight pattern  and 
at whatever altitude the planes hap
pened to be.

Research Missions

Coordinated flights o f several aircraft 
provided simultaneous data from the 
sub-cloud layer through the cloud base 
an d  upw ard  to altitudes o f about 
12km . The NCAR Buffalo and Queen 
Airs circumnavigated storms at sub
cloud levels in a stacked “ follow-the- 
leader” pattern  with 600 - m vertical 
intervals; the Sabreliner flew a similar 
pattern  at the upper levels, usually 
between 8 and 11 km. The Wyoming 
Queen Air traversed the center o f the 
updraft below cloud base and the South



Dakota T - 28 flew a similar pattern 
while penetrating the storm ’s mid-levels. 
When possible, the sailplane penetrated 
the base of the storm  and rose in the 
updraft. Data from the coordinated 
flights are being combined for analysis 
o f storm dynamics and their interaction 
w ith  th e  surrounding environm ent. 
Special points o f focus in the data inter- g 
pretation are the role o f  m oisture and j  
wind distribution in the form ation and 
m a in ten an ce  of thunderstorm s, and 
mass and m om entum  exchanges be
tween storms and the environm ent. •

Russell W. Trook is working on a double  
major a t M SC in electronics and aviation 
management. He has been a fligh t 
observer fo r  N H R E  during the summers 
o f  1972 and 1973.

Research fligh t sectors fo r  aircraft during the 1973 fie ld  season.

The Armored T-28 Timothy J. McDonnell

During the summers o f 1972 and 
1973, an arm ored, instrum ented T -2 8  
aircraft was furnished by the South 
D akota School o f Mines and Technol
ogy’s Institu te o f  Atmospheric Science 
(IAS) for use in the NHRE study of 
severe storms in northeastern Colorado. 
Researchers were able to  fly the aircraft 
through storm  clouds to  obtain in-cloud 
measurem ents o f various meteorological 
parameters. The T - 28 made 27 pene
tration flights on seven days during the 
1973 field season. Instrum ents aboard 
the aircraft and the parameters m ea
sured are listed in Table 1.

S abre liner 
C lear A ir

S a bre lin e r

T -2 8  P e ne tra tio ns

B u ffa lo
B u ffa lo

N C A R  Queen A ir  
C lear A ir

W yo m in g  Q ueen A ir  
C lear A ir

In c a r  Q ueen A ir

N C A R  Queen A ir
Su rface

S a bre lin e r — D ropsonde 
C lear A ir

S TO R M
M O V E M E N TN C A R  Queen A ir

28.South  D akota School o f  Mines and Technology T  -
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T A B L E  I 

Instrumentation aboard the T-28

Parameter
Measured

Instrument
Type

Manufacturer and Combined Perforrnance o f Transd ucer, Signal Condi tioning, and Re<:ording
Model No. Range A c c u ra c y Time Constant Precision

T e m p e ra tu re P la t in u m
resis tance

R o s e m o u n t 1 0 2 A U 2 A P -30 to  + 3 0 ° C ± 0 .9  C° 1 sec 0 .0 3  C° 0 .0 3  C°

T e m p e ra tu re T h e rm is to r M e tro D a ta  T V H  26 -30  to  + 3 0 ° C ± 0 .5  C° 1 sec 0 .0 3  C° 0 .0 3  C°

L iq u id  w a te r 
c o n te n t

H o t w ire Jo h n s o n -W illia m s 0  to  5 g /m 3 ± 20% 1 sec 0 .0 0 5  g /m 3 0 .0 0 5  g /m 3

T o ta l m a te r 
c o n te n t

E v a p o ra to r N C A R  (K y le ) 0  to  4 0  g /m 3 ± 3  g /m 3 3  sec 3  g /m 3 1 g /m 3

In d ic a te d
a irspeed

A irsp e e d
tra n sd u ce r

C IC  7 1 0 0 , p a r t  o f  
th e  M e tro D a ta  T V H  26

1 30  to  6 4 9  k m /h r  
(7 0  to  3 5 0  k t)

± 6  k m /h r  
(3  k t)

1 sec 2 .6  k m /h r  
(1 .4  k t)

0 .6 5  k m /h r  
(0 .3 5  k t)

R a te  o f  
c lim b

V a r io m e te r B a ll 1 0 1 A -1 ,8 2 9  to  + 1 ,8 2 9  m /m in  
( -6 ,0 0 0  to  + 6 ,0 0 0  f t /m in )

t  2% 1 sec 2 m /m in  
(6  f t /m in )

2 m /m in  
(6  f t /m in )

P o s it io n :
A z im u th

V O R  signal 
c o n d it io n in g

M e tro D a ta  M 8 0  to  3 6 0 °  
fro m  V O R T A C  
s ta tio n

± 2 ° 1 sec 0 .3 6 ° 0 .3 6 °

P o s it io n : 
S la n t range

D M E  signal 
c o n d it io n in g

M e tro D a ta  M 8 0  to  185  k m  
(0  to  100  n m i) 
f r o m  V O R T A C  
s ta tio n

