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FOREWORD 

Significant advances have been and are being made in the science of 
weather modification. Yet in the midst of this activity, the future of 
weather-modification programs, whether experimental or operational, 
continues to stimulate heated debate in both scientific and social 
circles. The scientific debate concerns "what is" while the legal and 
social debates consider "what ought to be." 

There is little doubt that both scientific and legal opinions of 
weather modification have been affected by overstatements of success 
from supporters and exaggerations of failures by opponents. The 
scientific credibility has been further affected by the division of 
opinion among meteorologists. Three diverse views continue to be 
represented in the scientific community as follows: 

(1) Weather modification produces economic benefits in a variety of situa
tions and should become fully operational immediately. 

(2) Although some interesting effects have been produced, precipitation in
creases or reductions in hail have not been demonstrated. Atmospheric 
experiments should continue, but programs are not ready to become 
operational. 

(3) Effects may be far-reaching and involve considerable risk. Experiments 
should be restricted to the laboratory or to the computer. 

In addition to the scientific and technological questions, it is becom
ing more and more evident that cloud-seeding projects, whether ex
perimental or operational, must interact with a society holding its own 
views. In fact, society, monitored by various interests, is in a position 
to exercise considerable control. This fact was recognized by the Inter
departmental Committee on Atmospheric Sciences, a group com
posed of representatives of all federal agencies that have programs in 
meteorology, when it stated, " What the public thinks about weather 
modification, rather than what the scientist knows about it, will play 
the dominant role in the future of the science. The most expertly 
developed technology, whether it be for augmenting water supply or 
for suppressing damaging phenomena, will find only limited applica
tion in the absence of strong public demand." 

A total analysis of weather modification involves several pertinent 
issues in addition to scientific and technological considerations. These 
include the cost-benefit ratio, the potential impact on biological 
systems, public opinion, government interaction and legislation, and 
damage compensation. This symposium was organized in an attempt 
to furnish a suitable forum for the discussion of many of these issues, 
particularly as they relate to cloud-seeding effects in the Great Plains 
generally and the Texas High Plains in particular. 



The first paper by T. B. Smith discusses opportunities for weather 
modification in West Texas. During the past several years, MRI has 
participated in two weather modification programs in the West Texas 
area. One of these was a research-oriented project to investigate warm 
cloud-seeding potential. The other was a program to evaluate a com
mercial project utilizing silver iodide for cloud treatment. In general, 
it was found that opportunities for either type of weather modifica
tion in West Texas are limited in number. The conclusion was reached 
that weather modification has a role to play in these semi-arid regions, 
but that the role should be viewed with some restraint. 

The second paper by Thomas J. Henderson considers an opera
tional hail-suppression program over an area of approximately 2,000 
square miles in the Texas South Plains. A summary of the overall 
operations is presented for the four-year period 1970 through 1973. 
Results are expressed in terms of possible alterations in both hailfall 
and rainfall. 

Weather modification operations are allowed in Texas only after 
strict license and permit requirements have been met. Each of the 
operations described in the first two papers were required to meet 
these requirements in addition to maintaining a high degree of pro
fessionalism under the potential penalty of permit suspension or 
revocation. In the third paper, John Carr describes the Texas Weather 
Modification Act which became law on August 28, 1967. The 
scope of the Texas Water Development Board's involvement in 
evaluating weather modification projects in Texas is outlined, includ
ing project-site visitation activities and their purposes. Details are 
given of the Board's major weather-modification project evaluation 
effort in the Big Spring-Snyder area, a project described previously. 

The following paper by Richard A. Schleusener describes the on
going program in weather modification in South Dakota, which re
sulted in 1959 in the establishment of the Institute of Atmospheric 
Sciences (IAS) at the South Dakota School of Mines and Technology. 
The purpose of the program is to promote and carry out experimenta
tion for the development of weather modification in an attempt to 
develop operation techniques in water resources management. 

During the summer of 1975 experiments were initiated as part of a 
massive program in weather modification sponsored by the De
partment of Interior, Bureau of Reclamation. In a paper entitled 
"The High Plains Cooperation Experiment," Archie Kahan describes 
the background and planning which led to the implementation of the 
"HIPLEX" program. 

Suggestions to modify severe local storms have met with a variety 
of reactions both pro and con. In a paper by Ed Kessler, prospects 
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for modifying severe local storms are related to primitive numerical 
models of shower processes, to implications of observed data, and 
to seeding materials and systems for timely delivery into sensitive 
atmospheric regions. Models indicate profound interrelationships 
among forces associated with production of wind, rain, hail, and storm 
electricity. Furthermore, models indicate that although our forces are 
small in relation to storms, atmospheric structure occasionally may 
admit our influence on release of latent energies and the subsequent 
course of weather developments. 

The legal and social aspects of weather modification are discussed 
in a paper by Howard J. and Rita Falk Taubenfeld. It is becoming 
more and more apparent that the public's assessment of the eco
nomic, ecological, sociological an.;i legal factors will play an important 

. role in determining how weather-modification technology is applied 
to our society. The objective of science is to understand the natural 
phenomenon involved in cloud development and growth to the point 
that we can gain control over the system and its effects. The objective 
of law, on the other hand, is the ordering of society and the resolution 
of conflict through that arbitrarily devised social procedure called 
the legal process. The application of scientific testimony to legal 
matters imposes restrictions from the legal system. When scientific 
evidence is presented on legal issues for legal purposes, then scientific 
facts and opinions are subject to the same challenges applied to all 
other evidence. Scientists generally fail to distinguish between scien
tific finds, per se, and the application of their findings to legal ends 
which turns scientific evidence into legal evidence. 

The final paper by J. 0. Fletcher deals with the somewhat broader 
picture of weather and climate modification as it relates to urgent 
problems of human affairs, including food and fiber. Dr. Fletcher be
lieves we are witnessing a new line of purposeful investigation aimed 
at understanding, predicting and influencing large-scale climate fluc
tuations of the sort which bring drought, floods, and famine to large 
areas of the earth. He describes the urgency of the problem, its physi
cal characteristics, emerging capabilities for dealing with it, the scien
tific purpose and a strategy for achieving it, and an estimate of ex
pected progress. 

There is little doubt that intensification of both laboratory and field 
research could lead to major advances in a precipitation management 
within the decade. In view of the important decision-making role 
played by society, however, it is necessary that our scientific efforts be 
coordinated with a public relations program designed to inform the 
public and evaluate the role and potential of weather modification. It 
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is believed that the papers presented in this publication will aid in 
attaining this goal. 

Donald R. Haragan 
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OPPORTUNITIES FOR 
WEATHER MODIFICATION IN WEST TEXAS 

T. B. Smith 

Introduction 

During the past four years MRI (Meteorology Research, Inc.) has 
had the opportunity of carrying out two weather modification studies 
in West Texas. The first of these was a research program in the San 
Angelo area to develop techniques for warm-cloud modification 
(hygroscopic seeding). This program was sponsored by the Office of 
Atmospheric Water Resources of the Bureau of Reclamation. The 
field portion of the program was carried out during the summer 
months of 1971-73. The second study has been taking place near Big 
Spring for the past two summers. This study is sponsored by the Texas 
Water Development Board and is intended to evaluate the results of a 
commercial cold-cloud (silver iodide seeding) modification program 
being conducted by Atmospherics, Inc. for the Colorado River Mu
nicipal Water District. 

The underlying philosophy of the programs has been to obtain a 
physical understanding of the cloud processes as well as to devote at
tention to the statistical aspects of the seeding results. For this pur
pose an instrumented aircraft was used at San Angelo to observe in
ternal cloud characteristics under seeded and non-seeded conditions. 
The other major measurement tool was a quantitative system for ob
taining rainfall data from radar observations. 

Results of the two studies will provide indications of the effective
ness of weather modification to add to the growing number of similar 
studies in other areas of the world. The unique value of the programs, 
however, for the purposes of the present conference is to provide a 
general perspective on the opportunities for weather modification to 
supplement the precipitation potential in semi-arid regions. 

The Climate of West Texas 

Terrain in the West Texas area is relatively flat with only occasional 
small buttes or mesas. These small terrain features do not contribute 
significantly to the enhancement of convective clouds in the area. 

The average annual rainfall for San Angelo is 18.63 inches and 
17.39 inches in Big Spring. The spring and summer months contribute 
most of this precipitation as shown in the following table: 
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Table I. Monthly rainfall amounts 

Mon1h 

April 
May 
June 
July 
August 
September 

San Angelo 
(inches) 

2.01 
3.20 
1.82 
1.41 
1.27 
2.66 

Big Spring 
(inches) 

1.65 
2.61 
1.83 
1.96 
1.86 
1.87 

The spring rainfall is made up of a few relatively large storm sys
tems. The September rainfall peak at San Angelo reflects the oc
casional flow of moist, tropical air into the area from the Gulf of Mex
ico. Average rainfall amounts increase significantly from west to 
east in this portion of Texas. 

Project Description 

A. San Angelo 
The San Angelo program was built around a radar system, two 

aircraft, a raingage network, and a radiosonde unit. The radar system 
had two components. One monitored the position of all rainfall echoes 
in the area, and the other was used to record reflectivity from the 
rainfall quantitatively and to measure cloud top heights at frequent 
intervals. One of the aircraft operated at cloud base and measured 
cloud updraft characteristics, performed seeding as required, and 
monitored any rainfall from the cloud. The other aircraft sampled 
within the cloud at a level about 8,000-10,000 feet above cloud base. 
Amounts of ice, water, and drop-size characteristics were recorded 
in the aircraft. The radiosonde unit measured the vertical profile of 
temperature and humidity in the San Angelo vicinity. A network of 22 
raingages was installed in the project area to supplement the existing 
gage system. 

Appropriate, active test clouds were selected by joint observations 
of the two aircraft. Upon designation of the cloud as a test case, an 
envelope was opened at the radar control center. The envelope con
tained a seed or no-seed decision based on a previously randomized 
procedure. If the seed decision was obtained, about 100 pounds of salt 
was released into the base of the cloud over a period of several 
minutes. Monitoring of the cloud at the base and at an upper level 
within the cloud continued for the lifetime of the cloud, regardless of 
the seed or no-seed decision. 
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B. Big Spring 
The Big Spring program utilizes a radar system and a seeding air

craft. One of the radar components monitors the rainfall in a 50 nau
tical mile radius, covering each portion of the project area every five 
minutes. Quantitative reflectivity returns are recorded continuously. 
The other radar unit is used to measure cloud tops. 

The seeding aircraft (operated by Atmospherics, Inc.) selects a 
cloud system for potential modification. Seeding with silver iodide is 
then carried out on a randomized basis. In this case a portion of the 
flares carried by the aircraft contain inert material or are inoperative 
so that the entire seeding procedure can be carried out but without 
actual release of silver iodide. 

Basis for Weather Modification 

Two principal processes are recognized as primary contributors to 
the formation of precipitation. One of these involves the generation of 
large drops in the cloud through the collision and coalescence of small
er cloud droplets. The other process requires the existence of ice 
crystals which serve as preferred centers for large particle growth. 
An additional facet of the ice process is that heat is released in the 
cloud as a result of the freezing which, under appropriate environ
ment conditions, can stimulate additional vertical growth of the cloud. 
In effect, all of the available techniques for cloud modification in
volve one or more of these processes. 

A. Hygroscopic Seeding 
Coalescence growth rate within the cloud is increased if a broad 

range of drop sizes is present in the updraft volume. Under 
these conditions, collision and coalescence are enhanced by dif
ferences in drop fall rate as well as by improved capture frequencies. 
The principal aim of hygroscopic seeding is to introduce enough large 
drops to increase significantly the rate of coalescence in the cloud. 

Cumulus clouds have typical lifetimes (individual updraft elements) 
of I0-30 minutes. If there is insufficient time in the updraft for coal
escence to raindrop size to occur, little or no rain will develop. By 
speeding up the coalescence process, the efficiency of conversion from 
cloud water to rain water can be improved. These comments relate 
primarily to smaller douc;:ts. For larger systems, in which ample 
time exists for precipitation to develop, efficiencies may also be 
improved by seeding if the updraft is so strong that much of the cloud 
moisture lost near the top of the cloud cannot participate effectively 
in the precipitation process. 
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Fig. I. Growth and trqjectories of raindrop embryos and ice crystals in 
the small and moderate clouds. 

These concepts are illustrated in Figure which shows the calcu
lated trajectory of several drops starting at cloud base and growing 
by coalescence in the updraft. The location where the diameter of the 
drop reaches 0.4 millimeter and 2.5 millimeter are shown on each 
trajectory. Also shown is the effect of freezing the drop at the level 
corresponding to - 5°C. 

Although the calculations are greatly simplified compared to actual 
cloud conditions, they serve to illustrate some basic concepts. In the 
case of moderate clouds (depth assumed to be 4.6 km), about 20 min
utes would be required for a 40µm embryo, starting at cloud base, to 
grow to raindrop size. A 60 µm embryo would take significantly less 
growth time. For the small cloud case (3.7 km depth), neither embryo 
would reach precipitation size within the cloud updraft although the 
0.4 millimeter diameter would be reached. Freezing of the drop, how
ever, would result in growth to precipitation size and fall-out from the 
cloud. 

The simplified calculation in Figure l illustrates that the efficiency 
of natural precipitation is influenced by cloud life-time and by the size 
of the initial raindrop embryo near the cloud base. Appropriate-sized 
embryos are introduced by the seeding process at cloud base in order 
to influence the coalescence rate. The proper size and number of such 
embryos has been a subject for study in the San Angelo program and 
has been investigated from a computational as well as an observational 
standpoint. 
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B. Silver Iodide Seeding 
In contrast to hygroscopic seeding, treatment with silver iodide has 

been considered extensively in a number of areas. Many of these ex
periments have been summarized by Simpson and Dennis ( 1972). 
Considerable evidence has accumulated to suggest that rainfall from 
individual cumulus clouds can be increased significantly by extensive 
silver iodide seeding under specific environmental conditions. These 
conditions relate primarily to the vertical temperature lapse rate near 
the cloud top which may or may not permit additional growth of the 
top to result from the heat release accompanying freezing of the cloud 
water. In the event that such growth is realized, additional water is 
processed by the cloud (greater cloud depth), and total cloud rainfall 
may be increased. Appropriate conditions for seeding can be recog
nized from the temperature-sounding characteristics. 

Another type of silver iodide seeding has involved much lighter 
amounts of seeding material. In this case, precipitation is initiated by 
the seeding at an earlier time in the cloud. life than would occur 
naturally. As in the hygroscopic case, the efficiency of the pre
cipitation process is improved in certain types of clouds. 

Seeding Results 

Results of the hygroscopic seeding program in San Angelo have 
been completed. A limited number of test opportunities, together with 
difficulties in developing the rainfall-measuring techniques, led to 
promising but non-significant results which deserve further experi
mentation. Information on the number of seeding opportunities, how
ever, is of considerable value in assessing the role of weather modifi
cation in such arid regions as West Texas. Results of the Big Spring 
program have not yet been analyzed, and only numbers of oppor
tunities are available at this stage. 

Rainfall amounts from the test cases in San Angelo are summarized 
in Figure 2. Precipitation amounts per cloud are plotted as a func
tion of cloud depth. Seed and no-seed cases have been distinguished by 
S and N, respectively. Straight lines shown in the figure are repro
duced from a study carried out in South Dakota and reported by 
Koscielski and Dennis (1972). Best-fit lines for salt-seed and no-seed 
cases were constructed by Koscielski and Dennis and are shown in 
Figure 2 for comparison with the San Angelo data. 

There is insufficient data from the San Angelo program to estab
lish statistically significant differences between seed and no-seed 
cases. The relative position of the seed, no-seed data, however, is sug
gestive of seeding effects. In addition, the data tend to support the 
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previous work carried out in South Dakota, where a larger number of 
test clouds were obtained. 

Data plotted in Figure 2 indicate that cloud depths of about 3 km 
are required before any appreciable opportunity for precipitation 
exists. For this depth, precipitation appears to be variable with some 
clouds producing little or no rainfall, while others produce small but 
measurable amounts. It appears in Figure 2 that the probability of 
precipitation in this depth range can be increased by seeding. For 
larger depths, it is expected that the probability of precipitation will 
increase to nearly I 00 percent, but there is some evidence th at the 
efficiency of precipitation can be increased even for these larger 
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clouds. Based on the San Angelo and South Dakota results, increases 
in efficiency by a factor of two might be anticipated as a result of the 
hygroscopic seeding. 

Opportunities for Seeding 

The programs at San Angelo and Big Spring have been carried out 
over a sufficiently long period of time to be of value in judging 
numbers of available seeding opportunities. In San Angelo, suitable 
clouds were available in the project area on about 30 percent of the 
days in June and July and about 10 percent of the days in May. In the 
case of Big Spring, about 15 percent of the days were suitable for 
seeding during the period of 15 April to 15 October (Atmospherics, 
Inc. 1972, 1973). 

The number of clouds per day at San Angelo and Big Spring varied 
from one to three. The one exception to this occurred in June 1971 
when four aircraft were available at San Angelo in connection with 
a drought relief program. In this case, when as many clouds as possi
ble were seeded each day, the total number most frequently ranged 
from four to six per day but was considerably higher on a few days 
during the month . From these experiences, it is reasonable to conclude 
that about two to four clouds could be treated per day with diligent 
effort, assuming the availability of one or two aircraft. Although 
this might appear to be a rather small number, treatment of the cloud 
requires that the aircraft be in the proper location at the appropriate 
time during the cloud's growth cycle. If these conditions are not met 
the treatment of large numbers of clouds in a 50-mile radius is difficult 
to achieve in an area such as West Texas. 

Maximumly-measured cloud depths for each available day at San 
Angelo have been tabulated in Table 2. 

From the table it is seen that most of the clouds at San Angelo 
had depths of 4.0 km or less. From Figure 2 the natural rainfall for 
these clouds is about JO acre-feet or less. Through hygroscopic treat
ment this rainfall might be increased by a factor of two or so. Thus, 
most of the seedable clouds in the San Angelo area are not very pro
ductive of significant amounts of precipitation. A small number, how
ever, with depths of 4.0 km or more could produce important amounts 
of precipitation if treated by hygroscopic seeding. 

The foregoing comments deal with production of rain from single 
cloud systems. A major intent of the Big Spring program has been to 
produce organized cloud systems which are much more productive 
of significant precipitation amounts. In San Angelo also, it was ob
served that these organized systems were the efficient producers of 
precipitation. Attention should consequently be focused on the genera-
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Table 2. Maximum cloud depths each day 

Depth No. days 
(km) 

2.1-3.0 8 
3.1-4.0 11 
4.1-5.0 3 
5.1-6.0 4 
6.1-7.0 4 
7.1 -8.0 
8.1-9.0 2 
9.0 4 

tion and enhancement of these cloud systems in order to carry out an 
effective cloud-modification program in the West Texas area. 

Conclusions 

There is considerable evidence that treatment of clouds with silver 
iodide or hygroscopic material may, under appropriate conditions, 
produce increased amounts of rainfall. Principal evidence for silver 
iodide seeding effects comes from an accumulation of experimental 
data in various parts of the world. Evidence for hygroscopic treatment 
effects is more limited and less definitive but comes from tests carried 
out in South Dakota and San Angelo. 

The proportion of days with seedable clouds during the summer 
months in West Texas ranges from about 15 to 30 percent. On about 
half of these days the natural rainfall expected from individual clouds 
would be around l 0 acre-feet per cloud. On the remaining days op
portunities exist for significant amounts of precipitation to be pro
duced by seeding. 

These results indicate that opportunities for cloud modification 
exist in West Texas but on a limited frequency basis. Since individual 
cloud rainfall amounts frequently tend to be rather small, efforts 
should be concentrated on treatment techniques leading to the organi
zation of cloud systems which would be more efficient rain producers. 
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HAIL-SUPPRESSION ON THE TEXAS HIGH PLAINS 

Thomas J. Henderson 

Introduction 

Average annual hail damage to property and agriculture in the 
United States exceeds $300,000,000. Hail has been reported from 
every state, but the major damage is concentrated in "hail alley," a 
region extending from North Dakota southward through Northeast 
Colorado and onward through the Panhandle area of Texas. 

Hail damage to agricultural crops and property in the Texas Pan
handle has long been recognized as a major influence on the total 
economy of the state. A review of the hail day records from the Na
tional Weather Service first-order stations and substations show that 
Plainview has experienced an average of four hail days per year dur
ing the period 1901-194 7 and eight days per year from 1948-1969. 
It has been suggested that this 100 percent increase in the number of 
annual hail days during the past 20 years might be the result of mas
sive irrigation which began in 1948 throughout the agricultural areas 
surrounding Plainview. With increasing crop production and related 
liabilities, insurance costs have shown a corresponding increase dur
ing this same period. The 1969 season produced extremely severe 
hail damage throughout large areas of the Panhandle, including sec
tions of Lamb, Hale, and Floyd counties. 

The target area counties for this hail-suppression program are 
located on the high, level surface of the South Plains region of North
west Texas. These South Plains are part of the Llano Estacada, which 
is isolated from the remainder of the High Plains by the Canadian 
River on the north and the Pecos River on the west and southwest. An 
errosional escarpment, the "break of the plains" often referred to as 
the Cap Rock, forms the eastern boundary. On the average this area 
receives about 18 inches of precipitation per year. Westerly, the 
annual precipitation decreases to about 8 inches at El Paso, and to the 
east and south the annual amounts increase to more than 55 inches at 
Port Arthur. 

In the area between Littlefield and Plainview, most precipitation 
occurs during the summer as a result of thunderstorm activity. This 
leads to an extremely high variability in the annual and monthly 
amounts. A single month in some years has recorded more than 12 
inches of rainfall, and the same month in other years has produced 
zero. Annual totals show the same variability with amounts ranging 
from less than 5 inches to greater than 34 inches. Further studies have 
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indicated that as much as 60-70 percent of any annual total may fall 
at night. 

These wide variabilities in precipitation are largely related to the 
sources of continental air from the north and the concurrent low level 
inflow from moisture source regions, principally the Gulf of Mexico. 
When the prevailing surface winds switch from westerly to the moist 
southeasterly, and the upper level colder air moves over the area from 
the north and northwest, the convergence line of these two air masses 
provides the optimum breeding ground for large cumulus develop
ments. 

Hail occurrences in April, May, anQ June are closely associated 
with the development of air mass thunderstorms and squall lines. 
Hailfall usually peaks during May or June and is not usually as fre
quent in August. By late summer the frontal zones are found further 
north and normally do not move southward until September. 

Of particular importance in climatological studies of hailfall, is a 
determination of the number of days on which hail occurs anywhere 
in the area of interest. The only scientifically determined distribution 
study of hail days within this Texas Panhandle area has been ac
complished by the Illinois State Water Survey. These compilations 
were derived from climatological station records provided by the 
National Weather Service. Unfortunately, the results of this analysis 
came from data supplied by individual station reports, and the hailfall 
is only related to the occurrences which were noted at individual sta
tion sites. Hailfall in adjacent areas is not noted on any of these station 
reports unless the fall is unusually heavy. 

A point hailfall analysis as constructed from the climatological 
station records does not adequately describe the seriousness of the 
total hail problem within any given area. In the design of a hail sup
pression project covering an area in excess of a few square miles, there 
is a need to establish the total number of days which produce hail 
within this total area. The larger the area examined, the greater the 
expected number of total days within the boundaries and the more 
sophisticated must be the design of the hail-suppression program. In 
any event, the nine county area study, as accomplished by the Illinois 
State Water Survey, indicates there are on the average between 20 and 
30 days with hail during any April-July period. 

Faced with higher insurance costs and increasing crop damage as 
the result of hailfall, the Plains Weather Improvement Association in 
Hale County and Better Weather Incorporated in Lamb County, be
gan an investigation of weather modification technology in order to 
improve the agricultural picture. Based on results from applied re
search and various operational programs over many areas of the 
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world, these sponsoring groups in Texas concluded that the tech
nology appeared sufficient to initiate operations in this Texas area. 
Funding for the program has been the result of voluntary contribu
tions from farmers, business establishments, and private residents in 
the communities. 

In early 1970 and subsequent to the decision for moving ahead 
with an operational hail-suppression program, contract arrangements 
were made between the sponsoring group and a commercial organi
zation. Appropriate weather-modification license and permit require
ments were fulfilled under the current Texas statutes. Radar, aircraft, 
communications equipment, operating supplies, and professional per
sonnel were moved into the Plainview area. With operational head
quarters at the Plainview Airport, this privately-supported weather 
modification effort began operations in May 1970. 

The following sections of this report summarize the subsequent 
weather-modification activities conducted in the Texas area during 
the May-October seasonal period from 1970 through 1973. 

Target Area Description 

Under the present statutes of the State of Texas, it is first necessary 
for anyone who wishes to engage in weather-modification operations 
to obtain a license. After receiving a license, issued by the Texas 
Water Development Board, the interested party must then obtain a 
permit for the conduct of each individual program he wishes to initi
ate within the state boundaries. As part of the requirement for ob
taining a project permit, the operator for three consecutive weeks 
must publish in newspapers within counties where operations are to 
be conducted a "Notice of Intention to Engage in Weather-Modifica
tion Activities." Within the framework of this notice, the operator 
must state the area over which, or within which, equipment may be 
operated as well as the actual target area within which the effects of 
weather modification activities are intended. 

The purpose of the first statement is to describe the area over 
which, or within which, equipment may be operated, even though this 
may sometimes be outside the area within which the actual effects 
of a hail-suppression activity is intended. Cloud movement dictates 
the areas where treatment begins in order to assure that maximum 
results are produced within the pre-determined target area. Each year 
since 1970, the precise target area boundary has been modified in 
accordance with the actual land under cultivation by the contributors. 
The two-county primary target area where maximum hail-sup
pression effect was intended during the seasons of 1970 through 1973 
is shown in Figure 1. The additional counties over which, or within 
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which, equipment was authorized to operate are also shown. It is im
portant to note that the two-county target area shown in Figure I does 
not include the various adjacent areas adjusted for size in each in
dividual year. 

Theoretical Considerations 

The 1970-73 hail-suppression effort on the Texas High Plains as 
summarized in this report was designed primarily as an operational 
hail-suppression project. Precipitation augmentation was also included 
in the overall design, but this was of secondary importance except in 
those cases where rainfall was deficient throughout any portion of the 
area. 

Prior to 1960, many attempts were made to identify a common 
denominator which might be the "key" to more efficient treatment of 
hail-producing cumulus developments throughout the United States 
and other areas of the world. A portion of this investigation has been 
associated with applied research programs of the South Dakota 
School of Mines and Technology in Rapid City; the Colorado State 
University programs in Northeast Colorado; research programs con-
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ducted by the National Center for Atmospheric Research in Colorado; 
operational programs conducted for the Kenya Tea Growers Associa
tion in East Africa; a number of applied research and operational 
projects in New York, Nebraska, Illinois, West Virginia, and Texas ; 
and further work with Project Waterhael in the Republic of South 
Africa. 

Based on observations of more than 7,000 seeded and unseeded 
cumuli, it appears this common denominator may be the location 
of the inflow area which moves upward through that specific volume 
of cloud where precipitation particles are born and begin their sig
nificant growth. In respect to this important inflow area, it has been 
possible to fundamentally categorize most cumulus developments into 
air mass and squall-line types. 

Specific field observations in addition to analyses of radar data, 
hail streaks and extensive time lapse cine footage, indicate that most 
of the hail-producing storms will propagate strongly to the right of the 
mid-tropospheric winds as the result of new developments occurring 
on the southeast, south, or southwest flanks. Hailswaths are often 
oriented l 0° -40° to the right of the 500 mb wind direction. 

The air mass types are usually well organized with easily delineated 
inflow areas. Visible scud clouds are apparent near the base. Vertical 
velocities range up through 2,000 fpm with maximum gusts of 6,000 
fpm noted during some seeding flights. There is occasional moderate 
to severe turbulence. The direction of cell movement is random, but 
generally toward some quandrant of the east. This movement is rarely 
constant in either speed or direction. Many air mass types move 
rapidly for some distance, then remain stationary for a short time, 
before moving off in a similar or a new direction. The rate and di
rection of movement appears related to the pulsation of the main 
cumulus tower as well as the position of new cloud turrets developing 
along the flanks of these storms. 

Air from the surface and from above enters the airmass type storm 
from many different directions, but the inflow which is important to 
that volume of cloud where hailstone birth and growth occurs is found 
below cloud base at some distance following the precipitation area. 
This inflow can be from some quadrant south through west of the 
precipitation core, with propagation of new cell growth and mean 
direction of storm movement rarely the same. Hail falls from this 
airmass type along the trailing edge of the rain core and is seldom 
diffused throughout the total precipitation area. However, in severe 
storm situations, hail is sometimes ejected from the sides or top of 
the storm system and can be found falling in clear air several miles 
from the precipitation area. 
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New surges of cumulus turret activity along the flanks of the air
mass type thunderstorm can either develop as separate entities or as 
immediately adjacent to and merging with the parent storm. It should 
be noted that individual airmass type storm cells can organize them
selves in lines which then exhibit squall-line characteristics, and the 
location of the inflow area important to the birth and growth of hail
stones may shift to the opposite side of these systems. 

The significant fingerprint in the squall-line system is again related 
to the position .of the inflow air which is important to that volume of 
cloud where precipitation particles are born and grow. Here we find 
the important inflow is along the frontal edge. The terms "trailing" 
and "frontal" are sometimes defined in terms of an imaginary line 
drawn through the center of the precipitation core perpendicular to 
the direction of storm movement. All inflow ahead of this line is con
sidered to be in the frontal zone. 

In the squall-line conceptual model, hail often falls in the first part 
of the rainfall , but many times it is also found scattered throughout 
the total rainfall area. A few occasions have been noted when hail 
was encountered in the inflow area from one to three miles ahead of 
the precipitation area. This is unusual but understandable when one 
notes the possibility of hailstones ascending to higher levels and 
being pushed forward by the upper-level winds. Tilted updraft areas 
and severe sheer are also important factors . 

Aircraft-seeding flight paths must be organized in front of the 
squall-line system. In the case of airmass type thunderstorms, material 
is applied in the inflow area at cloud base behind the precipitation 
core. A drawing of these conceptual models is presented in Figure 2. 
The new cloud turrets along the flanks of airmass storms and the re
generating embedded cells in the squall-line types are the regions for 
precipitation generation during the life cycle of these thunderstorm 
systems. The introduction of seeding material in the proper inflow 
areas at cloud base will produce appropriate diffusion of material. 

General Operations 

A. Project Design 
The 1970-73 Texas Hail-Suppression Program was organized as an 

operational cloud-seeding effort conducted over specific areas to help 
alleviate severe hail damage within an important agricultural com
munity. Its fundamental design was not focused on research activities, 
although the data obtained during this four-year period may prove to 
be beneficial to future weather-modification programs conducted in 
the Panhandle area of Texas as well as in other areas of the United 
States and abroad. 

20 



SQUALL LINE 
THUNDERSTORM 

AIR MASS 
THUNDERSTORM 

Fig. 2. Conceptual cloud models. 

No randomization was included in the basic design because of the 
sponsor's desire to suppress all possible hail damage. Contributors to 
the program expressed a willingness to accept any evaluation uncer
tainties associated with this operational approach. On the other 
hand, various representatives of the sponsoring groups indicated a 
keen interest in the acquisition of all data which might point the way 
towards apparent results. This continuing data-acquisition program 
has been a strong part of all operations since the project began in 
1970. 
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During each of the four operational seasons, the total program has 
included the airborne application of artificial ice nuclei to various 
cloud formations. Nuclei sources have been limited to silver iodide 
smoke particles generated from pyrotechnic devices and liquid fuel 
wing-tip generators. Pyrotechnic seeding devices have a wide range 
of silver iodide dispersal rates from a few grams to several hundred 
grams per minute. A 2 percent solution of silver iodide by weight in 
acetone (silver iodide-ammonium iodide) has been used in the liquid 
fuel generators. 

Attempts are made to maintain freezing nuclei concentrations of 
105 per cubic meter (effective at - lOC) within that particular volume 
of cloud which gives birth to, and allows growth of, hailstones. Most 
of the aircraft seeding was conducted on cumulus cloud developments 
along the strong inflow areas at cloud base. By using the aircraft 
measurements of both inflow velocity and cloud dimensions, in addi
tion to radar !'.fata, one can calculate the amount of silver iodide 
required to meet the desired concentration. Nomograms have been 
developed which give approximations of numbers of cloud-seeding 
devices required to meet these criteria. 

For rain-augmentation seeding, the goal is to provide ice nuclei 
concentrations of 103 per cubic meter for the total cloud volume 
above the - 5C level. Here, it is the depth of cloud above - 5C and 
the cloud area, not the inflow velocity, that determine the seeding 
rate. In fact, successful seeding for precipitation augmentation can 
be achieved when no measureable inflow is found. Other nomograms 
are available which present the minutes of seeding required to meet 
the nuclei concentration criteria of 103 per cubic meter based on cloud 
base height, height of the - 5C level, and height of echo top as shown 
by the radar. 

The operational aspects of this program were controlled from the 
radar site located at the airport near Plainview (Hale County). After 
the program was divided in 1973, radar systems were installed at both 
Plainview and Littlefield. These radar systems served as the field 
headquarters for project operations, and along with meteorological 
data received from Amarillo and Lubbock offices of the National 
Weather Service, provided information necessary for all flight 
launch decisions. A communications link provided information trans
fer between the radar and operating aircraft. 

The primary ingredient for all activities during this four-year opera
tional period continued to be the combination of concentrated radar 
surveillance, proper airborne applications of seeding material, a strong 
communications link, and a team of dedicated professional personnel. 

22 



8. Weather Forecasts 
The routine area weather forecasts as prepared by the National 

Weather Service are not sufficient in themselves for the conduct of 
the operational hail-suppression program. These forecasts are assem
bled and distributed to the public but provide neither the detail nor 
the finite area coverage necessary for decision-making within an 
operational area of approximately 2,000 square miles. 

However, the basic weather forecasts as provided by NWS are 
quite adequate for a first-order decision on when cloud developments 
might be expected to occur in the general area of the project. Once the 
projected weather has been assessed and the cloud-development
probability forecast finalized, the radar system is then utilized to pro
vide detailed information on cloud development position, speed and 
direction of storm movement, precipitation intensity, vertical and 
horizontal growth rates of individual cumulus cells, and other specific 
information necessary for aircraft-launch decisions and subsequent 
airborne-seeding operations. 

During this particular hail-suppression program, basic weather 
data were received via telephone from the NWS offices at Amarillo 
and Lubbock. These data were analyzed with i::espect to their use
fulness in predicting days on which suitable cloud formations might 
develop within the operational area. As soon as local cloud condi
tions approach the suitable vertical development stage, the ground
based radar system becomes the primary tool necessary for the identi
fication of important potential hail parameters. Once the storm condi
tions have passed, project personnel then return to the public weather 
information sources and continue the surveillance for a possible ap
proach of another weather system. 

This technique of combining general weather forecasts with specific 
applications technology provides a suitable method for producing 
operational decisions. Equipment and personnel deployment are 
realistic under these ground rules. This real time acquisition of 
weather data at the project level, in addition to a subsequent accumu
lation of supplemental data from the National Weather Service 
sources, permits a reasonable reconstruction of specific weather con
ditions experienced during each operational period. 

C. Radar Surveillance 
The radar equipment provided for this project was originally the 

ATMOS IV weather radar system. Built by Atmospherics Incor
porated, the radar operates on a frequency of 9375 MHz with a peak 
power output of 50,000 watts. The system has a maximum range of 
160 nautical miles in steps of 20, 80, and 160 nm. Two l 0-inch plan 
position indicators are part of the total system. One of these indica-
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tors is used for general viewing during all storm periods, and the other 
is used for documentary photography. The radar components were 
mounted in a self-contained 26-foot house trailer. The antenna was 
mounted on top the abandoned rotating beacon tower at the Plainview 
Airport. The total installation served as the project headquarters 
for the radar meteorologist during all storm periods. 

In 1973 a Decca 3 cm radar system was organized by the Plains 
Weather Improvement Association as part of its in-house activities. 
An updated 5 cm Enterprise Electronics radar system was provided 
for the project sponsored by Better Weather Incorporated. Trans
ponder equipment was provided at each site in order to better identi
fy aircraft locations. 

When the aircraft seeding operations are active, overlays of the 
radar scope are obtained for each 15-minute time block. This proce
dure documents the position and size of significant precipitation 
echoes as well as indicating information on storm movement. The 
system further provides a method of indicating relationships between 
the activities of the aircraft and the changing physical characteristics 
of the seeded and non-seeded storms. In addition to the overlays, radar 
information is also documented with 8 millimeter time-lapse 
cameras mounted over the second indicator. This camera system ob
tains a photograph during each IO-second interval and provides data 
which can support the reconstruction of individual seeding periods. 

During the seasons of 1970 through 1973, the radar provided all 
the detailed storm information necessary for adequate direction of the 
total seeding activity. It also served as a research tool by providing 
detailed information on various storm characteristics observed during 
each operational period. 

D. Aircraft Seeding 
The aircraft, supplied to this High Plains project were the turbo

charged Piper Twin Comanches. Total flight endurance for each air
craft is approximately 5 hours. The turbocharged system allows ascent 
rates to 18,000 feet msl in 20 minutes or Jess and cruise speed of 120 
knots or greater, with service ceiling of approximately 28,000 feet 
msl. The aircrafts were fully licensed for IFR flights. Each aircraft 
was equipped with the following items: 

2-Mark XII 360 channel Nav Com systems 
I-Bendix ADF system 
2-0MNI systems 
1- A TC L-band transponder system 
1-DME system (distance measuring equipment) 
1-IVSI (instantaneous vertical speed indicator) 
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1-3 light marker beacon system 
1-Altimatic auto pilot 
1-Air temperature probe 
I-Oxygen system (6 place) 
I-Dual strobe light system 
1-DART system (downed aircraft radio transmitter) 
1-Dual channel Motorola transceiver 
2-Complete seeding equipment systems 

During the first three years of operation, three seeding aircraft were 
permanently based at the Plainview Airport and were available on a 
24-hour-a-day, 7 day-per-week basis. The choice of this airport and its 
relation to the fixed target area were studied in some detail. The deci
sion was based, in part, on considerations of aircraft service facilities, 
position of VOR installations relative to possible seeding flight paths, 
relationships between the location of the radar facility and flight 
operations, air traffic control centers, flight safety requirements, 
and the climatology at airfields throughout the operational area. 