± 2 .8  k m  
(1 .5  n m i)  o r 
3% , w h ic h e v e r 
is g rea te r

1 sec w ith  D M E  
lo c k  on

0 .2  km  
(0.1 n m i)

0 .2  km  
(0.1 n m i)

Pressure
a lt itu d e

A l t i tu d e
tra n s d u c e r

C IC  7 0 0 0 , p a r t o f 
th e  M e tro D a ta  T V H  26

0  to  9 ,1 4 4  m  
(0  to  3 0 ,0 0 0  f t )

+ 5 9  m 
(1 9 5  f t )

1 sec 4 6  m 
(1 5 0  f t )

9  m  
(3 0  f t )

Pressure
a lt itu d e

Pressure
tra n s d u c e r

B a ll E X -2 1 0 -B -61 to  9 ,1 4 4  m 
(-2 0 0  to  
3 0 ,0 0 0  f t )

± 1% 1 sec 9 m  
(3 0  f t )

9  m 
(3 0  f t )

R a in d ro p
s p e c tru m

Im p a c t
tra n s d u c e r

M e tro D a ta  R R  4 0 0 .3 5  to  7 .3 5  m m  
in  9  s ize  classes

± 1 size class 1 sec 1 size class 1 size class

V e rt ic a l
a c c e le ra tio n

A c c e le ro m e te r G ia n n in i
2 4 1 1 7 N N -7 .5 -5 0

+ 7 .5  g ± 0 .0 7 5  g 1 sec 0 .0 7 5  g 0 .0 3 7 5  g

T im e C rys ta l-
c o n tro lle d
o s c il la to r

M e tro D a ta  D L 6 2 0 A 0 to  2 4  h r 
in  seconds

± 2  sec in 
2 4  h r

1 sec 1 sec 1 sec

M a n ifo ld
pressure

A b s o lu te
pressure
tra n s d u c e r

G ia n n in i 4 5 1 2 1 8 Y E 0  to  2 1 ,5 0 0  cm  Hg 
(0  to  61 in .)

± 2.5% 1 sec 2 1 .5  cm  Hg 
(0 .061  in .)

2 1 .5  cm  Hg 
(0 .0 6 1  in.)

H a il im p a c t 
o n  w in d s h ie ld

M ic ro p h o n e  &  
ta p e  re c o rd e r

H e w le t t  P ackard  
3 9 6 0

N /A N /A N /A N /A N /A

H a il size 
s p e c tru m

O p tic a l
s p e c tro m e te r

D eve lo pe d  b y  IA S 5 to  >  6 9  m m  
in  15 size 
classes

1 size class 1 sec 1 size class 1 size class

E v e n t
c o n d it io n

L o g ic  deco d e r D eve lo pe d  b y  IA S 9  even ts N /A 1 sec N /A N /A

Ic in g  d e p th T y p e  1 R o s e m o u n t 8 71 B G 0  to  3 .81  m m  
(0  to  0 .1 5  in .)

± 5% 1 sec 0 .0 0 3 8  m m  
(0 .0 0 0 1 5  in.)

0 .0 0 3 8  m m  
(0 .0 0 0 1 5  in .)

P a rtic le
s p e c tru m

Laser
s p e c tro m e te r

N C A R  (K y le ) 8 0  Mm to  5 m m  
in  16  size classes

1 size class 
(30%  increase 
in  d ia m e te r)

1 sec 1 size class 1 s ize  class

T e m p e ra tu re In fra re d
th e rm o m e te r

B arnes P R T -5 -2 0  to  + 4 0 ° C ± 1 C° 1 sec 1 C° 0 .5  C°

H y d ro m e te o r
size

F o il im p a c to r W illia m s o n  
A ir c r a f t  C o m p a n y

2 5 0  ( im  to  3 .7  cm ± 50% 2 sec 5 0 0  Mm 2 5 0  Mm

P re c ip ita t io n
sam ple

P la s tic  bag N C A R  (K y le ) 2 5 -c m 2 o p e n in g ; o pened  fo r  1 2 0  sec

Ice p a r t ic le  
cam era

C am era N C A R  (K y le ) >  2  m m \2 m m 10 Msec 
e xpo su re

| 2  m m | 2  m m
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Protective Equipm ent

To enable safe penetration o f  hail- 
producing storm  systems to  be made, 
the leading edges o f the T - 28 were 
armored with heat-treated aluminum 
0.23 cm (0.09 in.) thick, and flat plates 
o f  s t r e tc h e d  a c ry lic  1.52-1.90 cm 
(0.60-0.75 in.) thick, reinforced by a 
m e ta l  fram e, replaced the original 
canopy. Because o f the high probability 
o f rupture by hailstone impact, deicing 
boots were not installed; the only de- 
icing equipm ent on board was an al
cohol slinger for the propeller and an 
alcohol injection system for the car
buretor.

Fligh t Procedures

To initiate a research flight when an 
opera tional decision requiring cloud 
penetration had been made, the Project 
M eteorologist at NHRE’s headquarters 
in  Grover telephoned the pilot (in 
Cheyenne, Wyoming, where the plane 
was hangared) and directed him  to the 
vicinity o f  the target storm cell. The 
T - 28 was then flown to the storm, 
arriving at a designated entry point at an 
ass ig n e d  a ltitude , generally 6.7 km 
(22,000 ft). The aircraft made repeated 
passes through the cloud, progressing 
downward at 610 - m (2,000 - ft) in ter
vals until either the 0°C level or cloud 
base was reached. Despite its armor, the 
T - 28 was no t required to  penetrate 
storms w ith a radar reflectivity greater 
than 55 dBZ.