Operational Summary 

During the four operational periods, three aircraft were used for 
the total project during 1970, I 971, and 1972. In I 973, five aircraft 
were used over the total area; three were operating out of Plainview 
and two were operating out of Littlefield. 

Within this four-season operational period, the aircraft conducted 
370 seeding flights for a total of 596.0 hours. Observation flights to 
check potential seeding conditions, general ferry flights, and other 
flights for equipment check-out occupied another 214.0 hours. Thus, 
the four-year aircraft flight total amounts to approximately 810 
hours. 

During these seeding flights, a total of 3,340 pyrotechnic seeding 
devices were ignited, and 12, 132 minutes of liquid generator time 
were logged. These pyrotechnic seeding devices and liquid fuel gen
erators dispersed a total of about 681 pounds of silver iodide during 
the four-year period. No liquid fuel generators are used on seeding 
aircraft operated by the group at Plainview. 

An operational summary is presented in Table I . 

Evaluations and Conclusio!'ls 

Evaluation of the results of weather modification projects involving 
treatment of all possible events in a single area, the common situation 
and necessity in an applications program, is essentially restricted to 
comparisons of the results during the seeded period with ( 1) the con-
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Table I. Operational S11111111ary (1970-1973 Totals) 

Number Seeding Number Liquid Toi al Total 
seeding Oight pyros General or Ag! cells 
OighlS t ime used Minuics (gms.) seeded 

1970 82 131.8 776 None 31 ,370 204 
1971 72 11 2.8 435 2,754 39,61 5 189 
1972 104 204.3 825 4,723 84,419 184 
1973 11 2 147.1 1,309 4,655 153,811 259 

370 596.0 3,345 12,132 309,215 836 

ditions in a nearby area, and/or (2) historical records of the event. It 
has been shown that statistical assessment of a hail-suppression proj
ect can be accomplished and proven in the shortest possible time with 
continuous seeding (all possible storm events) in an area, with results 
evaluated against the area's historic records. 

Unfortunately, many meteorologists and statisticians do not wish to 
accept the historical record as the control data for comparison and 
evaluation, presumably because many suspect undetected trends in 
the historical record or in the seeding period. Hence, the more often 
used control data for evaluation of a continuous seed-one area project 
are those data from adjacent areas, the so-called "target-control" ap
proach . However, this approach is also beset by problems, par
ticularly in hail-suppression evaluations, because of the generally 
poor correlation between hail events in two adjacent areas. Thus, the 
evaluator of a continuous seed-one area project has no single "best" 
approach acceptable to many statisticians and meteorologists. Yet, it 
remains important to attempt an assessment of hail-suppression 
projects consisting of seeding of all events in one area. 

In the case of hail . suppression on the Texas High Plains, Atmos
pherics Incorporated has been working on this evaluation problem 
with the knowledgeable group at Illinois State Water Survey under 
Stanley A. Changnon, Jr. , Head, Atmospheric Sciences Section. Hail
fall and rainfall analyses have been conducted by personnel within 
this group and a brief summary of these investigations follows: 

A. Hai/fall analysis 
In a preliminary fashion, two sets of hail data supplied long-term 

historical records in and around a two-county area in Texas where 
hail-suppression projects in the 1970-73 period were investigated. The 
first data set consisted of the hail -day records of the National Weather 
Service first-order stations in the area. The second set employed con-
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Table 2. May-October hail days National Weather Stations 

1947-1973 1970·73 
Average 1970 1971 1972 1973 Mean 

Plainview number of days 3.9 2 3 2 2 2.3 
Percent of average IOO 51 77 51 51 59% 

Lubbock number of days 3.5 1 2 5 2 2.5 
Percent of average IOO 29 57 143 57 71% 

Levelland number of days 1.5 I 1 6 1 2.3 
Percent of average 100 67 67 400 67 153% 

sisted of the crop-hail insurance loss data as compiled by the Texas 
insurance companies who are members of the Crop Hail Actuarial 
Association. First looking at hail-day data, one finds there are only 
three National Weather Service stations with quality hail records in 
and around the seeded area of Hale and Lamb Counties in the Pan
handle of Texas. These stations, including Lubbock and Levelland in 
the non-seeded area and Plainview in the seeded area, all have records 
that show only the occurrence of hail by days. However, hail-day data 
have been and can be used to evaluate hail-suppression experiments 
in order to ascertain possible effects of the Texas area suppression 
activities in 1970-73. Obviously, the evaluation of a suppression 
project using "hail" or "no-hail" for a given day may not be the 
most meaningful indication of an effect from hail suppression. Never
theless, the goal of many hail-suppression operations is the re
duction of frequency of hail as well as the intensity of hail. It seems 
apparent that a reduction in hail intensity might well result in some re
duction in the number of hail days. 

Table 2 presents the various data related to (I) the historic (194 7-
73) average, (2) the number of hail days in each of the individual 
seeded years (1970-73), and (3) the mean for this recent four-year 
period. Also shown for each station and period (year) are the depar
tures and the recent period (1970-73) average. These stations have 
hail records extending well before 194 7, but prior studies have shown 
that a sizeable climatic shift occurred during the 1946-4 7 period. This 
shift, which was possibly due to the impact of large scale regional 
irrigation developments in the l 940's on the weather, resulted in a 
I 00 per cent average increase in hail days. Thus, it appears more 
reasonable to compare the 1970-73 hail frequencies to those of the 
194 7-73 period. 

As shown in Table 2, the Plainview values in each seeded year were 
below normal, and the four year value was 59 percent of the average. 
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Table 3. Comparison of May-October hail days in 1970-73 with 4-year fre· 
q11e11cies in past record periods 

Lubbock 
Plainview 

Number of 4-year periods 
with hail days totals< 197().73 values 

1919-72 period 
1970-73 Perc·e111 of 

Hull du,1·.• Number time 

10 4 17 
9 2 8 

1947-72 period 

Number 

22 
17 

Ptrcentuf 
rime 

42 
33 

One of the two stations in the non-seeded area (Lubbock) also had a 
below normal four-year value but not as low as that at Plainview, and 
Levelland had a much above normal four-year value. 

Table 3 expresses the Plainview and Lubbock hail-day values for 
1970-73 in relation to all other four-year values of the past. Since 
1946 there have been 24 possible four-year combinations (194 7-50, 
1948-51, 1949-52, etc.), and only two of the 24 (8 percent at Plain
view) had values lower than the 9 hail days in 1970-73. These values 
were 7 hail days for 1947-50 and 8 days in 1948-51. This evaluation 
shows the general infrequency of the low hail-day value of 1970-73. 

Extensive studies utilizing hail-day data have been performed in 
other areas of the country to determine the time necessary to detect 
various levels of reduction in hail-day frequencies. If one projects 
these studies to the Texas hail-day data and further accepts the as
sumptions necessary in the use of sequential tests (no major trends in 
the historical data), the results suggest a detection of a 40 percent 
(Plainview had 41 percent) reduction in about three years at a signifi
cance level of 0.05 (5 percent chance that reduction is due to natural 
causes) . If this test is tightened to the 1 percent level of significance, 
then the detection time increases to four years. Hence, if one accepts 
this translation of other area results to Texas and the sequential test 
assumptions, one could conclude that the Plainview hail-day data in
dicate that hail frequency has been suppressed by about 40 percent. 

B. Crop hail insurance data analysis 
The group of companies under the Crop Hail Actuarial Association 

has sold about 70 percent of all crop hail insurance in the U.S. Annual 
hail insurance data were available on a county basis for the entire 
period of record, which extended for some counties in Texas from 
1914 through 1973. The data from 12 counties were secured, includ
ing the two " target" counties where most of the seeding operation oc· 
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Table 4. Comparison of 1970-73 co11111y i nsurance loss values 

Losses, SI 000 Mean 

A\·ert1ge /Y711 /Y7/ IY72 /Y73 1970-73 Meun of 
/94f>-4Y /Yl0-73 

tH percent 
of /946-<19 

Ul't'T<IJ:t' 

Targel Counties 

Hale 260 66 9.0 4.0 16.0 23.8 9.2 
Lamb 125 3 6.0 45.0 6.0 15.0 12.0 
Surrounding Co111rol Counties 

Bailey 57 0 0 .0 0 .0 0 .0 0.0 0.0 
Floyd 97 13 39.0 4 .0 13.0 17.2 17.7 
Lubbock 134 40 74.0 78.0 70.0 65.5 48.9 
Swisher 118 6 13.0 16.0 58.0 23.3 29.8 
Hockl ey 135 20 41.0 320.0 61.0 110.5 85 .0 
Parmer 77 0 0.6 2.4 9.0 0.8 I.I 
Briscoe 29 0 0 .5 0.0 0.5 0.3 1.0 
Castro 93 0 3.0 9.0 4.0 4.0 4 .3 
Cochran 52 6 0.4 0.0 0.0 1.6 3.1 
Crosby 70 59 96.0 55.0 96.0 76.5 109.3 

curred and the 1 O surrounding "control" counties. All 12 counties are 
nearly the same size, ranging from 876 to 1,022 square miles. 

Data available for each county included the annual amount of 
liability, the annual amount of losses, and the annual loss-cost value 
(loss+ liability x 100). The annual county losses in 1970-73, their 
mean loss for 1970-73, and the long-term (1946-69) average loss ap
pear in Table 4. 

The two target (seeded) area counties have low losses in all four 
years. Their mean losses are 9.2 percent of the long-term average 
(Hale) and only 12.0 percent (Lamb). However, nearby counties to 
the west had lower losses and percentages in 1970-1973, but those 
to the south and east (except Briscoe) had higher losses and loss per
centages. 

Losses alone are not adequate means to evaluate the temporal or 
spatial changes in hail during 1970-73. The loss cost for the individual 
seeded years (their average 1970-73) and their long-term averages 
(1946-69) appear in Table 5. 

The yearly values in Hale County all remain below the long-term 
average, resulting in a four-year average of $5.35 which was 58 per
cent of this long-term average. Interestingly, this is 42 percent below 
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Table s. Comparison of 1970-73 loss cost values 

(Loss Cost= Losses,$ x lOO) 
Liability,$ 

Loss Cost,$ 

1970-73 
At•era1o:t 

u.v percemaKt 
At·ert1Kt" At·ert1Kl! of 1946·69 
IY4f>-f>9 19711 1971 1972 1973 1970-73 urerll1o:e 

Target counties 
Hale 9.15 7.14 3.56 1.67 4.31 5.35 58% 
Lamb 10.13 0.96 11.40 12.57 I.IQ 4.69 46% 
S11rro1111ding control counties 
Bailey 8.90 0 0 0 0 0 0% 
Floyd 8.18 2.90 17.18 1.05 3.53 4.91 60% 
Lubbock 7.60 1.77 8.68 5.76 2.84 3.80 50% 
Swisher 8.88 5.35 21.83 8.94 11.69 10.85 122% 
Hockley 6.72 2.63 17.38 41.75 3. 18 22.95 341% 
Parmer 6.74 0 0.61 3.34 0 1.09 16% 
Briscoe 6.68 0 13.92 0 0.61 0.89 13% 
Castro 7.73 0 2.22 18.30 3.12 4.41 57% 
Cochran 6.25 4.53 4.97 0 0 4.38 70% 
Crosby 5.67 2.54 8.68 3.34 3.93 3.88 69% 

"normal," a departure nearly identical to the 41 percent value in hail 
days at Plainview (Table 2) which is in Hale County. The yearly loss 
costs for the other seeded county (Lamb County) shows two values 
slightly above the long-term average ( 197 1 and 1972), and two values 
much below (1970 and 1973) the average. The four-year results show 
an average of $4.69, which is 46 percent of the long-term average, a 
slightly better result than Hale County. 

A meaningful regional comparison involves using the 1970-73 
mean loss cost adjusted for the departure from their long-term aver
ages. The resulting percentage values also appear in Table 5. This 
pattern shows that the seeded counties have values lower than five of 
the surrounding five values, equivalent to two of the nearby values, 
and higher than three of these individual county values. The tendency 
for low values in the northwest portion of the area and high values in 
the southern portion suggests a climatic trend surface across the area 
for this four-year period. 

However, in evaluating the loss cost percentages, it is important 
to consider that liability (area coverage) in five surrounding counties 
had fallen to very low levels in the 1970-73 period. Their liabilities 
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are as low as to suggest that their results (losses and loss cost) in 1970-
73 are not reliable. Those seven counties with adequate liability (more 
than $100,000) were examined for comparison data. These seven 
counties were Lamb, Hale, Swisher, Hockley, Lubbock, Crosby, and 
Floyd. Comparison of these seven percentage values indicates that 
the adjusted losses in the seeded counties were quite low, with the 
Lamb County value the lowest, and Hale County lower than all but 
one of the five surrounding ones. 

The county-loss-cost data were also inspected on a temporal basis. 
Hale County had a 1970-73 mean loss cost of $5.35. Comparison of 
this value with all other possible four-year loss cost in the 1946-73 
(25 possible) period showed only one other lower, $3.00 in 1949-52. 
Lamb County had a 1970-73 mean loss cost of $4.69, and it was lower 
than any other in the twenty-five 4-year periods in 1946-73. Hence, 
each of the county values for 1970-73 was extremely low, one the 
second lowest on record and the other the lowest. 

The data for the seeded counties were combined, and this joint 
mean loss-cost value for 1970-73 was $5.05. This was the lowest 
four-year value among the 25 possible four-year loss-cost values of 
the 1946-73 period. The next lowest was $5 .43 for 1951-54, and 
the two-county area average was $9.75. Hence, the 1970-73 value for 
the seeded counties was 52 percent of the average, or 48 percent 
below average. From a temporal standpoint, it appears that the 
1970-73 apparent hail reductions in Hale and Lamb Counties may 
reflect suppression activities at a significant level. 

C. Ra inf all data analysis 
There has been considerable speculation that the hail-suppression 

activities may have inadvertently modified the distribution of pre
cipitation within and surrounding the target area. Paul T. 
Schickedanz, a statistical meteorologist currently associated with 
the Illinois State Water Survey group, conducted an evaluation of the 
rainfall data designed to answer the following questions: "Based on 
available rainfall data, has the precipitation been modified inside 
the target area during the cloud seeding periods? If so, to what degree 
and at what level of significance?" 

The basic data employed in this investigation consisted of the 
monthly rainfall totals (May-October) for the cooperative reporting 
stations of the National Weather Service. These stations were located 
in counties within and surrounding the target area. In addition to the 
target (Lamb and Hale Counties) and surrounding counties, stations 
within two counties (Potter and Carson) that were located more than 
60 miles north of the target counties and stations within two counties 
(Motley and Cottle) that were located more than 25 miles east of the 
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Table 6. Precipitation stations used in the investigation 

Art'u Co1m1;~.f 

I Parmer, Castro 
2 Swisher, Briscoe 
3 Bailey, Cochran 
4 Lamb, Hale 
5 Hockley, Lubbock 
6 Floyd, Crosby 
7 Potter, Carson 
8 Motley, Cottle 

Stutiotu 

Friona, Dimm itt, Hart 
Eilverton, Tulia, Quitaque 
Muleshoe, Morton 
Abernathy, Plainview, Littlefield 
Levelland, Lubbock, Lubbock Airport 
Crosbyton, Lorenzo, Floydada 
Amarillo, Panhandle 
Flomot, Matador, Northfield, Paducah 

target counties were also investigated. These non-adjoining counties 
were used for the purpose of obtaining extra-area control data. A list 
of the precipitation stations used in this investigation are shown in 
Table 6. 

In order to have an adequate sample of historical control data, 
continuous records from 1931 to the present were desired. Such 
records provide data which include the unusual droughts of the l 930's 
and 1950's and the generally wetter periods of the l 940's and 1960's. 
However, several of the reporting stations had missing data for various 
years during the period of record, and in some cases the station 
records did not begin until some date later than 1931 . In addition, the 
number of stations available for analysis differed among the various 
counties. To circumvent these difficulties, the basic data used was 
chosen to be the mean areal monthly precipitation total for bi-county 
sampling areas. The bi-county sampling areas that were chosen for 
analysis are shown in Figure 3. These sampling areas had the ad· 
vantage of providing a continuous record of data over the non-seeded 
period 1931-69. They also provided control areas of approximately 
the same size as the target area. All subsequent analyses and discus· 
sions refer to the areal means of the bi-county monthly totals and will 
be designated as the monthly precipitation values. 

The monthly precipitation values were then summed to obtain 
seasonal totals for each year of the non-seeded period, 1931-69, and 
for each year of the seeded period, 1970-73. Although seeding was 
performed during the months of May through October, major seeding 
activity was confined to the months of June through September. 
Therefore, two seasonal totals were obtained for each year. These in· 
eluded a seasonal total comprised of the monthly values during June· 
September, and a seasonal total comprised of the monthly values dur· 
ing the months May-October. 
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Figure 3 
Average rai nfall (inches) during the histori cal and seeded periods 

H: Historical S: Seeded 
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June-September 
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S:ll.78 8 

H: 15.44 
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S: 12 .86 1 S: 13.20 2 

H: H: l4 . 16 H: H:l4 . 99 
13.3 5:13 .78 415 .10 5: 16 . 48 8 

S: H: 13.72 
13.2 5:14.78 

3 

May-October 

S: 
15.14 

5 6 

County Pai rs 

1. Panner-Castro 5. Hockley-Lubbock 
2. Swi sher-Bri·scoe 6. Fl oyd-Crosby 
3. Bailey-Cochran 7. Potter-Ca rs on 
4. Lamb-Hale 8. Motley-Cottle 

The monthly and seasonal precipitation values were then averaged 
over the 39-year historic period (H) and the four-year seeded period 
(S) to obtain average rainfall values in each of the sampling areas. 
These averages are also shown in Figure 3. It is not adequate merely 
to compare the four-year seeded average to the 39-year Mn-seeded 
average. Trends, cycles, abnormal wet years, and abnormal dry years 
comprise the historical average. These factors cannot be accounted 
for in the simple average. If a shorter period is used-in particular, 
a four-year period- then it is practically impossible to determine 
which four-year period should be used for comparison purposes. This 
concept is readily illustrated by an examination of the time series of 
precipitation events for the months of July. If one computes averages 
for the periods 1931 -34, 1959-62, 1966-69 and the seeded period 
1970-73, he will find that the seeded average is greater than the 1931-
34 average, less than the 1959-62 average, and nearly the same as the 
1966-69 average . .Thus, one might conclude that the precipitation was 
increased, decreased, or remained the same depending on which his
torical period was chosen for comparison! 

Thus, to gain more information concerning the likelihood of obtain
ing an average greater or less than the historical average, harmonic 
analysis was performed for the six monthly and the two seasonal time 
series. Harmonic equations consisting of the mean and the first ten 
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Table 7. Comparison of predicted average precipitation ( 1970·73) obtained 
from tire harmonic equations with the historical average precipitation ( 1931-69) 

and the actual precipitation (1970·73) 

Percentage Percentu~t 
d ifltrence difference 
between between 

Perce11tu1.:e prtdicttcl actfre 
of and and 

1•uriun~e Hi.\'taricul Predicted Actual hfaturicul hfaturi<'ul 
Seu.wn1 explained Ul'tTUJ.:e t,werage a1'l!r a>:e U\'erus:e twerawe 

May 40 3.02 2.38 2.57 -21 -15 
June 49 2.95 1.99 2.45 -33 - 17 
July 68 2.39 1.38 2.24 -62 -6 
August 59 2.07 3.14 2.24 52 8 
September 54 2.12 2.61 2.88 23 36 
October 56 1.60 1.20 1.40 - 25 -12 
June-Sept. 71 9.53 9.12 9.81 - 6 3 
May-Oct. 53 14.16 12.7 1 13.78 - 10 -3 

harmonics were used to "predict" the monthly and seasonal precipita
tion values during the four seeded years within the target area. A 
comparison of the predicted averages with the historical 39 year 
averages is shown in Table 7. The amount of variance explained in 
the historical data series is also shown. 

Although percent differences between predicted and historical 
values and percent differences between the actual and predicted 
values are not equal in magnitude, these differences generally have 
the same sign. This indicates that whenever the actual average ex· 
ceeded the historical average during the seeded years, it was not an un· 
expected event, since the time series indicated that it should be above 
average. Similarly, when the actual average was less than the historical 
average, it was not an unexpected event, since the historical time series 
indicated that it should be below average. 

From these data, information was obtained concerning whether the 
seeded mean is greater or less than expectation. The next question 
to be addressed is: "Are the seeded means sufficiently greater or less 
than expectation to be significant?" To answer this question, the cor
relations between the target area and the control areas were investi
gated. Since the correlations were generally high, it was decided to 
use predictor equations to estimate the amount of rainfall expected in 
the target area during the seeded period. The multiple regression 
equations were determined from data in the historical period 1931-
69. These were determined for each month and for the seasonal 
periods June-September and May-October. The corresponding multi-
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Table 8. Multiple correlation coefficients and the constants of regression used 
i11 the predictor equation 

Partial re1-:res.tion coeffienr ., 
Mum Ir Multiple Intercept 81 Bi 83 84 85 
or correla1iu11 A 
St u SO II R 

May .90 . II .19 .39 .25 - .001 .2 1 
June .89 .21 .11 .26 .27 .30 .07 
July .91 -.32 .37 .02 .21 . 18 .36 
August .89 .18 .14 .06 .24 .31 .15 
September .93 .08 .33 .02 .25 .06 .29 
October .98 - .17 - .04 .35 .25 .40 .07 
J une-September .93 1.16 .13 -.05 .38 .25 .19 
May-October .93 2.24 - .04 -.02 .41 .29 .2 3 

pie correlation coefficients, intercepts, and partial regression coef
ficients are shown in Table 8. The multiple correlation coefficients 
range from 0.89 to 0.93, indicating that 80 percent or more of the 
variability can be explained by the equations. 

The results of these statistical analyses indicated that, during the 
seeded period 1970-73, the precipitation was generally less than nor
mal during May, June, and July throughout the target and control 
areas. During August and September the precipitation was generally 
greater than normal throughout this same region. During the seeded 
period in the target area, the rainfall was slightly less than expected 
during June, August, and September, and somewhat greater than 
expected during May, July, and October. The expected values of 
precipitation were determined from predictor equations utilizing all 
of the pertinent area and temporal information contained in this in
vestigation. The application of the "t" test to the differences from ex
pectation revealed that the precipitation in the target area did not 
depart significantly from expectation. Thus, it is concluded that the 
rainfall within and adjacent to the target area was not modified sig
nificantly during the cloud-seeding period. 
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THE TEXAS PERMIT SYSTEM FOR 
WEATHER MODIFICATION 

John T. Carr, Jr. 

Introduction 

Prior to 1967, weather-modification activities in Texas were un
regulated by any governmental entity. Any practitioner, regardless of 
level of knowledge or experience, could, if persuasive enough, obtain 
financial backing from any source for a weather-modification project. 
Being neither licensed nor permitted by any regulatory agency, he 
could continue in business uninterrupted as long as financial backing 
continued. 

It is likely that the absence of a regulatory agency in the State of 
Texas contributed somewhat to the sequence of events which took 
place in 1958 and 1959 in Trans-Pecos Texas. A group of cotton 
farmers in the Pecos Valley contracted with a research organization to 
perform hail-suppression operations over the Davis Mountains. 

Thunderstorms, many of which mature to become hail producers, 
characteristically form over the Davis Mountains during certain 
months of the year. These hail-producing clouds often move out 
over the Pecos Valley and damage the cotton plants. Ranchers in 
the Davis Mountains area brought suit against the weather modifiers, 
contending that seeding clouds to suppress hail destroyed the clouds 
outright or reduced the rainfall below what would normally have been 
expected if the clouds had not been seeded. 

In the absence of state or federal regulation of weather-modifica
tion operations and experiments and in the face of conflicting testi
mony from expert witnesses, the court enjoined the weather modifiers 
to a restrictive degree which brought the operation to a halt. 

Prior to, during, and following the Trans-Pecos hail-suppression 
project, activity in the field of weather modification increased steadily, 
worldwide. New seeding materials and techniques for applying them 
were developed, and a large number of scientists and educators were 
becoming involved in laboratory and field experiments in weather 
modification and developing predictive models upon which to base 
their experiments. 

After the Trans-Pecos injunction, it became apparent that if 
weather-modification activities were to resume in Texas, some kind of 
regulatory function would be necessary. Accordingly, the weather
modification acts existing in other states were methodically re
viewed, and administrators of these acts were contacted to find the 
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weaknesses, if any, which had shown up in the acts. Then, based on 
the experience of other states, a weather-modification act for Texas 
was drafted and submitted to the Legislature for action. Shortly there. 
after, the Weather Modification Act of 1967 became law. In 1973 
the Weather Modification Act was codified as Chapter 14 of the Texas 
Water Code and is the current state regulating authority for weather 
modification in Texas. An outstanding feature of that authority, which 
is the subject of the present paper, is that provisions were made for a 
license and permit system. 

The Texas Weather Modification Act 

The Texas Weather Modification Act of 1967 (now Chapter 14 
of the Texas Water Code) requires that potential weather modifie~ 
first obtain a license and a permit before beginning a project. A 
license is granted solely on the basis of the knowledge and ability of 
the applicant. A permit can be granted only to a license holder. A 
separate permit must be obtained, however, for each separate project 
contemplated by a licensee. Permits are granted to a licensee based on 
the merits of the proposed project. 

Although the Act does not specify the procedures for obtaining 
licenses and permits, it does authorize the administering agency, the 
Texas Water Development Board (TWDB), to make regulations es· 
tablishing procedures and conditions for their issuance. These regu· 
lations and procedures were developed shortly after the Act became 
law and have, on the basis of experience, been amended from time 
to time. 

The "Rules, Regulations, and Modes of Procedure Relating to 
the Texas Weather Modification Act," which were published by the 
TWDB in April 1973 are currently in force. Detailed procedures 
for making application for licenses and permits are contained in the 
"Rules." Sample forms for making such applications are contained 
in Appendix 1 to the "Rules." 

The Act is rather inflexible regarding the issuance of permits to 
licensees. The best interests of the public are always dominant; statu· 
torily, however, a licensee need meet only four conditions before being 
granted a permit: 

(1) hold a valid weather-modification license; 
(2) pay the permit fee; 
(3) publish a notice of intention and submit proof of publication as 

required by the Act; and, 
(4) furnish proof of financial responsibility. 
The conditions under which a license shall be issued to a weather 

modifier are two. An applicant must: 
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(1) pay the license fee; and 
(2) demonstrate, to the satisfaction of the Board, competence in 

the field of meteorology which is reasonably necessary to en
gage in weather-modification and control activities. 

If, however, the applicant is an organization, competence must be 
demonstrated by the individual or individuals who are to be in control 
and in charge of operations for the applicant. 

The real key, then, and vehicle by which the Board screens out 
unqualified weather modifiers in Texas, is contained in (2) above. The 
Board must be satisfied that the applicant has competency in the 
field of meteorology which is reasonably necessary to engage in 
weather-modification and control activities. The Board considers this 
a grave responsibility. All of the powers authorized by the Act are 
exercised to insure that only well-qualified weather modifiers are 
granted a license. 

The full Board authority to screen license applicants includes: 
authority to establish an advisory committee to advise and make 
recommendations to the Board concerning legislation, policies, ad
ministration, and other matters ; authority to employ personnel, in
cluding specialists and consultants, necessary to perform its duties 
under the Act; and authority to act in open meeting on the recom
mendations of the staff and advisory committee regarding the is
suance of licenses and permits. 

· 1n exercising i~s authority to appoint an advisory committee, the 
Board has carefully chosen five committee members, all prominent 
and well recognized in their special fields of expertise. These include 
an atmospheric scientist, a lawyer, a farmer, an engineer, and a busi
nessman. These five committee members, in open committee meet
ings or individually, make recommendations to the Board through the 
Board's staff regarding the disposition of applications for licenses 
and permits. Then, during a formal monthly meeting of the TWDB, 
the Board's staff presents to the board members the committee recom
mendation and the staff recommendation regarding disposition of the 
applications. By formal motion and vote, the Board takes action 
regarding these applications. 

Exercising its authority to employ specialists and consultants 
necessary to perform its duties in connection with the Weather Modi
fication Act, the Board has employed three full-time professional 
meteorologists who devote approximately half their time to screen
ing and processing applications for weather-modification licenses and 
permits, visiting weather-modification project sites, and otherwise 
carrying out the provisions of the Act. These professional meteorol
ogists are assigned to and carry out their duties in the Board's Weather 
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Modification and Technology Division, a division that reports directly 
to the Principal Engineer for Data and Technical Review. 

Through the foregoing processes the Board has, since the Weather 
Modification Act became law in 1967, granted licenses to seven firms 
and has granted 27 permits, six in 197 4 (Figure 1 ). One license ap
plication was not favorably considered by the Board because of the 
questionable qualifications of the applicant. In another case, an 
unauthorized and unpermitted weather-modification operation was 
begun in the Texas Panhandle; but before the out-of-state operator 
could be contacted and apprised of the need to obtain a license and 
permit, the operation was voluntarily discontinued. 

Inspection of Permitted Project Sites 

After a licensee has obtained a permit to conduct weather-modifica
tion operations, his facilities are ·v'isited from time to time by Board 
personnel to insure that the provisions of the permit are being carried 
out. There is no prescribed format for weather-modification pennits 
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because they all differ in some respect and are, therefore, individual
.Iy tailored. For instance, in the case of the two hail-suppression 
operations being carried out in the Texas Panhandle, special provi
sions for coordination between the two project radar operators and 
the pilots were written into the permit because the projects are side by 
side and have one common border. These special provisions were 
considered necessary for flying safety reasons. 

Although the Board's authority does not extend to requiring that 
certain types of radar equipment or aircraft be used by permitted 
operators, if, in the opinion of the inspecting meteorologist, a condi
tion needs rectifying, recommendations are made either orally or in 
writing. If it appears that failure to rectify an existing condition might 
at some future time violate the terms of the permit, it may become 
necessary to formally require the permit-holder to correct the situa
tion under the potential penalty of having his permit revoked. 

Visitations to project sites are not scheduled in the sense that 
project managers can expect to be visited by a Board meteorologist 
on a monthly, or any other regular basis. Instead, since the same 
equipment and procedures are not used by all projects uniformly, it 
may be necessary to visit certain sites more frequently than others. 
For instance, in the case where clouds are being seeded with ground
based, cloud-seeding generators in fixed positions, visitations are less 
frequent than in projects where clouds are seeded from an airborne 
platform. 

In the case of ground-based silver iodide generators, in· Texas at 
least, radar equipment is not used, and the project meteorologist con
trols the operation of the generators from a remote location. Usually, 
the project meteorologist has employed a technician who is instructed 
by telephone when to turn the generators on and off. In such an 
operation, there is very little need for inspection. 

On the other hand, when the cloud seeding is done by aircraft 
equipped with flare racks or wingtip generators and where an on-site 
project meteorologist and radar equipment are routinely used, visita
tions are necessarily more frequent. The terms of the permits for this 
type of operation are usually greater in number and more detailed, 
providing more opportunities for noncompliance with the conditions 
of the permit and therefore requiring more frequent visitations. The 
number of visitations is limited, however, by funds and personnel 
available for that purpose. 

Evaluation of Permitted Projects 

Although the function of granting licenses and permits for weather 
modification activities consumes a portion of the board staffs time, 
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considerable attention is given to evaluating the effects of such activi
ties. Historically, in Texas as well as in other places, operational 
weather modification projects, as opposed to experimental projects, 
are privately financed, and the backers have already accepted as fact 
that weather modification works. These groups want to seed every 
seedable cloud to achieve maximum results. With rare exceptions, 
those who fund operational projects consider seeding every likely 
cloud impractical because of the costs of cloud-evaluation. 

With the exception of a few thousand dollars allocated during 1967 
to stimulate activity in Texas weather modification, all funds ex· 
pended by the Board on weather modification since then have been 
used to administer the Act and to evaluate ongoing privately-funded 
weather-modification operations. No state funds have been expended 
to conduct weather modifications, per se. 

State funds expended for evaluation purposes have been: 
( 1) $6,000 in 1971 and 1972 for a statistical study to determine if 

any abnormalities in amounts of rainfall could be detected in Texas 
which could be attributed to cloud-seeding activities. 

(2) About $219,000 during the 1974-75 State Fiscal Biennium to 
evaluate the effects of privately-funded weather-modification opera
tions which had for the past three years been carried out in the Big 
Spring-Snyder area of the Upper Colorado River watershed. 

(3) $19,000 in 1974 to enhance (2) above by providing for ad
ditional ground and cloud-base precipitation particle measurements. 

(4) $20,300 in 1974 to evaluate the effects of two ongoing pri· 
vately-funded hail-suppression projects in Hale, Lamb, and parts of 
surrounding counties. 

The approximately $236,000 currently being expended to evaluate 
the Big Spring-Snyder operation (Figure 2) is the Board's major 
weather-modification evaluation effort. A 10-cm radar set is the pri· 
mary evaluation tool used. The radar equipment is on loan to the 
Board from the Bureau of Reclamation's Division of Atmospheric 
Water Resources Management, Denver, for the two-year duration of 
the evaluation effort. The actual evaluation is being performed by a 
research organization under contract awarded by the Board. 

The research organization performing the evaluation was selected 
because of its extensive experience in this type of work and because 
the work could be done less expensively, inasmuch as techniques and 
equipment which had been developed while doing similar work for 
the Federal Government were made available without additional cost. 

An important evaluation tool is a radar-recording and display unit 
used in conjunction with the radar. With this system, each radar pulse 
is tagged with antenna azimuth, elevation, and time, and is recorded 
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Fig. 2. Co11ce11tric circles, at 9 km intervals, around Snyder radar site, with 
partitio11 i11g i11to 60 degree sectors. Approximate locations of rain gage clusters 
are also i11dicated . 

on video tape. These tapes can be played back through the unit at 
fast speeds to give the project meteorologist a speeded-up review of 
storm development. Their primary use, however, is in analysis of 
storm rainfall. Through a computer, the analogue radar return signal 
is converted to a digital value which is proportional to rainfall rate; 
thus, a comparison between seeded and control clouds is possible. 
Some uncertainty is inherent in radar rainfall measurements so, as will 
be described later, radar measurements are calibrated with rain gage 
and aircraft measurements whenever possible. 

The evaluation scheme provides for minimum interference with the 
ongoing privately-funded cloud-seeding operation. Each seeding 
event, however, is covered by the 10-cm radar, and video tape record
ings are made of the event. At the end of the cloud-seeding season, 
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the video tapes are taken to the laboratory, their images integrated 
with the digital evaluation method, and the data reduced to quantita· 
tive form. 

In addition to using 10-cm radar equipment as an "electronic" 
rain gage, as it were, a total of 36 recording rain gages have been 
located at random throughout the effective radar range (about 3S 
miles) in clusters of three. The clusters of rain gages are located in 
sectors in and downwind of the target area, and each cluster consists 
of three gages arranged in a triangle one kilometer on a side to en· 
hance the possibility of a precipitating cloud passing over a rain gage 
and to provide an area average rainfall comparable in size to the radai 
resolution cell . 

In addition to the 36 stationary recording rain gages, a mobile 
observer system is also utilized. Essentially, two recording rain gages 
are transported in a pickup truck to points in the target area where 
precipitating clouds can be intercepted. The truck is radio-equipped 
and is guided to the intercepting location by the radar operators at Big 
Spring and Snyder. 

Upon arriving at the intercepting location, the driver removes arxl 
levels one rain gage, then drives about six-tenths of a mile (1 km} 
down the road, levels a second rain gage, and at intervals takes drop
size samples on sensitized paper. He sits in the truck with a window 
rolled down and at intervals, while it is raining, holds a framed sen· 
sitized sheet of paper out the window and exposes it for three to five 
seconds, timing the exposure with a stop-watch. He then "fixes" the 
rain particle impressions with a portable ultraviolet lamp. 

Especially equipped aircraft are, whenever possible, flown just 
beneath the base of a precipitating cloud, located above the mobile 
observer. The idea is for the aircraft to obtain a drop-size spectrum 
as the precipitation leaves the base of the cloud, and at about the same 
time the dropsize spectrum is sampled on the sensitized paper at 
ground level. 

In the foregoing manner, a determination can be made of the 
change, if any, in the size and distribution of the raindrops between 
the base of the cloud and the ground to determine the degree of evap
oration which has occurred. With this information the 10-cm radar 
can be calibrated, and a high degree of confidence in the accuracy ol 
the radar measurements can be achieved. 

The evaluation scheme provides that 25 percent of the seedable 
clouds will go unseeded. The radar operator knows the location of the 
unseeded clouds as well as the location of the seeded ones. With the 
radar properly calibrated, with knowledge of the location of both 
seeded and unseeded clouds, with a video tape record of seeded and 
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unseeded events, and. with the digital model and laboratory facilities 
previously described; the scientific community likely will accept read
ily the quantitative results of the evaluation scheme. 

This same evaluation scheme would be applicable to all of West 
Texas and much of the High Plains in other states, since the same 
types of clouds are common to most of these areas both inside and 
outside Texas. 

Summary 

The Weather Modification Act of 1967 was enacted to provide for 
state regulation of weather-modification activities and to encourage 
research and development in the field. Prior to its enactment, there 
was no regulation of weather-modification activities in Texas. 

An injunction obtained against a West Texas weather-modification 
project in 1958 effectively put a stop to weather-modification 
activities in Texas, but research and development continued else
where. So that Texas could benefit from new weather modification 
techniques, it was believed necessary that state regulation of such 
activities should be authorized. Accordingly, a draft of a statute pro
viding for state regulation was prepared for consideration by the 
Legislature. In preparing the draft, the experience of other states 
which had such statutes in effect at that time was considered. The 
result was the Weather Modification Act of 1967, later codified as 
Chapter 14, Texas Water Code. 

Salient features of the Act are: 
(1) Assignment of responsibility for its administration to the Texas 

Water Development Board and granting the Board the required 
authority therefore. 

(2) Provision for a system of licenses and permits by which the 
Board can insure that operators are competent and projects are 
technically sound. 