Selected Measurements

Condensed water measurem ents were 
made by an electrically heated evapora
tor m ounted below and forward of the 
wing. Designed by T. G. Kyle (NCAR), 
the evaporator consists o f  a tube 22 cm 
long, lined w ith low-mass heating ele
m ents and with six 1.4 - mm mesh 
screens spaced along its length. Water 
drops that pass through the entrance 
tube strike the screens and break into 
smaller drops, which quickly evaporate. 
The am ount o f condensed water col
lected was determ ined from the power

required to  supply the heat o f vaporiza
tion for the water; this was the power in 
excess o f that required to  heat the 
incoming air. In 1973 the evaporator 
was m odified by the addition o f a 
L y m a n -a lp h a  source and detector, 
which determines total water content 
by measuring the specific hum idity o f 
th e  vapor. When varying hum idity 
passes an ultraviolet light source, the 
light is dimmed by an order o f magni
tude corresponding to  the to ta l water 
content o f the vapor.

M easurements from the evaporator 
indicated the presence of distinct re
gions w ith a water content larger than 
adiabatic. These regions often occur in 
the vicinity o f cloud updrafts, as can be 
seen in Fig. 1, which shows the radar 
track o f an aircraft penetration.

Particle spectra were measured in an 
attem pt to  dem onstrate a relationship 
between the size o f particles in the 
cloud and the radar returns. However, 
the laser spectrom eter used to  make 
these measurem ents was still in the 
developmental stages, and data for this

su m m e r h av e  th e re fo re  not been 
reduced.

An ice particle camera being devel
oped by Kyle was used to photograph 
ice particles and graupel form ations 
within clouds. The camera was located 
to  provide visual displays of a portion of 
air to the side of the aircraft. A strobe 
flasher was m ounted inside the cockpit 
and operated in synchronization with 
the camera to produce a stop-action 
effect on the particles. A darkened area 
o f the wing provided a background 
against which the strobe-illuminated 
particles could be photographed. •

Tim othy J. M cDonnell is a senior at 
M SC studying fo r  a degree as a profes
sional p ilo t with a commercial instru
m en t rating; his m inor is meteorology. 
He has w orked two summers with  
N H R E  and as a meteorological techni
cian at MSC.

Fig. 1 Radar track o f  tw o passes through a cloud, 
showing the coincidence o f  
conten t and updrafts a t A , B,

»  A i r c r a f t  ra d a r tra c k  

• • • • • •  C o n d e n se d  w a te r  c o n te n t
g re a te r th a n  10  g /m 3 

R a te  o f  c l im b  
g re a te r  th a n  10  m /se c  

V is u a l edge o f  c lo u d
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NHRE Use of 
the X-Band Transponder

M ichael E. Holwell

X-BAND
AN TEN N A

M33 RADAR

Norm al X-band A-scope presentation o f  
an aircraft in a high reflectivity cloud.

A-scope presentation using an X-band  
transponder on an aircraft in a high 
reflectivity cloud.

The large severe convective storms 
that are the subjects o f NHRE field 
studies present safety hazards to re
search aircraft attem pting to penetrate 
them , and the high radar reflectivity of 
these storms interferes with video repre
sentation of craft flying in and around 
them. Because aircraft position inform a
tion is crucial both  to aircraft safety and 
to post-operational data analysis, NHRE 
sought a more accurate m ethod of 
tracking and m onitoring research air
c r a f t  than M33 radar alone could 
provide.

The M33 radar comprises two units, a 
10 - cm and a 3 - cm radar. The 10 - cm 
radar operates by “ skin-tracking,” or in 
response to aircraft surface reflectance. 
As general reflectivity from a storm cell 
in c re a s e s ,  a irc ra ft reflectivity may 
diminish or disappear. X-band tran 
sponders are aircraft-m ounted receiver- 
transm itter systems that can receive 
signals from the ground-based 3 - cm 
portion o f the M33 radar and amplify 
and  autom atically  retransm it them , 
enabling the ground station to “lock 
on” to a signal strong enough to  over
ride the general reflectivity o f the 
storm (see Fig. 1).

A t NHRE’s request, J. A. Kleppe and 
D. House of the Desert Research Insti
tute conducted a survey of X-band tran
sponders.1 O f the commercially avail
ab le  u n its , they recommended the 
M otorola SST - 181 -X  for installation 
on board NHRE project aircraft. This 
unit operates on a power ou tpu t fre
quency o f 9,405 MHz w ith 770 - W peak 
power at 1 kHz. The response of this

1 Kleppe,  J. A., and D. House, 1972: A Survey 
o f X-Band Radar Transponders, Desert R e 
search Inst i tu te ,  University o f  Nevada Sys
tem, Reno,  Nevada, 10 pp.

system provides close correlation of 
inform ation on recorded meteorological 
parameters with time and aircraft posi
tion inform ation. Thus the X-band tran
sponder constitutes bo th  a safety device 
and a research tool. Its use has already 
minimized the hazards and increased the 
accuracy and reliability o f N HRE’s data 
collection and correlation.

Three NHRE aircraft now use the 
SST - 181 - X radar transponder:

•  The NCAR sailplane is used in 
studies o f the dynamics o f small convec
tive storms. As the sailplane ascends 
updraft currents in the storm, measure
m ents obtained within the cloud are 
telem etered to  a ground station. A com- , 
posite of these data w ith location data
from the X-band transponder consti
tu te s  a va lu ab le  source for post- 
operational analysis and evaluation of 
developing storm systems.

•  The T - 28, an armored aircraft 
furnished by the South D akota School 
o f Mines and Technology, is used for 
cloud penetration studies o f m ature, 
large convective storms at altitudes from 
4.9 to 6.7 km (16,000 to  22,000 ft).

•  T h e  U n iversity  o f Wyoming’s 
Queen Air is used in studies o f  the up
d ra f t  and inflow regions o f severe 
storms. The X-band transponder pro
vides inform ation on the position of the 
Queen Air in the inflow region where 
chaff is released; the chaff is tracked as 
it is swept up into the cloud. These 
tracking data are subsequently corre
lated and compared with aircraft data. <

The NCAR Buffalo has recently been 
equipped w ith an earlier and less sophis
ticated model o f the M otorola X-band 
tra n sp o n d e r . Although it does not 
a c tu a l ly  penetra te  large convective 
storms, the Buffalo provides valuable 
inform ation by flying predesignated box 
patterns around them ; its inertial naviga
tion system is used to correlate data 
from the aircraft and from the X-band 
tracking radar. •

M ichael E. Holwell, a sophom ore at 
MSC, is majoring in aviation manage
m en t and minoring in meteorology. 
He has w orked as a radar technician 
with N H R E  fo r  two summers.
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Data Management Karen Andrews

The objective of the data manage
m ent program is to  provide an effective 
system o f data quality control, data 
archiving and interchange, and data 
reporting. Particular emphasis is given to 
archiving data acquired during Complete 
Research Days. Quality control extends 
to  all types of data: aircraft, radar, 
r a d io s o n d e ,  p rec ip ita tio n  netw ork, 
Mesonet, and photographic equipm ent.

A ircraft Data

All participating aircraft are supplied 
with Instrum ent Questionnaires, which 
ask for inform ation about instrum ent 
perform ance. The questionnaires are 
com pleted after each flight and for
warded to  the Data Management Office 
at Grover. There records are made of 
the aircraft flown and the measurem ents 
taken.

Aircraft instrum entation is calibrated 
on the ground in a static condition. To 
insure meaningful aircraft data, m ea
surements from these instrum ents in a 
dynam ic condition m ust be compared 
with measurem ents from other instru
m ents bo th  in a static condition and in 
operation at the same time and in the 
sam e p la c e . T h is  is accomplished 
through a series o f tower flybys, during 
which airborne measurements are com 
pared with measurem ents o f instru
m ents on a tower, and through a series 
o f aircraft intercom parison flights (see 
the article, “ Research A ircraft” ). Data 
from the tower flybys and intercom pari
sons are available on microfilm or mag
netic tape.

Research flight inform ation— such 
as airspeed, dew point, pressure, alti
tude, tem perature, and wind direction 
— is recorded on magnetic tape and 
computer-processed to  yield microfilm 
output for analysis.

Radar Data

Two dual-wavelength meteorological 
radars are in operation during the pro
gram, one at the Grover headquarters 
and one at F t. Morgan. Additional data 
are supplied by doppler radars operated 
by NOAA at New Raymer and near 
Bushnell, Nebraska. A large portion o f 
the incoming radar data is recorded on 
magnetic tape; the large num ber of 
tapes makes quality assessment in near 
real time almost impossible. Quality 
assessment can be made only after the 
tapes have been read by a com puter. 
Radar data are critical to  nearly all 
NHRE researchers; consequently, p ro
cessing priorities m ust be established by 
a consensus o f all participants.

Radiosonde Data

Radiosonde data are provided by the 
Sixth Weather Squadron, Tinker AFB, 
Oklahoma, from stations located at 
Grover, Sterling, and F t. Morgan in 
Colorado, and at Kimball and Sidney in 
Nebraska. Radiosondes are released at 
0730, 1030, 1330, and 1630 hr from 
Grover and Sterling; the three other 
sites do not make a 0730 - hr release. 
When interesting situations occur, sup
plemental ascents are made at 90 - min 
intervals. Data from these soundings are 
coded for transmission and plo tted  on 
therm odynam ic charts for near-real-time 
evaluation and study. Later they are 
keypunched and the cards are sent to 
NCAR in Boulder for com puter pro
cessing which checks for therm ody
namic and wind-field consistency and 
produces ou tpu t containing wind speed 
and direction, pressure, tem perature, 
and num erous other com puted param 
eters.