Control of the technical competency of weather modifiers in Texas 
is maintained through licensing procedures. However, before any 
weather-modification activity may be performed, a licensee must 
obtain a permit for each separate operation, thus allowing the Board 
to consider such matters as the public interest and possible threats to 
life and property, in addition to the statutory requirements before 
granting a permit. 

A Weather Modification Advisory Committee, appointed by au
thority of the Act, and professional meteorologists on the Board staff 
provide technical advice and expertise to assist in administering the 
Act. Since passage of the Act, the Board has issued licenses to seven 
firms and has granted 27 individual permits. One application for a 
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license was denied because of the questionable qualifications of the 
applicant. 

Additional Board activities under the Act are occasional visits by 
staff members to various modification projects to insure compliance 
with the Act and terms of the respective permits and to evaluate on
going weather-modification projects. The Board is presently involved 
in a two-year evaluation of an operational rainfall enhancement 
project using sophisticated radar, aircraft, and ground measurements 
of rainfall rates. A contract was recently awarded to Texas A&M Uni
versity to initiate an evaluation of two adjacent hail-suppression proj
~ct~ in the Texas Panhandle. 
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EXPERIMENTATION FOR DEVELOPMENT OF 
WEATHER MODIFICATION 

Richard A. Schleusener 

Background 

iAgricultural production in the High Plains is frequently limited 
by shortages of rainfall and hail damage to crops. ?Recognition of the 
potential benefits from weather modification orought widespread 
attempts at weather modification in the High Plains in the l 950's, 
and interest continued even though early projects were not successful 
in~roducing obvious changes in precipitation. 

In South Dakota, continuing interest in weather modification was 
re ected by the establishment in 1959 of the Institute of Atmospheric 
Sciences (IAS) at the South Dakota School of Mines and Tech
nology. The stated objective of the research program that was initiated 
by IAS was to make weather modification an operational technique 
in water resources management. The program envisioned development 
of means to increase rainfall and suppress hail in the northern Great 
Plains region and, assuming such methods were developed, to assist 
in the development of operational projects utilizing these methods 
(Schleusener 1966). )As explained at that time, the objectives were 
to be pursued through a comprehensive research program incorporat
ing theoretical and laboratory studies and randomized field experi
ments. 

Physical Hypotheses 

The physical hypotheses that have been tested include the Bergeron 
and coalescence processes for accelerating raindrop growth and 
stimulating cloud dynamics by releasing the latent heat of freezing 
with ice nuclei. In addition, it was hypothesized that transforming 
supercool cloud droplets to ice particles would inhibit the growth of 
hailstones. 

Results to Date 

Results obtained to date have been published in a variety of techni
cal reports and papers, and further studies are still underway. The 
current paper summarizes the results obtained to date and gives ap
propriate references to permit the reader to refer to published materi
als as source documents for greater detail. 
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Confidence in the results attained has been strengthened by the 
synergistic effect of the interactions among the numerical, labora
tory, and field experiments that have been carried out. The elucidation 
of the physical processes involved in cloud modification from these 
separate points of view, combined as a unified whole, strengthens 
confidence in the overall conclusions. 

The results of our research essentially agree with the results from 
other projects on convective clouds, including ,.those carried out in 
the United States and abroad, when proper account is taken of dif
ferences in cloud characteristics and seeding techniques (Dennis and 
Schleusener 1973). 

The current paper gives highlights of the field experiments carried 
out by the IAS. During the period from 1965-1972, nine projects were 
carried out in three states (the Dakotas and Nebraska) for a total of 
nineteen project seasons. Seeding agents included silver iodide, 
sodium chloride, and dry ice. 

The Rapid Project, carried out from 1966-1968 by using a ran
domized ciossover design, demonstrated that seeding with silver 
iodide could enhance rainfall from small and moderate shower clouds 
(Dennis and Koscielski 1969). 

Following completion of the Rapid Project, field experimentation 
was continued on an intensive and an extensive scale. On the intensive 
scale, experiments on single clouds and cloud clusters were carried 
out in "Project Cloud Catcher." Data from this project demonstrated 
conclusively that ·seeding with silver iodide and with sodium chloride 
accelerated the precipitation formation processes (Dennis and Kosciel· 
ski 1972). More recent studies showed that dynamic cloud growth 
was occurring for silver iodide seeded cases on those days when ap· 
propriate numerical cloud models predicted such dynamic growth 
(Dennis, Hirsch, and Cain 197 4 ). A further effect of seeding in in· 
creasing the total area of precipitation and in total rainfall at the 
ground has been documented from Project Cloud Catcher (Dennis, 
Koscielski, Hirsch, Cain, and Smith 1974). The percentage changes 
in precipitation from seeding are inversely related to cloud depth. 
Percentage increases in precipitation from seeding thinner Clouds are 
larger than for seeding thicker clouds. No significant changes have 
been demonstrated from seeding clouds more than 30,000 feet thick. 

On a more extensive scale, the ~ort_l.!_ pajcot~ .. J>ilot .Pr:oj(!Ct was set 
up in west central North Dakota to . test the results from the Rapid 
Project. The North Dakota Pilot Project carried out randomized ex· 
periments over an area of approximately 3,000 square miles. The over· 
all seed/no-seed ratio was 1.23 for all of the 67 rain gauges in Mc· 
Kenzie County, North Dakota, for the four-year period ending in 
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1972. Analysis of individual days by meteorological type indicates 
that nearly all of the increases in precipitation resulted from stimula
tion of dynamic processes by silver iodide seeding (Dennis, Miller, 
Boyd, and Cain 197 4 ). 

Hail-suppression effects have been studied in connection with the 
cloud-seeding experiments. Although results from seeding for hail 
suppression cannqt be given with a high level of statistical signifi
cance, the indicated effects of seeding for hail suppression have been 
consistently to produce fewer and less-damaging hailstorms (Schleu
sener, Koscielski, Dennis, and Schock 1972). A more re.cent analysis 
gives further evidence for the reality of hail-suppression effects by 
cloud seeding (Miller, Boyd, and Schleusener 1974). 

Available information summarizing at successive points in time the 
status of weather modification for use in the northern plains may be 
obtained from a review of published articles (Schleusener 1970; 
Schleusener and Boyd 1972; Schleusener and Miller 1974). A sum
mary of the results from the North Dakota Pilot Project is given in a 
technical report (Dennis, Miller, Boyd, and Cain 1974). The most 
complete review of the overall research program includes not only the 
field experimentation but the associated numerical modeling studies 
and laboratory st.udies (Dennis et al 1974). 

Development of Weather Modification in South Dakota 

At the time of completion of the analysis of data from the Rapid 
Project in 1969, the principal investigators concluded that weather 
modification offered the potential for useful application in the north
ern plains. This outlook was presented by the principal investigators 
to a number of citizen groups, including South Dakota's Weather 
Modification Commission, and the response was a request to prepare 
plans for implementing an applied weather-modification program for 
the state. 

The information presented to the cognizant legislative committee 
that studied the question in the summer of 1970 included the fol
lowing quotation: 

--'\ 

· · · · The results of experiments in South Dakota and elsewhere lead to the \ 
conclusion that cloud seeding can 

I. Increase rainfall from local showers, 
2. Suppress hail damage, and 
3. Reduce rainfall from severe thunderstorms. 

Thus the 'betting odds' are getting better and better that a program of 
precipitation management by cloud seeding could be used for economic 
benefit in South Dakota. I believe that weather modification technology is 
at a stage such that it is appropriate for the legislature to consider a state
wide weather modification program to attempt to produce economic bene
fits for South Dakota (Schleusener 1970). 
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The estimates made in 1970 led to a quantitative estimate of a rain
fall increase from cloud seeding of an average of one to two inches per 
summer and a suppression of approximately 50 per cent of crop hail 
las~. Later data confirmed the validity of the 1970 estimates.* 

:following these recommendations, action was taken within South 
Dakota to initiate a statewide weather-modification program. As a 
result, the previous state weather modification law was revised to 
mandate a weather-modification program by the state's Weather 
Modification Commission and to provide an appropriation of 
$100,000 in fiscal year 1972 to initiate the program. This legislation 
gave authority for a cooperative state-county program and provided 
funds for hiring a director to carry out the program. The program 
began in the summer of 1972 and was operated in 26 counties cover· 
ing more than 17 million acres. 

The program increased in size in 1973 to include 42 counties 
covering more than 26 million acres. The legislative appropriation 
of $250,000 was matched by county funds amounting to approximate· 
ly $85,000. 

The most recent legislative action (fiscal year 1975) includes ap· 
propriations by the legislature of $803,000 matched by approximately 
$240,000 in county funds for a total program costing in excess of one 
million dollars annually. In the summer of 1974 the program covered 
more than 29 million acres in 46 counties. - · 

Concluding Remarks 

The existence of large-scale applied weather-modification projects 
in the Dakotas makes it evident that the original research objective of 
making weather modification an operational technique has been 
accomplished. 

Reasons for acceptance of weather modification as a usable tech· 
nology include the relatively high benefit/cost ratios. The operational 
cost of the weather-modification programs has averaged less than five 
cents per acre. Available data indicate that one inch of additional rain· 
fall will be reflected on the average in several additional bushels of 
grain or several hundred pounds of forage per acre, so benefit/cost 
ratios are substantially in excess of I 0 to 1. 

The high benefit/cost ratios and the continued frequent damage 
from hailstorms in the High Plains make it likely that applied 

*As noted above, subsequent data reinforced the conclusions presented in 
1970. Additional evidence includes a demonstration that rainfall increases 
occurred from seeding on certain days due to dynamic effects, that fewer 
damaging hail storms occurred on seeded days, a nd that it was feasible to com· 
bine rain increase and hail -suppression objectives. 
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weather-modification programs will be carried out with greater fre
quency and in greater numbers in the High Plains of the United States 
in future years. It is also probable that other semi-arid areas of the 
world will initiate additional weather-modification projects for pre
cipitation enhancement or hail suppression or both. 

Additional research is needed on weather-modification problems. 
Problems of high priority include the determination of effects of 
cloud seeding over areas larger than I 0,000 square miles and determi
nation of possible ~.!!J.d.effects from seeding over large areas. 

Finally, in the future much could be gained by combining part of 
the research in weather modification with the operational applied 
programs now underway. These programs provide a base of activity, 
supported by non-federal funds, which should be exploited fully for 
the development of new knowledge. Such a coupling of applied and 
research objectives would be of particular importance in the high 
priority problems of determining effects of seeding over larger areas, 
since societal constraints make it improbable that large-scale 
projects will be carried out strictly as experimental projects rather 
than as applied programs. 

Particular thanks are due the many volunteer observers who as
sisted in collection of data for the field experiments. 
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THE HIGH PLAINS COOPERATIVE EXPERIMENT 

Archie M. Kahan 

Introductory Background 

&ince 1961 the Bureau of Reclamation has been engaged in a pro
gram of applied atmospheric water resource research aimed at de
veloping the technology for adding to the nation's usable water re
sources in an economically feasible and socially acceptable manner. 
This program has become known as Project Skywater. From the out
set Project Skywater has focused on the water needs of the semi-arid 
portions of the Great Plainsj 'Figure 1 shows the geographical dis
tribution of program efforts as of 1,~g_~~.~ _1_?72 (Fiscal Year 1973). 
Field experiments were then underway in Montana, North Dakota, 
South Dakota, Oklahoma, and Texas. In addition, studies of eco
nomic, social, and ecological impact, conducted to improve under
standing of the consequences of increasing growing-season precipi
tation, were underway in the four northern Great Plains states of 
Montana, North Dakota, South Dakota, and Wyoming. All told, over 
$6 million had been invested in, or obligated for, the above-mentioned 
exReriments and studies. 

(!n September 1972 a report by the National Advisory Committee 
on Oceans and Atmosphere (NACOA) was forwarded to the President 
and the Congress which, though taking note of the Bureau of Recla
mation's efforts, asserted that the northern Great Plains had been 
largely ignored by the federal government in its weather-modification 
program. The NACOA report advocated conducting a comprehensive 
year-around field experiment in the Great Plains which would be 
well-designed and well-supported by all the resources that could con
tribute to the success of the experiments. lrhe experiments envisioned 
would be carried out with summer cum'ulus, winter upslope stratus, 
and winter migratory storms, and would employ the best available 
tools of measurement and observation. 

The National Oceanic and Atmospheric Administration's Office of 
Weather Modification had been planning and advocating just such an 
experimental program for some months. Planning contemplated an 
investment of approximately $250,000 in a site-selection study, a 
~omparable amount in the design of the experiments, a first-year 
~nvestment of $6,455,000 for instrumenting and developing the 
intended program, and a $3,385,000 annual expenditure level for an 
unspecified number of subsequent years. 
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Fig. I. 

A letter from W. A. Morrill to the Honorable Rogers C. B. Morton 
(Oct. 7, 1972) expresses concern about an apparent lack of coordina· 
tion and possible wasteful duplication of effort in the Federal 
Weather Modification Program. The Office of Management and 
Budget (OMB) gave the Bureau of Reclamation (BUREC) and the 
National Oceanic and Atmospheric Administration (NOAA) guidance 
urging the development of a joint precipitation-augmentation pro· 
gram. Later an oral communication from OMB to the Bureau of Rec· 
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lamation directed that $1,000,000 be reserved from a FY7 4 budget 
for the purpose of cooperating with NOAA in the mounting of its 
planned High Plains Precipitation Enhancement Research Project. 
Since this guidance came at a time when the BUREC weather-modifi
cation research budget was scheduled to be cut from the $6.6 million 
appropriation for FY73 to $3.2 million for FY74, it signalled major 
curtailment of ongoing effort and considerable redirection of the 
BUREC program. 

On January 26, 1973, further OMB guidance stated: 

The weather modification program should be conducted to maximize the 
scientific values of this research, and $1 million has been included in the 
1974 budget to initiate the High Plains experiment, the study once pro
posed as a joint effort between the Bureau of Reclamation and the National 
Oceanic and Atmospheric Administration to test the basic concepts of pre
cipitation augmentation. [C. Weinberger to Honorable Rogers C. B. 
Morton] 

It was subsequently learned that all High Plains related funding had 
been deleted from the FY74 NOAA budget. BUREC was on its own 
with a clear charge to mount a new scientifically sound field experi
ment with an initial support level that was considerably less than the 
amount called for in NOAA's previous planning. 

Early Planning 

The !!.!J_R§G_plan,ning for its version of the High Pl~in~-~2'E~ti~e.!1t 
was begun in late January 1973 immediately after receipt of the OMB 
assignment. Q'he p~un·ai-Y--go-ar as stated was to establish by 1980 a 
verified working technology and an operational-management frame
work capable of producing additional rain from cumulus clouds in the 
semi-arid Plains statesj 

The severely limited resources available for allocation to the experi
ment, together with some lessons painfully learned from earlier Sky
water experiments, argued for some major departures from the 
strategy that had guided the earlier NOAA planning. Instead of tack
ling all of the precipitation-producing regimes of the High Plains con
currently on a year-round basis, a sequential approach was chosen. 
This would begin with the summer cumulus regimes and progress to 
consideration of upslope regimes and winter cyclonic storm regimes in 
the near future, as soon as understanding and resource allocations per
mitted reasonable attacks on the problems. Within the summer 
cumulus regimes there would be a progression from the compara
~ively simple single-celled cumulus clouds to complex groups of organ
ized convective cells known as mesosystems. Although the large, 
complex cumulus mesosystems produce the significant precipitation 
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Fig. 2. 

amounts in the High Plains, it seemed reasonable to resolve those 
crucial uncertainties, which after many years of study still remain, 
concerning seeding effects in simple clouds as a necessary prelude to 
an efficient attack on the more complex situation. Figure 2 shows the 
General Program Scope and Objectives of the intended research pro
gram as they were stated in the first published BUREC planning docu· 
ment. The categories of required research effort are identified, and 
the intention to involve local interests, state agencies, and interstate 
regions in a partnership with the federal government is clearly 
indicated. 

Site Selection 

Experience gained earlier in Project Skywater indicated that it is 
wise not to expect homogeneous cloud conditions to apply over the 
length and breadth of large areas. Areas the size of the Great Plains 
are named as if they are somehow uniform, but they are not apt to be 
suitably represented by any single restricted location, however care
fully chosen. Further, it has been the lot of more than one saddened 
experimenter to learn that nothing is more conducive to the occur· 
rence of clear skies and localized drought than the installation of ex· 
pensive instrumentation networks designed to observe cloud char· 
acteristics and precipitation. For these reasons an extensive, rather 
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than intensive, approach was taken in BUREC planning for siting the 
High Plains Experiment. It was considered desirable to have experi
mental alternatives available should a long run of adverse weather 
conditions be indicated. 

The importance of local backing for and acceptance of weather
modification efforts had been previously observed firsthand. On 
February 16, 1973, in recognition of these factors, the author sent 
identical letters to each of the governors of the ten High Plains states 
announcing the assignment to carry out the High Plains Experiment, 
its projected funding level, and the intention to proceed in cooperation 
with local and state interests. Requested from each governor was an 
indication of interest and an in-depth appraisal of the resources re
lated to conducting all or part of the experiment within the boundaries 
of his state. 

The response to this inquiry was generally quite positive with re
plies ranging from a couple of polite paragraphs to five-page analyses 
of what a particular state would have to offer. In most cases the gover
nor designated a representative, usually the official responsible for 
weather-modification administration in the state, to carry on further 
negotiations. Wherever local interest was considered great enough to 
justify the activity, public meetings were held to explain what sort of 
research effort was being considered and what characteristics were 
seen as qualifying a locality for consideration. In all, 15 such meetings 
were held. 

The outcome of this effort was a list of l 7 formally proposed sites. 
Each proposal came with its supporting letters from chambers of com
merce, service clubs, local officials, state representatives, and congres
sional backers. Figure 3 shows the location of the sites proposed. 
Wherever more than one site was proposed for a state, state officials 
were asked to indicate their preference among the sites. The site pro
posed for Colby, Kansas had the backing of the states of Colorado, 
Nebraska, and Kansas. 

The process of selecting site priority involved assigning grades 
based on objective guidelines supplied to the interested states prior to 
the submission of their proposals. Five basic considerations guided the 
ranking process: 

I. An assessment by the following eight factors to provide relative rating of 
areas: 
a. Local research interest (20 points) 
b. State authority (10 points) 
c. Interstate coordination (IO points) 
d. Area needs (5 points) 
e. Cost sharing (15 points) 
f. Scientific facilitie!! (15 points) 
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FIELD SITES PROPOSED AND EVAWATED - MARCH 1974 
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POSSIBLE FIELD AREAS 

I. Greot Falls 7. Lo Moure 13. Chickasha 
2. Billings 8. Volley City 14. Amorillo 
3. Glasgow 9. Ropid City 15. Lubbock 
4. Miles City 10. Colby 16. Big Spring 

5. Bowmon II. Roton Ridge 17. Son Angelo 
6 . McKenzie 12. Altus 

Fig. J. 

g. Climatology (15 points) 
h. Representativeness (10 points) 

2. Verification of four critical requirements of: 
a. Minimal adverse environmental or agricultural impact from a carefully 

conducted field experiment lasting about five growing seasons. 
b. Acceptable local support facilities and logistics for field activities, 

including personnel aspects. 
c. Freedom from perceived active major opposition to the research in· 

eluding organized opposition from environmental, political, social, or 
downwind groups, and uncoordinated cloud seeding upwind of the area 
for research. 

d. Development of detailed procedures and negotiation of a cooperative 
agreement or memorandum of understanding. 
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3. Balancing overall program requirements with scheduled funding. 
4. Where a state included several sites, recommendations by the state were 

given priority. 
s. General categories of s ite classification rated as follows: 

Type I-Interests are focused primarily toward research with little or no 
current operational cloud-seeding emphasis. 