Surface and upper level maps, fac

simile analysis, teletype data, and hour
ly surface observations are stored at 
Grover, thus allowing participants to 
examine the data on the site. This infor
m ation remains at Grover for the dura
tion o f the three-m onth field season.

Precipitation Data

Data from the precipitation network 
include measurem ents from  hail pads, 
rain gages, hail m om entum  gages, and 
hail separators. The inform ation from 
this network is sent to Sterling and then 
to Grover for reduction and quality 
checks. At Grover crew members fill out 
precipitation summary sheets containing 
24 - hr rain and hail am ounts by date 
and separator station. Five-minute rain 
an d  hail am ounts are recorded on
35 - mm film at approxim ately half o f 
the separator stations. Hail separator 
data are keypunched and the cards are 
sent to NCAR for com puter processing 
which produces contoured rain and hail 
maps.

Mesonet Data

Data from the Mesonet are obtained 
from 33 stations within the Protected 
Area. These stations record surface wind 
speed and direction, tem perature, rela
tive hum idity , pressure, and maximum- 
minimum tem peratures. This inform a
tion is sent to Grover and checked for 
errors. Mesonet data for selected periods 
o f intensive study are digitized using the 
Bendix Datagrid at NCAR and made 
available to  anyone interested.

Photographs

Photographic data consist o f radar- 
s c o p e , c lo u d ,  and com puter-scope 
photos. The m ajority o f photographs
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are archived by the NHRE Data Manage
m ent Office at NCAR.

Archives

All data for periods designated for 
intensive study are archived by the data 
office. Data for other periods are ar
chived by the institutions o f the princi
pal investigators concerned, including 
d a ta  from  non-NCAR aircraft, the 
CHILL radar, the NOAA doppler radar, 
Desert Research Institu te microphysical 
studies, and Colorado State University 
silver deposition and downwind effects.

All data tapes archived by the Data 
M anagem ent Office are w ritten on 
seven-track tape with external BCD, 
even parity, and physical record lengths 
o f  less than 400 words. The first file 
consists o f  one record o f alphanumeric 
inform ation pertaining to  the contents

o f the tape and containing a maximum 
o f 10,000 characters. Complete external 
tape docum entation is also m aintained 
to  facilitate the determ ination of tape 
formatting.

NHRE data archives consist o f hard 
copy, com puter tape, punched cards, 
an d  microfilm stored by the Data 
Management Office. Aircraft data are 
stored on magnetic tape and microfilm. 
Precipitation data are stored on strip 
charts, punched cards, and microfilm. 
Operations and status notes, seeder air
craft logs, and photographic data are 
m aintained in the form  o f hard copy.

Non-NHRE as well as NHRE scien
tists may request data by writing to the 
address shown below. Requests for 
proprietary data are answered subject to 
the approval o f the D irector o f NHRE 
an d  th e  principal investigator con
cerned. Where possible the Data Man

agement Office will provide the data in 
whatever form requested (microfilm, 
m agnetic tape, etc.). Individuals re
questing data on magnetic tape are 
asked to reimburse NHRE on a tape- 
for-tape basis. Correspondence should 
be addressed to:

National Hail Research Experim ent 
Data Management Office 
National Center for 

Atmospheric Research 
P .O . Box 1470
Boulder, Colorado 80302 •

Karen Andrew s ’ major is aviation 
management; she is m inoring in business 
management and meteorology. N ow  in 
her junior year at MSC, she has worked  
fo r  N H R E  fo r  two summers.

Supporting Research

Since its beginning NHRE has soli
cited participation in all areas o f the 
experim ent by scientists from univer
s it ie s ,  the government, and private 
agencies. Individual groups that do not 
have enough resources to cover many 
facets o f hailstorm studies can, by par
ticipating in NHRE, confine their re
search to  areas in which they have 
special com petence. All groups working 
w ith NHRE are asked to  undertake 
specific aspects o f the field w ork or data 
analysis, to  conduct their work under 
the jurisdiction of the field management 
team, to  cooperate in data analysis at 
the end o f each field season, and to 
w ork with the project director and 
other scientists in form ulating the suc

ceeding year’s field efforts. Where neces
sary, the participation o f university and 
private research groups is funded by 
subcontract between the group and the 
University Corporation for Atmospheric 
Research. Government groups are, to 
some extent, self-supporting.

At NCAR eight groups are attached 
to NHRE and contribute to  its primary 
research goals while pursuing their own 
disciplines on a broad basis. The groups 
study such topics as cloud physics (in
cluding field and laboratory studies and 
instrum ent development), nucleation, 
ice physics, dynamics, and thunder
storm dropsonde measurements.

Among the supporting studies are:
•  Ice Crystal Budgets (D. J. Hallet,

University o f  Nevada): Investigation of 
the ice crystal budget in cumulus and 
cumulus congestus clouds that precede 
hail clouds. A continuous Formvar repli
cator measures the concentrations and 
sizes o f  ice crystals, and an optical 
detector measures the num ber o f cry
stals down to sizes as small as 10 /im. 
Determ ination of the am ount o f precipi
tation in m ature clouds from the crystal 
population assists evaluation o f storm 
m odification  by artifical nucleation. 
The studies should help to  clarify the 
question of whether an injection of 
nucleant is likely to  change the total ice 
crystal concentration.