Type 2-lnterests are for cooperating and assisting a comprehensive re
search program integrated with an adjusted operational program. 

Type 3- lnterests are for having a research-evaluation effort overlain on 
an operational seeding program but with little change in operations. 

Type 4-Scientific interests or facilities are available but little apparent 
local-state interest or support. 

Type 5-lnterests are primarily for federal support of operational cloud 
seeding. 

Application of the above rating system resulted in a ranking of the 
17 sites. The highest ranking sites were located nea{( 1) Miles City, 
Montana, (2) Colby, Kansas, and (3) Big Spring, Texas. On May 9, 
1974, the Secretary of the Interior announced to the public the 
designation of these three sites] 

Continuing Planning 

Following the publication and circulation of the Conceptual Plan 
for a High Plains Cooperative Program in May 1973, a review con
ference was held in Denver, Colorado on June 25-26, 1973. One 
hundred and seventy-six participants attended. Those present in
cluded: delegations interested in hearing BUREC intentions firsthand, 
delegations interested in promoting selection of a particular site, scien
tists with an interest in weather modification bent on ensuring a valid 
scientific program, and members of the press alert to the possibility of 
a significant story. After hearing the reports on planning accomplished 
up to the time of the review conference, participants gave quite hetero
geneous appraisals. 

The spectrum of opinion ranged widely. Some expressed concern 
that the planning was overly narrow, much too limited, and somewhat 
like "reinventing the wheel." Others expressed concern that the con
cepts were not basic enough. In between were some tentative ap
provals of the start that had been made, provided it was followed by 
much more detailed specification. 

The work of supplying that additional experimental design specifi
cation continues. As a follow-up, the High Plains Cooperative Pro
gram Technical Plan has been prepared, circulated to the scientific 
community, and reviewed at a three-day workshop held July 22-25, 
1974 at Vail, Colorado. Forty-eight interested scientists focused their 
attention on experimental design and evaluation, modeling, and meas
urements as they relate to the requirements of the High Plains experi-
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ment. As in the earlier review, there was some support for the research 
strategy proposed and some outspoken opposition. 

The proposed structure of the High Plains Experiment (HIPLEX), 
with its objective of testing the concepts of precipitation management, 
involved studies of both cold-cloud and warm-cloud precipitation 
processes, initially emphasizing single-cell clouds, then progressing to 
more complex situations as rapidly as improving understanding and 
resources might permit. There was strongly voiced opposition to this 
procedure and advocacy of emphasis on area evaluations with 
randomization by day rather than by cloud. This well-reasoned posi
tion recognized the possibility of positive effects being offset by nega
tive effects "downwind" and the likelihood of seeding contaminating 
clouds other than those intentionally seeded. 

Advocacy for using time-dependent models, as opposed to steady
state models, was strong with individual preferences divided between 
one-dimensional and two-dimensional cloud models. There was nearly 
unanimous agreement that one-dimensional steady-state models not 
be as heavily relied upon as initial planning proposed. 

Measurement-proposal discussions were the least controversial of 
the three sections, but the requirements for area-wide evaluation and 
improved modeling call for increased scope of observations. More rain 
gages, more rawinsondes, and more radars were advocated. 

The process of adapting the ideal design to the realities of funding 
continues with no "final" design yet in view. Much remains to be spec
ified as the pros and cons of various alternatives are weighed. 

Implementation to Date 

Although the eventual design of HIPLEX is still evolving, there 
have been some notable steps taken in preparation for the beginning 
of field experimentation. 

The draft Environmental Impact Statement for Project Skywater 
has been written and is in the early stages of review and commentary. 
This comprehensive statement will be augmented by specific HIPLEX 
considerations. In preparation for this, an assessment study was begun 
in January 1974 by an interdisciplinary team. Its final report is in 
hand. 

A procurement contract has been let for two sophisticated 5.4-cm 
radar systems, the first of which is scheduled to be delivered to the 
Miles City site early in 1975. Preliminary siting studies for locating 
this radar are underway. Development of a satellite-related precipi
tation-gage network is underway. This will permit placement of rain 
gages in places of difficult access. A contract for a well-instrumented 
cloud-physics ai rcraft is in the final stages of negotiation. Included 
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as part of the instrumentation will be a Knollenberg probe disdrometer 
which will be used as a " flying rain gage" to help improve the esti
mates of precipitation which have heretofore had to rely on "quantita
tive" radar and usually sparse networks of rain gages on the ground. 
A system for delivery of hygroscopic cloud-seeding materials for use 
on the portion of clouds too warm to respond to silver iodide nuclei is 
in the early stages of procurement. 

In conclusion, it should be stressed that the Bureau of Reclamation 
remains dedicated to mounting a well-designed, well-instrumented, 
well-conducted experimental program that will identify and reduce the 
crucial uncertainties that have attended cloud seeding to manage pre
cipitation. We are enthusiastically proceeding with our assigned task 
and welcome constructive suggestions for improving our effort. 
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WEATHER MODIFICATION AND SEVERE 
LOCAL STORMS 

Edwin Kessler 

Basic Shower Process 

Severe local storms involve in their starting phase the same laws 
and processes as do local showers. Therefore before considering ap
proaches to storm modification in conjunction with knowledge of their 
behavior, we must review some shower fundamentals. 

Formation of significant shower precipitation involves cooling 
moist air to temperatures tens of degrees below that at which the 
contained water vapor begins to condense. During ascent of air from 
low to high altitudes, sufficient cooling accompanies the re
duction of pressure on rising air parcels. Paradoxically, such ascent 
and cooling can be initiated by strong solar heating of the earth's sur
face, even as rising currents start at hot spots in a pan of water on a 
stove. Topographic features and large scale atmospheric disturbances 
are also significant initiators of local rising air currents. 

Rising, cooling parcels tend to continue rising as long as they re
main warmer than the surrounding air. Thus deep convection is pro
moted when air is relatively cold at high altitudes and relatively warm 
at low altitudes, and when low-level air is moist: latent heat of water 
vapor is changed to sensible relative warmth as moisture condenses 
in rising parcels. 

However, condensation has two effects. The buoyant effect of 
latent heat release tends to be offset by the weight of denser conden
sate formed from water vapor. Thus currents are further retarded 
when tiny cloud particles unite to form precipitation with a substan
tial falling speed relative to the air. Then the larger particles grow by 
sweeping out the cloud, and the weight of condensed water may in
crease locally so much that as it descends it bears the air downward. 
Descent may be hastened by rain's evaporating and cooling the air 
layer below cloud base, and also by a mixing of cloudy air with rel
atively dry air surrounding the cloud aloft (U.S. Dept. of Commerce 
1949). 

Figure l, based on Eq. (4.4) in the author's monograph (Kessler 
1969), helps illustrate the function in summer showers of atmos
~heric water vapor, the most critical parameter with respect to shower 
intensity and cumulative precipitation. The line labeled "cloud water 
content" shows the depth (in centimeters) that all cloud water in a 
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Fig. 1. Summer air mass moiswre parameters. 

1 cm2 column would have if condensation in air ascending from the 
earth's surface started at the heights indicated on the ordinate. These 
heights, the lifted condensation levels, are defined by the line labeled 
"relative humidity at ground." The line "moisture deficit below cloud 
base" indicates the depth of water that would be required to saturate 
the column of lifted surface air beneath the cloud. The line " moisture 
deficit in surrounding air" indicates the water depth required to sat· 
urate an air mass whose starting relative humidity is the same at all 
heights. 

In the 50 percent summer humidity condition common in Lub· 
bock, Texas, the cloud base is found near 3.7 km (12,000 feet). The 
depth of cloud water above can be as much as about 2 cm; about the 
same amount is required to saturate the column of air beneath. The 
deficit in surrounding air is more than 3 cm, probably much more, 
because our method tends to underestimate this quantity. Clearly, it 
would be difficult to make rain on Lubbock's typical summer day
not only would we have to induce condensation in a rather dry air 
mass, but we would have to prevent the rain once formed from 
evaporating in dry air below a cloud and from mixing with the dry 
air around it. Usually, natural summer rain in Lubbock, as in other 
places, occurs not on a typical day but on days when large scale 
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processes carry moister air to the place and when atmospheric struc
ture sustains deep convection. As discussed below, our best hope is to 
augment rainfall on days when natural showers impend. 

Severe Local Storms 

A severe storm clearly differs from a shower by virtue of its inten
sity, but also sometimes by a somewhat different nature of the process
es involved. For example, when vertical currents are relatively weak, 
they are highly subject to damping by accumulated precipitation, 
but in sufficiently strong updrafts, precipitation is carried to high 
altitudes, whence it may descend in a persistent downdraft signifi
cantly chilled by evaporation and coupled to the updraft via mech
anisms still a little obscure. Then the small density of condensate in 
the strong updraft allows that updraft to be even stronger; descent of 
significantly cold air coupled with ascent of a condensing column of 
warm air is associated with the very efficient conversion of potential 
to mechanical energy, i.e. with strong winds. And persistent strong air 
motions rather than the transient air motion couplet of showers may 
associate with more enduring horizontal contraction and vertical 
stretching of an identifiable ring that encloses air near the earth's 
surface. In such cases a substantial increase of spin tends to inhibit 
mixing of surrounding air into the ascending column, thereby con
tributing further to the ascending column's warmth and velocity and to 
tornado formation (Davies-Jones and Kessler 1974). Strong persistent 
updrafts and low temperatures support growth of large hailstones by 
accretion of liquid drops which have not had time to freeze. 

Initiation of Deep Convection 

Energies associated with the atmospheric layering and with proc
esses that initiate and regulate convection are very large. Thus, a cubic 
kilometer of air itself weighs about 109 kg--0ne million metric tons 
-and a severe storm at one moment may involve 10,000 cubic kilo
meters of air in its immediate circulation. On a bright summer midday 
more than a million kilowatts is incident as sunlight on each square 
km of the earth's surface, and the air comprising a severe storm has 
been conditioned for its function during many preceding days. Thus 
it appears at first glance that there can be no early possibility for man 
constructively to intervene in severe storm processes (even if the cur
rent energy supply crisis were not a factor). But with available energy 
sources storm modification is conceivable (though by no means cer
tain); it is partly because the potentially stormy atmosphere often 
seems characterized by a state of near balance with respect to impor-
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Fig. 2. Wake vortices produced in a stable air mass by the small island G11ad
e/11pe, west of Lower California, are revealed by cloud structure in this DMS 
satellite view, I 5 June 1973. Disturbances in an air mass prone to spawn thrm· 
derstorms are more complex. 
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tant processes attending storm development and partly because there 
is evidence already of effects from existing disturbances. For exam
ple, effects of a small island on a stable air mass extend hundreds of 
kilometers downstream (Figure 2). 

Theory indicates that to start a shower, either to make rain or even 
to compete for warm moist air with a storm already started, air near 
the earth's surface needs to be lifted past the height where condensa
tion provides relative warmth in the rising current. Calculations show 
that a starting impulse velocity of a few meters per second, or a few 
degrees of relative warmth, are probably adequate to this purpose on 
many occasions, a few of which associate with other features favorable 
to deep convection. Such a starting impulse could be provided by 10 
jet engines similar to those that power the C5A airplane, operating 
for an hour within one square kilometer. Or consider 200 tons of 
coal burned to raise air temperature in the first kilometer over one 
square kilometer by about 5°C (if wind does not carry the heat away). 
Such temperature anomalies already exist as an inadvertent result 
of human activities particularly in cities and at the site of large 
power plants. Indeed, Changnon, et al ( 1971) discuss an increase of 
shower and thunderstorm activity, and of rainfall by 10 percent or so, 
downwind of some large cities. 

Convective Modification via Microphysical Processes 

Precipitation development involves several complex processes only 
hinted at above. Actual formation of liquid condensate in cooling air 
depends on the existence of favorable minute particles, the Aitken 
nuclei. Their origin is traced to surface dusts and sea salts, and they 
are invariably present in amounts of several hundred per cubic 
centimeter, often many more. The Aitken nuclei guarantee that con
densation of liquid water between a plane water surface and water 
vapor is well defined in terms of the gas Jaws and thermodynamic 
equilibrium. 

At low temperatures, a more complex situation involves a meta
stable liquid state that becomes ice when particles with a crystalline 
structure similar to ice are present. The ice progenitors are rare and 
their distribution is erratic. In the mid-1940's it was demonstrated that 
silver iodide promotes freezing by virtue of compatible crystalline 
structure, that dry ice promotes freezing by virtue of extremely low 
temperature, and that both actually promote the freezing of natural 
cloud droplets that have remained liquid at temperatures below the 
freezing point commonly given. The effect of freezing is two-fold: 
first, latent heat of fusion warms the cloud a degree, more or Jess, 
depending on the cloud density and temperature, and stimulates rising 
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motion; second, the frozen particles grow by diffusion of vapor from 
the unfrozen particles and may grow sufficiently large to fall as precip
itation, sweep up remaining smaller particles and often hasten both the 
demise of the cloud and the arrival of precipitation below cloud base 
and at the ground (Byers 1965). 

A noticeable response to knowledge of microphysical processes is 
to seek to alter showers and storms by introducing "seeding agents" 
which are the freezing nuclei. In the case of silver iodide, it seems that 
10 particles/liter or about .1 kg/km3 if evenly distributed would 
treat adequately a susceptible cloud. Although in professional circles 
there is some acceptance of claims that mountain-induced rain and 
snow were augmented by silver iodide seeding (National Academy of 
Science 1973), no clear picture yet has emerged concerning effects of 
seeding of showers in the U.S. Great Plains and Mississippi Valley. 
Preceding discussion provides bases for the conception that seeding 
may either augment or diminish rainfall and storminess; it depends 
partly on the time of delivery of seeding agents in relation to the stage 
of development of a shower or storm. A model case in which seeding 
to increase the rate of cloud conversion can lead to an earlier onset 
of precipitation and a smaller total amount is illustrated in Fig. 3. 

It has been hypothesized further that formation of large hail de
pends on a paucity of favorable nuclei and associated large amounts 
of water available for growth on each nucleus. If this be so, it should 
be possible to abate hail by increasing the supply of ice-forming 
nuclei, thus intensifying competition for available liquid, reducing the 
size of hail, and increasing the likelihood of complete melting be
low cloud base. The National Hail Research Project is investigating 
the validity of this nuclei concept from its headquarters in Boulder, 
Colorado. 

In a cloud of mixed ice and liquid particles, both diffusion and co
agulation contribute to selective particle growth. Coagulation proc· 
esses themselves are of several kinds: cloud particles may grow by 
random combination, sometimes aided by electrical forces; the growth 
of larger particles is hastened by their larger fall speed and consequent 
"sweeping out" of smaller particles. Coagulation is most effective 
when the cloud drop-size distribution is broad, a result of variations 
in size and chemical composition of condensation nuclei. Attempts to 
stimulate coagulation may employ a hygroscopic liquid mist of am· 
monium nitrate and urea particles about .02 mm in diameter. In a 
cloud, such droplets within a minute grow a factor of 15 in mass by 
gathering condensate from the vapor. They are then large enough to 
start a sweep-out process that can produce precipitation particles after 
about 20 minutes. 
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Fig. 3. Numerical model results show an effect of cloud seeding 011 updraft 
(above) and precipitation beneath the rising air col1111111 (below). Seedi11g alters 
the threslwld cloud de11sity C10 at which cloud droplets begin to change into 
precipitation. In curve D, conversion to rain starts with cloud f ormation, re· 
su/ti11g in early reduction of updraft buoyancy owing to evaporation of rain· 
fall i11 rising air below cloud; in curve A , the conversion threshold is quite large 
and the updraft becomes so strong that precipitation can descend to the ground 
only outside of it. 

Convective Modification via Structures and Mechanical Devices 

Because even small showers have dimensions of a kilometer or 
more, a structure or a mechanical device to influence shower and 
storm development would appear to involve impractically large masses 
of materials and other resources. But in light of evidence (such as il
lustrated in Figure 2) we consider what might be constructed to initi
ate convection where we want it, under atmospheric conditions that 
would tend to sustain and amplify the process when once it is started. 
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Man-made water bodies have been considered as a means to aug
ment rainfall , but their utility for this purpose is doubtful (see dis
cussion by Fowler and Helvey 1974 and McDonald 1960). Where the 
introduction of impounded water has not influenced nearby precipita
tion, the cause is perhaps a variety of factors that inhibit precipitation 
in desert areas: a desert may exist not simply because water is lacking, 
but also because of definite processes tending to dissipate atmospheric 
water or inhibit condensation. In any event, only low-quality water 
should be impounded to increase the air's moisture content. Because 
evaporative losses are high in dry areas, fresh water should be stored 
only to optimize its direct use by people, by municipalities, and by 
agricultural or industrial users. 

Ascent of air in a warm column is inhibited by mixing or entrain
ment with surrounding air. Mixing causes transfer or momentum 
to the environment and loss of water by evaporation in unsaturated 
environmental air and also may produce so much cooling that ascent 
cannot be sustained. In fact, the atmosphere would often support non
entraining convective currents under conditions when entraining up
drafts are damped rapidly. (Severe storms usually must be large so 
that effects of mixing or entrainment do not penetrate to their cores.) 
Starr ( 1974) discusses a very large chimney, open at the bottom, 
broad and perhaps a kilometer tall , to protect rising air within from 
effects of entrainment. In a sufficiently moist atmosphere, common 
near the Gulf of Mexico in summer, such a chimney usually should 
produce a substantial updraft and copious condensation when the sun 
heats its walls. Perhaps a shower or severe storm would form occasion
ally at the top of the chimney and move downstream. The condensate 
within the chimney could be collected and made to flow down the 
chimney sides for the benefit of users on the ground. Difficulties arise 
in connection with the limited strength of materials and with possible 
creation of undesired weather systems. 

As discussed by Ward (1972) and others, rotating flow in which the 
angular momentum increases with radius is inherently stable. Thus a 
vortex is less susceptible to mixing with environmental air than a 
simple updraft. Michaud ( 1974) suggests vortex creation with a system 
of large vanes emplaced on the ground within a circle a km or more in 
diameter. There should be a local source of heat to start an updraft 
sustained thereafter in the no-wind case by solar heating of the ground. 
This heating would extend over a wide area surrounding the vanes 
and also upstream from them when the ambient wind was 
not too strong. Used with turbines, the vanes might be a source of 
electrical power. A system of vanes and turbines applied to the large 
heat sources associated with power plants also might be used to stimu-
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late ascent of warmed air to greater heights than otherwise would be 
the case. This process would also diminish adverse effects of thermal 
and chemical pollution at ground level and generate additional power. 

Difficulties 

In sketching a few possibilities for shower and storm modification, 
we have given scarcely a glance toward numerous impediments. First 
of all, it should be appreciated that the knowledge we have to guide 
us in storm modification is yet very superficial. Since atmospheric 
structure changes rapidly in storm situations, an effective modifica
tion system must be capable of quick response over broad areas; if 
seeding materials are involved, timely delivery to identified sensitive 
regions and effective dispersal throughout cubic kilometers of air 
volume are required. We do have bright prospects for new compre
hensive insights of storm mechanisms (Figure 4 ). Aircraft and small 
rockets and, under some circumstances, ground generation of wind
borne seeding agents represent today's technology for delivery of seed
ing materials; this technology doubtless needs improvement. 

Second, we should be warned fairly that storm processes and ef
fects are almost certainly highly interactive. The same physical laws 
that guide much scientific development in other areas speak decisively 
on this point. For example, Figure 5 illustrates a simple model that 
predicts stronger drafts as one effect of measures that reduce hail. 
It is absurd to propose, as has been done occasionally, that significant 
increase in shower rainfall production, without undesired meteorologi
cal occurrences, can be provided merely by filling a space with silver 
iodide, without serious regard for the timing of delivery in relation to 
natural shower cycles. 

Third, we should be well aware of fundamental laws of conserva
tion. Thus, our starting hypotheses must be that we may redistribute 
wind and water, perhaps even divert them into channels we ourselves 
deem constructive, but we must have concern for the prospect that 
augmented water here may mean a deficiency there, that diminished 
storminess in one area may heighten it elsewhere. These effects 
must be examined in improved weather models before we will be able 
to administer any effective weather-modification capability. Storm
modification capability certainly will require adaptations in law and 
social organization (Hughes 1974). 

Fourth, we must be cautious in our interpretations and wary of 
wishful thinking. For generations, rainmakers have hoodwinked the 
public (Figure 6). Weather variability is very great, both in time and 
space; events that occur commonly may be extremely rare at a par
ticular point (e.g., about 1000 tornadoes are reported each year, but 
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Fig. 4. (Upper left) Nine·meter antenna of one of NSSL's two JO-cm Dop
pler radars. (Lm ver left) Echo power distribution in a tornadic storm 011 April 
20, 1974, in plain view. Range marks are at intervals of 20 km. Nor111an, OK is 
just off the /oll'er left corner. (Right) Distribtllion of radar reflectivity (alter
nately shaded areas) and the disturb ed wind field of the tornadic stor111 at a/ti· 
tudes of I and 6 km. Distance scales are labeled in km. These comp11ter 
analyses are based on data collected by NSSL's twin JO-cm Doppler radars on 
a 40-km baseline. (Wind analyses courtesy Peter Ray.) 

where they are most common their point recurrence interval is about 
300 years). With respect to rain and hail over a one-or several-year 
period, a most likely prospect is that the frequency of events and the 
quantity of precipitation will be substantially above or below the 
long-period average. At Lubbock, for example, precipitation totals 
during two-thirds of the years are more than 20 percent above or 
below average, and monthly totals are much more changeable. Such 
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THE RAIN . MAKER& ANO PROF. 
MOORE. 

"rhe fal1"rc or tbe Hatfield brothers 
to comptr with lbel r contract to tur
nl1h the people or the San An,;elo 
country with ten lnchH ot ralnfft l1 be
fore S eptember 1, and the cancella llon 
ot their contnct, recall• t he fact tha t 
Prvt. \YUiii L. Moore. cbld ot the 
Weathf'r Bureau, l\111 never ho.d much 
faith In the "ralnmalcer1" and hu ac· 
LuaHr permltt•d hl1 vlew1 oppoalng 
the theory to 10 Into prlrat. 

Protenor Moore deptore1 the epi
demic ot " rain ma)l!lng" thftl haa 
broken out In n rloua para or tht 
country, orlslnatlng In aome uptrl· 
ment1 or tht1 character made by C. w. 
Po.t, the &ttle Creek, Mich., mtnlon· 
alre, near P0tt City, Ttx., Jut 1um· 
mer. The method adopted w11 t he 
familiar nne of uttlas oft pawtrful 
1xpto1lvH until, ... i• aUcscd, th• 
jarring or lbe atrao1phere lead• to 
the conden•tlon and precipitation of 
mol1ture. A description nr hla exper
iment•, pub1l1bed b)' Mr. Pott In a 
macnln~ article. bu be.en copied 
wldety tn t he dally papert, and also 
circulated In pamphlet form. 

Denounclnc the Po•t method a.a a 
fallacJou1 theory, Profe11or Moure r e
mark•: 

" Mr. Poat claim• that coploua 1bow
ers fu11owed three or the four experi
ments m1d1 br him last 1ummer. He. 
howeYer. 1rnores the tact that In u.ch 
cate when rain occurred, tt WH geu-

er:tl oYet much or t he 1tate or Tun. 
or a t 1e11t over 1evera1 hundred 
1quare mllu ot territory 1urroundlng 
tbe place of experlment1; and, what 
la more atgn Ulcant, ha.d bttn predict
ed by tbe Weather Bureau on the 
batJa of t he general mete-orologlcat 
condition• of the country. Mr. J>o1t'a 
account of bl1 rc1ulll ta therefore m l•· 
leading-, and 11 eapec1"11y unfortunate, 
t>ecauae coupled with 1ome ver)' 1pec
lou1 argument• In favor or. the 11n1raJ 
adoption of hla procea• oa a cheap 
1ub1tltute for lrrlgatJon. 

"'It hardly tetma necetury for the 
Weather Bureau at lhla lnte dote to 
enter Into a.ny very elabon.te argu. 
Ulenta In order to convince the public 
or tbe utter futl11ty of this and fvery 
other method 10 far proposed for art!· 
flclally producing rain. Almoat encl· 
ly the ume ex periment& H tha t or 
Mr. Post were carried out tome 
twenty y ear1 ago In nearly the anme 
part of the country by the late J . G. 
Dyrenfnrtb, and " Jthoua;:h the ru ulta 
obtained were regarded aa encourac
Jna by th~ e.:perltncntetl them1el ve1. 
they were pronounced a complete flu· 
co by the lnte11h;ent pu bllc, na well a:. 
by ac:tentlfl c men. Mureo,·er. entirely 
re1a.rdteas of whether rain dou ur 
don not follow a Jl&rllcul:u· uperl· 
ment or thla kt nd, the 1uppo1ltlon that 
there 11 rel1llon of cauae and effect 
be tween the explo1lona nnd the ra in 
11 one that cannot b~ eaterto.lnetl for 
" moment by :my one ramlllar with 
the phy1lc31 proce11n tnvolved." 

·rhe rain th::rit followed ~nJ or lbt 
bAlllea of the CMI Wnr wu dur, •r• 
Profe15or Moor~, not to the t'l!ect Of 
thf' dltcbarre or tlru rm1. but 10 Ult 
fact that In the res;foo1 whue tbt bat· 
tie& occurred rain fa111 nn an anrq:t 
of one day out of three, :ind tttat com. 
mandcra a r e more lncllne<I to mon 
armies and be-&ln encnccnienta la Wt 
weather. The Idea ot ralc followlQC 
battles la cxprus ell, he 1111, In tbt 
writings of Plutarch, who 1tatt1 llt 
opinion that the upor arfalng froa 
the hot breath, blood 11.nd sweat of tbt 
1tru&tc1lnSt ma.a1e1 i• coadena~ Into 
rnln b;· the coneu11lon of tbe .,·~poo1 
and t he ho4rte crlu or the ''lr tora. 

"Ju a form le11 crude," sari Proft• 
sor l\f<'<lr"', "th!.! bellrf th11.t rain It 
Cl\ll ilC'd by h11 1tlC'~ Jn:UJ I UtYlv~ to the 
pr,•senl tln)', hut It I• absoluttlJ Ull· 

focndect.·· 
l'rurcstur Moure thl'n i;uet on 10 "'1 

chat h:! Is iu rornr or 11111 lini: "r It· 
;ltlmatc- rei:e~rch that may bold O'llt 

llw 1.-' ·? lbifil)' "' r:i:ln bt'inc t m11t4 
:ulfclrlall)·, but he I» 011111Jatd lo 1•ur· 
ploll.1 tio11 uf such 111tthod1 a1 but 
heretofore b1.oe.n cm11loytd by nl•· 
tnakeno and hu ll·shoolt1". 

lindcnbbiy, the niln·m•kert are "111 
bad'' In Tenf:I, Ai Wlcblt11 llAllt tbtf 
falltul lo dcllnr. at So.n Anltlo lb"7 
fo.llei! t o d~llvM, ;ind, lndet'd. tlm 
aecma to be acnrcel~ no pbce •·bttt 
they hf\\'e "dcllvt:rcd." 

T!'!::: ._~.11· cu:ast country r.·m "'''tr 
need lhr ten·lcu 01 t llb~r a r1l0o 
makt-r o r h11ll·1hontcr. 

Fig. 6. Edirurial from Corpus Christi Democrat, 26 July 1912. 

variability strongly conceals hoped-for smaller systematic effects of 
weather-modification experiments. Variability is the more con
fusing because our theories and shower-predictive capabilities them· 
selves are without means to pinpoint important weather events in 
advance or to define unequivocally the contribution of man's agents in 
a weather process. But all too frequently an ongoing experimental 
effort is handed credit or blame for natural, normal variability. 

Concluding Remarks 

Some approaches to storm modification involve seeding of cloud 
interiors to influence temperature and vertical air currents and the 
rate of coagulation of condensate particles, the application of heat 
and humidity near the earth's boundary to start convection, and the 
development of physical structures to alter airflow. Although the 
energies we can bring to bear are in all cases small compared to those 
involved in storms, we may be encouraged by innumerable examples 
where large forces and energies are directed by small ones. But if we 
are to develop a useful storm-modification capability, we must de
velop means for observing the atmosphere in much greater and more 
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accurate detail, and we must learn much more about storm processes. 
Current understanding indicates that presently-proposed methods, 
if effective at all, may produce undesired as well as desired effects. 

Development of a beneficial storm-modification technology will be 
favored by humility and patience and a scientific approach. We 
should not allow brilliant technological achievements in other areas to 
lead us to unwarranted or premature expectations in regard to 
prospects for storm modification. The challenge of the severe storm 
truly is awesome. 
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WEATHER MODIFICATION: LAW AND SOCIETAL ISSUES 

Howard J. Taubenfeld 
Rita Falk Taubenfeld 

As science and technology have developed in this century, there has 
been a growing awareness of the need to use legal machinery to aid, 
shape, guide, control, or accommodate to innovation in order to avoid 
the infliction of unnecessary harm, while minimizing unnecessary in
terference with progress. For intentional weather modification, most 
scientists feel that technology to date allows man to make an impact on 
certain local weather conditions, although we still lack most of the 
fundamental knowledge needed to begin to understand how major 
weather patterns might be controlled or altered. Yet some day soon, 
major problems in the control of modification activities will exist; 
local problems are with us even now. Weather modification is another 
case in which potential benefits for mankind must be assessed in con
text with possible substantial losses for some or many. 

Weather is inherently not only a local and regional phenomenon, 
but also a national and even an international event. The elements show 
no respect for man-made boundaries, private or governmental. Al
ready, attempts to alter the behavior of clouds have brought gunfire, 
dynamiting, and court suits between neighbors in the United States; 
efforts to alter major weather patterns may in time come to be a 
causus be/Ii in international affairs. 

fn the United States, a substantial private and public expenditure 
has been devoted both to gaining more knowledge about the weather 
and to attempts, both experimental and commercial, to modify local 
weather condi~ions. The latter have been devoted to encouraging or 
preventing precipitation; to clearing fog, particularly at airports; and 
to minimizing the damage inflicted by other more violent phenomena 
such as hail or tornadic winds. 

Farmers, orchardists, ranchers, businessmen, utilities, scientists, 
and local, state, and federal governments have all indicated strong 
concern about these interventions into the atmosphere. There are 
many ongoing research and commercial projects; there have been ex
pressions of public and private elation and anger over real or imagined 
changes effected in the weather. How can society protect both legiti
mate experimentation and legimate commercial operations, carefully 
prepared and carried out, while assuring that any person truly injured 
by developments considered useful for society as a whole is duly com
pensated? What are the "best" answers to such questions as: Who 
should be allowed to modify the weather and for what purposes? Who 
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"owns" a cloud? Who should be liable for damages due to modifica
tion activities and who is to be exempt from liability? If an insurance 
approach to compensatory damages is preferred to a "damages" ap
proach, whose funds should support it, and why? And at what level? 
What proof should be necessary? How can we be sure that a modifi
cation effort would be in the public interest? Is it appropriate now to 
bar all or only certain types of operations? Is federal regulation or 
licensing or reporting appropriate? What types of regulatory mechan
isms shall decide on appropriate action if damage can be shifted or 
lessened, but not eliminated? 

To date, more than half the states have statutes dealing with at least 
some aspect of weather modification. Some statutes do little more 
than express an interest in modification. Some aim at active control 
with the collection and evaluation of scientific information as impor
tant adjuncts. Many require a license or registration for an operator 
and for operations. In most, a license can be obtained only after a 
statement is filed showing the qualifications of the operator, his finan
cial responsibility, and the nature of the proposed work. Few states 
list sp€cific requirements to be met that are indicative of competence. 
The methods of assuring financial responsibility differ widely, but 
most requirements tend to be modest~a brief financial statement, or 
a liability policy. In Texas, however, a minimum liability coverage of 
$1 million or more is now required; nevertheless, as we shall see, the 
Texas statute was intended to encourage responsible modification. 
Boards or commissions evaluate these factors, with a number of states 
having special weather control boards, presumably with special ex
pertise in the field. Generally public notice in "affected" areas is re
quired before activities can be undertaken. Most jurisdictions charge 
fees for licensing, registration, and the like. After the conduct of the 
weather modification activity, most require reports. Several states 
assert sovereign rights to the moisture above their land mass. A few 
states limit weather activities which may affect other states. Maryland 
barred all weather-modification activities for a six-year period. Pen
nsylvania and West Virginia have adopted restrictive laws. Texas 
seeks to encourage modification by labeling it not "ultra
hazardous," which means that, to collect damages, negligence by 
the modifiers must be shown by the damaged party. Colorado's revised 
law regulates more strictly, but continues to state that modification is 
to be encouraged. South Dakota now puts substantial state money into 
a modification program. At the federal level, only informational re
ports are at present required from modifiers. Numerous suggestions 
for national regulation and control have been made, but Congress has 
not acted on this aspect as yet, though it funds most present research 
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activities in this field. Thus at present there is no overall regime. 
Those who feel threatened by or damaged by modification attempts 
must rely primarily on the courts to protect them or at least compen
sate them for losses they sustain. 

Nevertheless, there has been relatively little relevant litigation thus 
far. The field remains relatively new, and most of the legal problems 
are still unanswered and, indeed, unlitigated. Basic to any court action 
in the absence of new legislation is the elementary issue: Does modifi
cation affect valuable traditional property rights? Who owns the 
clouds and their moisture? On what basis? One Texas decision in the 
J950's implied that landowners have vested rights of sorts in the 
clouds or the moisture therein, at least when the clouds are over or are 
found to precipitate naturally upon the landowners' land. Economists 
tell us that the value of the normally expected weather is, indeed, 
capitalized into the price of land. ·Is moisture owned when "en
trapped" or "possessed" or merely "over" someone's land? Or does 
each have non-ownership rights to exercise such use as is appropriate 
to his operations without interference from "upstream" users, as in 
riparian law? 

As the conflicting expert testimony in the few cases suggests, largely 
because of the inchoate state of this still-emerging technology, it re
mains difficult to prove to a court's satisfaction that a causal connec
tion exists between alleged injuries and modification activities. This is 
the biggest problem in resolving weather modification conflicts via the 
courts. The courses of storms and clouds are erratic, and their effects 
vary considerably. The sciences of weather forecasting and cloud phy
sics are not sufficiently developed to describe satisfactorily the pre
cipitation mechanism, much less to predict precisely what would have 
happened naturally without modification efforts. Thus it has been ex
tremely difficult for a plaintiff to show, for example, which damages 
resulted from modification activities specifically and which would 
have been the normal result of the storm. This would obviously be 
crucial information to a court assessing compensable damages. 

In providing relief to one claiming injury due to modification 
activities, the approach through law might employ one of several tra
ditional standards. The most usual in the tort field is that involving a 
standard of reasonable use or care, the breach of which is "negli
gence." One could "use" the clouds only to the extent that no "reason
able" man could foresee harm to others. If damage is caused directly 
through a foreseeable risk, or if another's use of his land and resources 
is "unreasonably" interfered with, money damages and/or an injunc
tion could result. But the question reasserts itself: while there is so 
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much scientific uncertainty, how do we establish a standard of reason
ableness? 

A polar alternative to an approach requiring the showing of "negli
gence" or an "unreasonable" use of one's property is that of relying on 
the concept of absolute liability. If one acts, and if injury to another 
follows as a result of his act, he must pay compensation regardless of 
the reasonableness of his action. This, in effect, makes the actor an in
surer against harm which he causes. Note, however, causation must 
still be shown. In actuality, the results of these two polar standards are 
not as different as they might be, given the current difficulties in 
demonstrating causation sufficient to satisfy the courts. 

Where the government is the moving force in other fields where 
risks are high, the federal government has relieved its contractors of 
liability for tort claims against them. If government agencies which 
support weather modification were authorized to indemnify their con
tractors, this might encourage the development and use of the tech
nology. But bothersome questions interpose: Should the government 
in effect subsidize weather modification in this way? Even if encour
agement is desired, would this really make a significant difference in 
the development of this new technology; that is, have liability prob
lems significantly hindered its development? If used, should this type 
of subsidy be restricted to research projects? What limits to govern
mental liability should be set, even for research? Who should bear any 
residual risks, the people who happen to be visited with them? The 
modifiers? The people who expect to benefit from the results of the re
search? What limits should be set to weather-modification activities 
in general to assure that they are undertaken only when consistent with 
the public interest? For example, what should government policy be 
with respect to conflicts of interest in the type of weather regarded as 
desirable by different affected parties? 

It seems reasonable that some future court will decide, as has al
ready been decided in airport cases, that it is permissible for govern
mental bodies or their agents to modify the weather in socially desir
able ways, but that these federal bodies will be required to compensate 
landowners whose property is thus "taken" or injured by such modifi
cation. How will the already-mentioned difficulties of convincingly 
calculating and demonstrating the net effect of modification be han
dled? In addition, technical legal problems of importance would crop 
up. For instance, to the extent that modification activities are carried 
on directly by the federal government itself, there may today be no 
legal redress available to persons injured thereby. A citizen damaged 
as the result of federal activities can often sue for damages under the 
Federal Tort Claims Act, but this is not true if the damage is caused by 
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the exercise of one of the government's so-called "discretionary func
tions"; that is, a task not specifically ordered by statute. Courts have 
generally held weather forecasting a discretionary function and may 
also well consider modification of the weather by the federal govern
ment to be a discretionary function. Strong arguments can be made 
that public policy would nevertheless best be served by allowing dam
aged parties to recover probable losses whoever the actor is. But to do 
this with any assurance that the public interest and justice will be 
served, we must have more basic knowledge of the meteorological 
facts and the operational likelihoods. It seems essential then to under
take a major investment in developing this needed knowledge, if 
weather modification is to be encouraged. 