•  D ynamics (J. W. Telford, Univer
sity o f  Nevada): Investigation of param 



eters o f  turbulent and mean m otion 
transfer in the early stages of cloud 
development, using the Buffalo airborne 
research system, supplem ented by in
strum ents for particle sampling. The 
s tu d y  is examining the relationship 
between the early growth o f ice par
ticles and the m icroenvironm ent, in
cluding variability in m om entum  trans
fer and fluxes of heat and moisture.

•  Silver in Precipitation (J. A . War- 
burton, University o f  Nevada): Analysis 
o f rain and hail samples for silver con
tent, including the natural, background 
concentration o f silver in precipitation 
in northeastern Colorado, the concen
tration  o f silver in “ seeded” precipita
tion on Seed Days, silver content as a 
function of time after the release of 
silver iodide, and the geographical distri
bution of silver in precipitation at the 
surface on seeded days.

•  Precipitation Studies (G. Goyer, 
N C A R): Use o f rain and hail fall data 
gathered by NHRE’s precipitation net
work to improve understanding o f the 
mechanism o f hail fall and to test the 
theory of hail suppression. The research 
is directed towards learning the effect of 
seeding on precipitation.

•  D ow nw ind Studies (L. O. Grant, 
Colorado State University): Study to 
determine any socially or economically 
significant effects o f the experim ent on 
the weather in locations outside the 
NHRE seeded area. Factors considered 
are changes in precipitation (am ount, 
intensity, form, time o f occurrence, and 
duration), cloudiness, tem perature, local 
surface winds, and distribution o f silver 
in the downwind area.

•  Hailstorm M odeling (P. C. Sinclair, 
Colorado S ta te University): Develop
m ent o f a numerical model using past 
and current measurem ents o f convective 
storms. The model should correspond 
w ith dom inant features, processes, and 
life cycles o f different types o f hail
storms. Research is also being con
ducted on the relative contributions to 
hailstorm development in the NHRE 
operational area from  three sources of 
moist air (the G ulf of Mexico, local 
residual moisture from rain, and high- 
level advection from west o f the Rocky 
Mountains).

•  Microscale Hail Studies (C. M. M or
gan, Illinois State Water Survey): Com 
parative hail measurem ents from a large 
number o f identical impact-energy hail 
pads spaced closely in a 2 .6 -k m 2 
(1 -m i2) area. Since patterns of hail 
damage vary over small distances, a 
tightly spaced network is required for 
realistic evaluations.

•  Intercomparison and Calibration 
(C. E. Duchon, University o f  Okla
homa): A system that provides contin
uous comparison in time and space of 
meteorological variables as measured by 
the different research aircraft used in 
NHRE. Data gathered for each variable 
are analyzed with statistical m ethods to 
estimate relative accuracies among air
craft, and used to develop routine cali
bration flights.

•  N O A A  D oppler Radars (R. G. 
Strauch, National Oceanic and A tm o 
spheric Adm inistration): Investigations 
made with two X-band (9 ,3 1 0 -M Hz), 
0.8° beam width, 20 - kW peak power 
radars with 0.5 - msec pulse length and 
512 - msec pulse period. Their range for 
doppler data is 40 n mi and they are 
separated by 4 0 -  55 km in order to 
cover the NHRE Protected Area at 
Grover.

•  Cloud Physics Subproject (NCAR): 
A field research project to  gain an 
understanding o f the microphysical fac
tors that contribute to hail form ation in 
northeastern Colorado cumuli, to learn 
how these factors interact with the 
dynamic framework of the cloud en
vironment, and to help find a feasible 
hail suppression technique. The work is 
carried on w ithin the entire NHRE 
framework, in cooperation with NHRE 
personnel and university contractors. 
T he p r o je c t  p r o f i t s  f ro m  d u a l 
w a v e le n g th  and dual-doppler radar 
coverage, as well as from the radio
so n d e , precipitation, and mesoscale 
networks, and time lapse photography.

The main tool for the cloud physics 
work is the NOAA/NCAR instrum ented 
sailplane, flown in coordination with 
the NHRE radar systems and w ith other 
aircraft when possible. The first objec
tive is to  use determ inations of the 
nature o f cloud particles and direct 
measurem ents o f tem perature, pressure,

and vertical winds to find out whether 
liquid coalescence or the ice process is 
more im portant in hail form ation. On 
some occasions vertical wind structure 
in and near the weak echo region of 
thunderstorm s has been measured by 
instrum ented dropsondes released in a 
line along the major axis o f the updraft 
area. The dropsonde measurem ents are 
made together with measurem ents by 
radar and by aircraft at the cloud base. 
In many o f the studies atten tion  is 
focused on obtaining quantitative data 
on the rates o f the most sensitive steps 
in hail form ation. An im portant need is 
to obtain cloud data that can test the 
effectiveness of theoretical models and 
the relevance o f laboratory experiments.

A ttention is also directed to the prob
lem of hail em bryo form ation, since 
only in this stage is it possible to alter 
th e  hail form ation process. Under
stand ing  em bryo form ation involves 
studying the ice nucleation stage and 
the mechanism and rate o f em bryo 
form ation within the framework of the 
cloud’s other processes.