There have thus far been only a dozen reported lawsuits involving 
weather modification in any way. In a recent Colorado case, farmers 
seeking to reduce hail by seeding were opposed by other farmers and 
ranchers who feared that hail suppression might cut down total pre
cipitation in a desert-like area. One year the issue was left unresolved 
by the ending of the hail season. A license was refused the modifier the 
next year after extensive administrative hearings. As previously men
tioned, there was an early case in Texas in the 1950's which was de
cided in favor of ranchers desiring to enjoin a commercial cloud
seeding activity which was designed to suppress hail. In 1974, with a 
statute in effect, a court refused to enjoin a similar hail-suppression 
program, after five days of expert testimony. In one case a seeder was 
fined as a "polluter." All other litigations appear to have gone in favor 
of the weather modifiers. All but one were decided on the basis that 
any damage done was, in the court's opinion, not caused by the at
tempted cloudseeding. In the other, a New York court held that at
tempts to modify the weather could be made, even if in fact the ob
jecting party would be injured thereby, but that project involved ef
forts on behalf of a major community, New York City, to relieve a 
massive drought. 

The cases, though few, do seem to raise most of the important 
issues for legal policy-making in re weather modification. They sug
gest, for example, that in the short run it may be somewhat easier 
to enjoin or otherwise prevent weather-modification activities than to 
collect damages for the purported results of such activities, given 
the lingering difficulties of establishing a cause-effect nexus suffi
ciently clear to satisfy a court seeking proof of damages and a reason
ably objective measure of their extent. In the past, plaintiff and de
fendant have both typically been able to present conflicting "expert" 
scientific opinion on the effectiveness of modification in any particu
lar instance. Stress on potentially adverse environmental effects may 
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produce the same result. Even further study cannot be expected to 
eliminate most of the problems. To date, and as far as we can see for 
the indefinite future, highly convincing estimates of the net specific 
outcome of any single act of weather modification remain unlikely, 
though an average effect over a period time may be estimated. This 
might well lead courts and other decision-makers to favor in
junctive action even when the specific effect of a certain weather
modification act on a certain day cannot be demonstrated. In summa
tion, obtaining damages is hampered by the difficulty in showing the 
cause-effect relation and in establishing "negligence." Further, the 
unpredictability of court processes is likely to lead to a greater than 
normal stress on prevention of modification activities by threatened 
parties. Legal or political action is probable, unless reliable and 
generous compensatory payment is provided on less than completely 
satisfactory "proof' of causation. Perhaps through an insurance 
scheme, payment could be accomplished without showing a "wrongful 
act." 

Another issue which the cases highlight is: Precisely what standards 
and criteria should be followed for selecting which weather-modifi
cation activities should be prohibited? As the New York City case sug
gests, not all potentially damaging weather-modification activities 
should be prevented. In such a redistributive issue, some sort of 
utilitarian calculus with all its power and difficulties is implied. In
sofar as it can, society is likely to attempt natural intervention to seek 
the greatest good for the greatest number from its weather, at least in 
cases of clearcut majority need. As for water supply, even this may in
jure the status quo rights or property values of some minority. If 
society so decides, it can, and in our opinion should, offer compensa
tion to those damaged. In principle this would facilitate the general 
acceptance of weather-modification policy. Pursuing whole group 
needs, rather than sub-group or individual interest, at least in cases 
when net costs and benefits and their incidences are roughly measur
able, unfortunately does not seem typical. Where there are alternative 
weather-modification outcome and impact paths with differing inter
personal incidences for society to choose from, who should administer 
such choices and on what criteria? These are difficult "pure" political 
and normative issues. Society must eventually choose the kind of ap
proach to such normal political bargaining problems and select the 
regime for administering it which would prove "optimal" for the 
societal regulation of weather modification. A few examples will 
suffice here: Who should decide where a hurricane is to impact, or 
whether the middle eastern states shall be short of rain so that the Gulf 
states will not lose lives or have property damaged if the two are com-
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petitive? What types of compensation (or income maintenance) 
schemes or benefit-sharing schemes could be and are likely to be 
worked out to make such choices generally bearable? 

What we have been asked all along is what legal-administrative
regulatory system for control of modification research and operational 
activities is likely to yield the best results from the social point of 
view so that the outcome generated from utilizing weather modifica
tion will be fair and efficient. Thus far, the states which have acted 
on the matter seem to believe that a relatively loose licensing system, 
with access to courts and adversary proceedings, is likely to suffice 
to protect both the modifiers and their clients and those likely to be 
damaged by their activities. So far, this system has not seemed to 
create insurmountable problems or miscarriages of justice, but this 
may be largely because the technology is still very young and because 
no substantial effects from its use could yet be convincingly demon
strated. Even now, it would seem reasonable to suggest that existent 
state-prescribed standards of professional competence and responsi
bility for weather modification should be upgraded in many cases. 
Nevertheless if as modification activities become more prevalent and 
modification impacts also become better understood, the need and the 
capacity for further policy decisions and directives to the courts and 
to the licensing boards will have to develop together. We can have 
some hope that the final outcome generated by permissible weather 
modification will be efficient and fair, given the technological pos
sibilities and the norms and policy preferences society wishes to imple
ment and its political and administrative processes. But note, for this 
we must pursue the development of much more knowledge and under
standing of modification technology and its impacts so we can intel
ligently protect society's interests. It is now generally agreed that we 
cannot afford to experiment blindly and irresponsibly with natural 
forces. We must now make sure we understand the risks and the limits 
of all new technology. We believe that weather-modification research 
will, indeed, conform to these modern standards of a responsible 
science and technology. 

In the regulation of weather modification, community and private 
interests must, as always, be balanced. Since weather cannot be 
bounded by political borders and since experimentation over broad 
areas is or may become necessary, the utility of uniform legal rules 
with respect to licenses, operations, liability, ownership, use and 
control of the elements, and the like seems beyond question. Report
ing, both before the activity in order to prevent interference and 
contamination and afterwards to permit the collection and evalua-

85 



tion of scientific data, and incidentally, of evidence of effects on 
others, is crucial to progress. 

While uniformity through multiple state action is possible, it may 
well be that the federal government, which already has a large in
vestment in current modification activity and remains the only politi
cal jurisdiction legitimately vested with determining and effectuat
ing the broad national interest, should move further and more rapid-
1 y at least in this area to assure uniformity of legal rules in acts with 
interstate impacts. In time, a federal approach to a uniform system of 
licensing, to the regulation of conflicts with interstate impacts, to an 
explicit allocation of legal responsibility for damages caused (possibly 
including federal insurance and indemnification programs), and to 
a system of penalties for non-cooperation may prove unavoidable to 
help resolve conflicts over legal rights which, as we have seen, 
already have surfaced and which can be expected to become much 
more politically significant as the technology develops. Only informed, 
responsible policy with respect to this promising technique will 
favor the development of broadened scientific, technological, and 
economic capacities with minimal political contest and without dis
proportionate uncompensated burdens or penalties to any politically 
significant group. 
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WEATHER AND CLIMATE MODIFICATION: 
PROBLEMS AND PROGRESS 

J. 0 . Fletcher 

The Impact of Climate Fluctuations on Human Affairs 

Mankind has always been subject to the vagaries of weather, but 
today's world population is more sensitive to climate variation than 
ever before. This increase in sensitivity partially results from the fact 
that the world's population is growing at a rate of two percent per 
year, doubling every 36 years, and from the fact that world reserves of 
critical food grains are but 7 to I 0 percent of the annual requirements. 
Furthermore, rising affluence and expectations have produced a shift 
away from the direct comsumption of primary crops to less efficient, 
more indirect consumption through livestock. 

Humanity thus depends increasingly for its survival on reliable and 
increasing agricultural production. World food production is, in turn, 
increasingly reliant on the exploitation of a few critical geographit:al 
and climatic resources. The pattern of world population and food pro
duction which has evolved in this century is implicitly dependent on 
the full exploitation of available resources and on the world climate 
characteristic of this century. 

Today, many critical resources are already close to full exploitation. 
For example, the majority of the world's arable and grazing lands have 
already been put to agricultural use. Further expansion is principally 
limited by the availability of cheap water for irrigation, but many 
rivers and water tables have been tapped almost to the limit. 

Furthermore, the world's most productive fisheries are at or near 
their maximum sustainable levels. In many cases, stocks will not sus
tain even the current levels of catch. 

World energy consumption continues to grow exponentially, while 
energy costs grow inexorably. As minimum acceptable demand ap
proaches maximum possible supply, world society is rendered increas
ingly vulnerable to variations in agricultural conditions. 

The major potentially variable element is the climate. Indeed, we 
have recently seen striking examples of the world impact of year-to
year climatic fluctuations: 

a) The Soviet Union suffered a disastrous wheat crop failure in 1972, lead
ing to the largest international purchases of wheat in history, with re
percussions that are very well known. 

b) The temporary disappearance of the cold surface waters of the 
Humboldt Current (coupled with over-fishing) virtually destroyed 
Peru's anchovy fishery, generating a world crisis in livestock and 
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chicken feed and a bean-curd crisis in Japan. The escalated demand 
for soybeans and the temporary U.S. embargo on export shook U.S./ 
Japanese relations. 

c) In drought-stricken Ind ia, the monsoons were three weeks late in 1972, 
and, as a result, throughout much of Southeast Asia the rice harvest was 
only half of normal. 

d) In Africa, the Sahara Desert has shifted southward, causing widespread 
famine and massive population migrations which further aggravate the 
local drought by overgrazing. 

The growing vulnerability to climatic variations is particularly dis
turbing because the present world climate, which is taken as "normal," 
is in fact highly abnormal. Warm interglacial periods, such as that 
which the world has been enjoying the past l 0,000 years, have been 
but rare events during the last two million years. Even within the last 
l 0,000 years of uncommon interglacial warmth, only a few periods 
have been as warm as this century-the period we think of as "nor
mal." Past warm periods analogous to the present have been followed 
by extended periods of markedly cooler world climates. The most re
cent cool period is known as the "Little Ice Age" (most intense during 
the l 600's) when the Arctic pack ice was greatly extended and Euro
pean agriculture was gravely depressed. In the United States, average 
midwestern temperatures in the l 830's were as much as 4 degrees C 
colder than today. It must have been even colder a century earlier. 

There is evidence that the extraordinary warmth of the early 20th 
century is drawing to a close and that we are entering a period of 
cooler climate. Snow and pack ice boundaries are advancing. 
Warmth-loving animals in Europe and North America are shifting 
their ranges southward. Hardwood forests are encroaching southward 
in North America. Careful analyses of both surface and upper air 
temperature records indicate a distinct cooling trend since about 1940. 

Growing sensitivity to climatic change, the very favorable climate 
to which the world has adapted, and the clear evidence that generally 
unfavorable changes are in progress combine to portend disturbing 
consequences for the future. 

The urgent questions are: What is the physical nature of the 
problem? What can we do about it? 

Physical Characteristics of the Problem and Emerging Capabilities 
for Dealing with It 

First of all, the problem is global in extent. Climate fluctuations in a 
particular region are manifestations of fluctuations in the global sys
tem comprising the atmosphere, the oceans, and the cryosphere. The 
global system is characterized by closely coupled interactions and non
linear feedback between its three fluids and by metastable equilibrium 
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states on all time and space scales. The three fluids have vastly dif
ferent time constants for thermal and dynamical changes which great
ly complicate their interactions. 

A change of climate is felt most immediately through the atmos
pheric circulation which tie together the diverse evidence of world
wide climatic change. But the thermal and dynamical "memory" of 
the atmosphere is not more than a few weeks. It is the changing pat
tern of thermal forcing of atmospheric circufation which causes the 
longer-term variations. Causal factors can be external, such as the 
difference between summer and winter patterns of solar heating, or 
internal to the interacting three-fluid system. We know very little 
about variations arising from these internal interactions, in particular, 
variations in the global pattern of ocean/atmosphere heat exchange. 

A basic requirement for prediction is an understanding of the physi
cal and dynamical processes involved. This can be acquired only 
through a carefully designed program of analysis supported by direct 
observation of the significant fluctuations of the global system. Until 
recent years such observation was not feasible, but the advent of 
satellite systems constitutes an observational breakthrough, especially 
significant for the southern hemisphere where relatively few non-satel
lite data are available to describe some of the most energetic parts of 
the global circulation. The essential processes that need to be observed 
are the global circulation of the atmosphere, the global circulation of 
the ocean, and the net heating of the atmosphere, which forces its 
motion. The most urgent requirement is for worldwide observations 
of ocean temperatures at the surface and through the mixed layer. 

Until the advent of high-speed computers, we did not have the capa
bility to simulate the global circulation of the atmosphere or oceans. 
Even with the largest computers available today, it is still necessary to 
treat the oceans and atmosphere separately in long simulations rather 
than as a coupled system and to use a coarser-than-desired grid size. 
The advent in 1974 of fifth generation computers represents a 
computational breakthrough which will help to make simulation of the 
global climate system feasible. 

The Purpose 

We urgently need to develop a capabi)jty to understand and predict 
climate fluctuations and their impact on human affairs. The basic 
problem is to identify the characteristic modes of behavior of the 
global climate, to deduce their likely economic and social conse
quences, and to gain greater understanding of why and how such 
fluctuations occur. The immediate aim is to predict climatic fluctua
tions, with the ultimate goal of possibly influencing both the fluctu-
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ations and their consequences. The first objective must be to recog
nize, monitor, and anticipate the development of unusual conditions, 
especially the extreme anomalies which can cause worldwide eco
nomic and social dislocation, as in 1972. In view of this, every possi
bility must be explored to anticipate the present and recent states of 
the global ocean/atmosphere circulation even while the basic research 
effort is advancing to an ever fuller understanding of the climate and 
its dynamics. 

A Scientific Strategy 

"Strategy" is a pattern for guiding action to achieve a purpose. A 
scientific strategy for developing a capability to predict climate fluc
tuations and their impact on man has gained general acceptance over 
the last year. It is based on the simple premise that we must find out 
how the global system behaves before we can explain why it behaves 
that way. A second premise is that a "real time clinic" in which we 
diagnose current behavior and try to predict future behavior is needed 
to guide the directions of investigation of such a complex system. A 
third premise is that in order to confirm our tentative understanding of 
such a complex system, we must be able to simulate and diagnose its 
behavior with mathematical models. 

The following tasks can be identified: 
A. Real time behavior. Identify, monitor and interpret contemporary 

global climatic indices on a continuing basis. 
Observe behavior of atmosphere/ocean/cryosphere. 
Interpret this behavior in terms of observed thermal forcing. 
Anticipate broad future behavior from theory; experience, and insight. 
Compare anticipated with observed developments by conducting a "real 

time clinic." 
B. Past behavior. Systematically collect and process global data to re
construct the patterns of past climate variations (extract, abstract, archive 
and disseminate). 

Assemble historical data from both satellite and conventional sources. 
Assemble "proxy" data from sea and lake sediments, ice cores, tree 
rings, etc. 
Conduct cataloging, analysis, retrieval, and disseminate to investigators. 

C. Diagnosis by simulation models. Conduct a systematic research investi
gation of climatic fluctuation by mathematical simulation using con
temporary data to prepare and calibrate experimental climatic predic
tions. 
Simulate observed anomalous behavior of global system and behavior 

during critical epochs in the climatic history of the earth. 
Develop alternative statistical and dynamical methods for predicting 

climatic fluctuations. 
Identify and execute necessary supporting research. 

D. Prediction by Simulation. Systematically explore future climatic sce
narios and feasibility of global ;lin~ate engineering. 
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Simulate effects of changing boundary conditions and/or forcing func
tions (such as variations of solar radiation, volcanic activity, etc.) 

Assess the effects of man on climate by simulating behavior of the per
turbed system. 

E. Impact Assessment. Identify and evaluate the societal consequences of 
known or expected modes of climate fluctuations. 
Agricultural, economic, biological, social, and geopolitical impacts. 

Expected Near-Term Results from a Coherent National Program 

Most of the elements required for a global clim-ate monitoring and 
documentation program already exist in various parts of the govern
ment. They reflect significant breakthroughs already made, especially 
in satellite observation systems and computer simulation. Assuming 
that these elements are brought to bear in a coherent program, what 
results might reasonably be expected? 

The establishment of a climatic documentation center bringing 
together key indicators of climatic fluctuation, together with an active 
research group on climate dynamics and prediction, could, even with 
present knowledge, recognize certain types of anomalies and their 
consequences. For example, the unusual worldwide climatic con
ditions of 1972 might have been foreshadowed as early as April 1972 
by the weak trade winds and unusually warm waters of the eastern 
equatorial Pacific. The next time this particular anomaly occurs 
we should be ready for it. 

The coordinated use of existing aircraft and satellite observing 
capabilities could greatly improve the data base for recognizing the 
onset of global climate fluctuations and for following their develop
ment. 

Since analogues of the more drastic climatic fluctuations can be 
identified, a systematic assessment of agricultural, economic, and 
social consequences could be made. For example, the 1972 rainfall 
pattern over the U.S. was very similar to that of 1957-1925-1918, 
all years in which the same type of global anomaly occurred. 

The development of a new and coordinated research effort sup
ported by a global climate monitoring system could accelerate the 
growth of understanding needed for longer range and more reliable 
cl imatic predictions. 

Current Viewpoints 

Over the past year a consensus has developed in both government 
agencies and academic circles that understanding and predicting year
to-year climate fluctuations calls for concerted and coordinated effort. 
Implicit in this consensus is the belief that: 
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a) The problem is becoming tractable, that is to say, it will yield to the in
vestment of talent and resources. 

b) Increasing vulnerability to climate fluctuations of national and interna
tional food supply and economic relationships makes it urgent to realize 
as soon as possible whatever progress can be made toward understand
ing and predicting climate fluctuations and their consequences. 

Three comprehensive documents addressing this subject have been 
published or will be published during the next few months: 

a) "Understanding Climatic Change: A Program for Action" National 
Academy of Sciences, Committee on Climatic Change 

b) "A Proposal for a National Climate Program" 
Interagency Committee on Atmospheric Sciences, Federal Council for 
Science and Technology 

c) "The Phys ical Basis of Climate and Climate Modelling" Report of the 
World Meteorological Organization/GARP Study Conference at 
Stockholm in August 1974 

All three of these documents address climate, not as a set of long 
term statistics, but as a constantly evolving totality of global weather 
conditions governed by large scale physical interaction processes of 
the global ocean/atmosphere/cryosphere. All of them emphasize the 
deteriorating situation with regard to world food production and 
energy and the new opportunities for progress which arise from com
puter developments and by satellite observation systems. 

This broad consensus is something new. It did not exist even one 
year ago. I believe it will lead to a program of purposeful effort which 
will bring to bear on the problem the many tools scattered throughout 
the government and the academic community. 

However, purposeful effort must begin with an affirmation of 
purpose. When President Kennedy affirmed that we would put men on 
the moon before the end of the decade, he thereby mobilized many of 
the elements needed to do it. 

As yet, we have no such affirmation of national purpose to under
stand the space ship in which we live. I believe such an affirmation 
would have been appropriate five to ten years ago. I believe it will 
come soon because the scientific community, national and internation
al, is at last approaching a consensus that the problem is tractable 
and urgent. An early step in the process of governmental response 
was the establishment by the National Science Foundation, in May of 
1974, of a separate program and management office for Climate Dy
namics. I believe that we will see a cascade of similar actions during 
the next year and very substantial progress toward understanding 
and predicting climate fluctuation within a decade. This progress will 
provide a greatly improved basis for planning and for managing re
sources in the semi-arid regions under discussion at this symposium. 
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