O ther nucleation studies involve the 
evaluation o f various alternative seeding 
a g e n ts .  C o n d e n sa tio n  followed by 
freezing (one m ethod of ice nucleation) 
is being studied in detail. Processes that 
occur in convective storms are inferred 
from laboratory experim ents that mea
sure concentrations of cloud droplets 
and ice crystals in the vicinity of 
freezing drops. The membrane filter 
technique is being improved to detect 
silver iodide aerosol particles and silver 
iodide in cloud droplets, rain, and hail.

Ice physics studies involve the exami
nation o f hailstone sections— prefer
a b ly  f ro m  storms o f which radar 
pictures have been taken— to deter
mine the growth history o f the stones 
from features such as layering. The sizes 
o f the stones and their histories as de
duced from their structures may help 
explain how storms produce hail.

O ther topics are mesoscale storm 
dynamics and possible influences of 
electric fields on the rate o f precipita
tion growth. •
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The Environmental 
and Societal Impact 
of NHRE

NCAR’s interest in the environmental 
and societal consequences of deliberate 
atmospheric alteration began in 1970 as 
part o f the Joint Hail Research Project, 
the forerunner o f the National Hail 
Research Experim ent (NHRE). Since 
that time NCAR has given increased 
atten tion  to  the impacts and implica
tions o f weather m odification in general 
and hail suppression in particular. As a 
result, the Environm ental Assessments 
G ro u p  was form ed w ithin NCAR’s 
Advanced Study Program in 1971. Allan 
Murphy is Group Leader and Chief 
Scientist o f this group, which is now 
known as the Environmental and Socie
tal Impacts Group (ESIG).

T h e  objective o f ESIG’s NHRE- 
related study is to answer the following 
question. Should an operational hail 
suppression program be undertaken in 
the northern  Great Plains utilizing the 
knowledge generated and the techniques 
developed during the course o f NHRE? 
That is, will the benefits o f such a pro
gram exceed the costs and disbenefits? 
In defining this objective, the terms 
“benefits” and “ costs” are assumed to 
have the broadest possible definitions, 
including environm ental and social, as 
well as economic, considerations. This 
study, then, consists o f several parts:

•  Estim ation o f the direct and in
direct economic effects (i.e., bene
fits and disbenefits) o f an opera
tional hail suppression program

•  Estim ation o f the direct costs o f 
such a program

•  Assessment o f the environm ental 
costs and benefits

•  Appraisal o f the social and psycho
logical effects

•  Evaluation o f the legal and politi
cal alternatives and constraints.

The research concerned with assessing 
the direct and indirect economic effects, 
as well as the costs, o f a hypothetical 
operational program and w ith in te
grating all the elements o f the study 
into a decision analysis framework is 
termed the “core study” and is being 
conducted by the ESIG staff. Studies in 
the environm ental, legal/political, and 
sociological areas are being carried out 
by university scientists under contract 
to NCAR.

Assessment o f the direct and indirect 
economic effects involves formulating 
damage functions relating crop and 
property damage to hail fall and other 
variables, as well as growth functions 
relating crop yields and precipitation. In 
April 1973 a cooperative network of 
more than 100 farmers was organized in 
the NHRE experim ental area to gather 
data on hail occurrence and intensity, 
and on the extent and severity o f hail 
damage adjacent to  instrum ent sites in 
the NHRE network. In addition, inde
pendent estimates o f hail damage were 
made during the 1973 season by experi
enced hail appraisers. Statistical tech

niques will be used to form ulate the 
damage functions on the basis o f these 
data and the data obtained from the 
networks and the appraisers in subse
quent years.

The damage and growth functions, 
together with data on crop production, 
on historical losses in a hypothetical 
operational area (35 counties in no rth 
eastern Colorado, northw estern Kansas, 
and southwestern Nebraska), and on the 
effects o f seeding on hail fall and other 
variables, will be used to  estimate the 
direct economic effects (i.e., supply 
re s p o n s e s ,  price effects). Separable 
linear programming techniques are being 
developed as part o f the procedure to 
estimate these effects.

The direct effects lead to  changes in 
the use o f a variety of goods and ser
vices, such as harvesting and hauling, 
and changes in the spending patterns of 
regional households. The extent o f these 
indirect effects will be quantified using 
an  input-ou tpu t model o f the 35 - 
county region.

The scale and structure o f an efficient 
hail suppression program in the hypo
thetical operational area is being deter
mined in consultation w ith experienced 
commercial weather modifiers. These 
firms have provided itemized break
downs of actual costs in various func
tional categories of expense for com 
p a r iso n  with each other and with 
appropriate cost records relating to 
NHRE field operations. Reliable esti
mates of the to tal direct costs o f an 
operational program will perm it an 
assessment o f the feasibility of alter
native m ethods of financing such a 
program.

An im portant environmental com 
ponent o f the study, which is being 
conducted by scientists at Colorado 
State University, involves:

•  Estim ation o f base-line values of 
silver concentration for specified major 
terrestrial and aquatic com ponents of 
the NHRE Protected Area and subse
quent m onitoring o f the area during the 
entire time span o f NHRE to identify 
any significant changes
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•  Analysis o f silver uptake by plants 
bo th  in greenhouse conditions and at 
ground generator sites where there are 
heavy concentrations o f silver

•  Evaluation o f the effects o f silver 
on soil microbial processes in the soils in 
the Protected Area and adjacent to 
generator sites

•  Investigation of the possible move
m ent o f silver from  corn grown in spe
cially treated soils to  grasshoppers who 
consume the corn

•  Development o f a sequence of 
oxidation and reduction reactions in the 
laboratory to  trace the transform ations 
o f silver iodide ignition products into 
other forms of silver.
These studies were begun in 1971 to 
gather base-line data before any seeding 
was done in the NHRE Protected Area. 
Until now the results o f m onitoring the 
Protected Area show considerable vari
a b i l i ty  between sampling sites and 
between time periods, but these results 
do not indicate increases in silver con
centration either from year to  year or 
from the beginning to  the end of the 
N H R E  ex p e rim en ta l season (April- 
August).

The sociological study being made by 
scientists at the University of Colorado 
involves interviews with three groups of 
Colorado citizens about attitudes and 
actions regarding weather modification 
in general and hail suppression in par
ticular. The first group lives in the 
N H R E  P ro tected  Area, the second 
group resides along the southern and 
eastern boundaries o f that area, and the 
third group are residents o f Kit Carson 
C ounty, Colorado. A base-line set o f 
data was gathered from interviews in 
1971, before NHRE’s first operational 
season. The availability o f these base
line data and the use o f the same re
spondents each year will perm it this 
study to  make meaningful statem ents 
about how  different aspects o f the 
NHRE program relate to changes in a tti
tudes. The results o f the 1972 set o f 
interviews reveal that:

•  Almost 75% o f the to tal sample 
fa v o r  a ttem pts to  control extreme

weather conditions.
•  80% of the to tal sample feel that 

cloud seeding as a scientific experim ent 
is desirable, a percentage that has grown 
slightly since 1971.

•  75% feel strongly that the local 
residents should have some voice in 
decisions about any weather modifica
tion programs in their area.

•  A bout 50% of the to tal sample 
believe that cloud seeding actually sup
presses hail; a slightly higher percentage 
believe cloud seeding is effective in 
augm enting precipitation.
The 1973 interviews put greater em pha
sis on citizens’ attitudes about the possi
b i l i ty  o f a future operational hail 
suppression program and also sought 
inform ation about the value the citizens 
put on such a program and how they 
would like to  see the program organized 
and financed. There was also more 
emphasis on the development o f a social 
process model to  describe— and hope
fully to  predict— the attitudes and 
behavior o f individuals and organized 
groups concerning bo th  NHRE and a 
possible operational program.

In addition to  the formal sociological 
studies, a Citizens’ Council on Hail 
Research was form ed in 1971 to  facili
ta te  th e  exchange o f inform ation 
between NHRE scientists and local resi
dents. This group o f 14 residents o f 
n o r th e a s te r n  C olorado and south
western Nebraska meets regularly with 
members o f the NHRE and NCAR staff 
to learn about the progress o f and plans 
for NHRE, and to  discuss other m atters 
of m utual interest. These meetings also 
help to  identify how the findings of 
NHRE relate to  the practical concerns 
o f the individuals who live in areas 
where the hail hazard presents a serious 
problem.

The study o f the legal and political 
im p l ic a t io n s  o f  N H R E  made by 
S o u th e r n  M ethodist University has 
focussed on delineating the set o f legal 
problems created by this new and un
tested technology. This study includes:

•  Analysis o f the weather m odifica
tion statutes o f Colorado and the ad

joining states, paying particular a tten 
tion to  their legal consequences for 
NCAR and NHRE

•  Com pletion o f a case study of the 
legal and political results o f applying the 
Colorado statu te in a licensing m atter in 
the San Luis Valley

•  Assessment o f  the functioning to 
date o f the ESIG/NHRE Citizens’ Coun
cil on Hail Research particularly in 
connection with the likelihood o f suits 
against NCAR/UCAR for damages or 
injunctive relief

•  Evaluation o f the liability p rob
lems generated by NHRE and by other 
federally sponsored programs o f re
search in weather m odification. Special 
atten tion  is being given to  appropriate 
d istinctions between “ research” and 
“ operational” programs and to  the role 
o f liability insurance.
An attem pt is being made to  estimate 
the direction and magnitude o f any 
effects resulting from these and other 
legal and political considerations.

The m ethodology o f decision analysis 
will be used to integrate the economic, 
environm ental, legal/political, and socio
logical com ponents o f the study. Deci
sion analysis is a logical means of m odel
ing this com plex, dynam ic, and uncer
ta in  s itu a tio n , for quantifying the 
relevant impacts and uncertainties, and 
for combining the elements o f the situa
tion to arrive at recom m endations for 
alternative courses o f action. The results 
o f the decision analysis are m eant to 
com plem ent the results o f NHRE and 
are expected to  provide decision makers 
in the public and private sectors with 
the kind o f inform ation they will need 
to  make rational decisions about opera
tional hail suppression programs. •
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