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PREFACE

In 1964 the National Science Foundation (NSF) appointed a Special
Commission on Weather Modification to examine the physical, biological,
legal, social, and political aspects of the field and make recommendations
concerning future policies and programs. The report of the Special Com-
mission, submitted in December 1965, concluded that "The need is great
to assess more fully the social implications of weather and climate modifica-
tion" and recommended a greatly increasec research effort on the social,
economic, and legal dimensions of weather modification.

As a follow-up step in this direction, a 13 man Task Group on Human
Dimensions of the Atmosphere was formed in 1966 with representatives from
the fields of economics, geography, sociology, political science, law, ecology,
and meteorology. The objective of the Task Group was to identify specific
areas for research in human uses of the atmosphere and to foster and stimu-
late interest in these problems among both social and physical scientists.
To aid these purposes, the National Center for Atmospheric Research
(NCAR) at Boulder, Colo., sponsored the Task Group with financial st.p-
port from NSF.

The Task Group convened four times for discussion and work sessions.
They also received advice from specialists in these areas and sought the
views of representatives of both industry and government. Members of the
Task Group then prepared articles on the various areas that they had
discussed.

Although the individual papers represent only preliminary attempts to
cope with the complex social, economic, and legal aspects of modifying
the weather, the combined papers represent a pioneering product by the
Task Group. As such, these papers deserve to be brought to the attention
of all who have an interest in weather modification to serve as a basis for
discussion and to stimulate further investigation. It is wits this aim that
the NSF is pleased to publish this document without any implied endorse-
ment or rejection of any of its contents,

Each of the members of the Task Group and the consultants and repre-
sentatives who contributed to the Task Group are commended for their
efforts.
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THE HUMAN USE OF ATMOSPHERIC RESOURCES:

A Review of Needed Social Science Research

Chairman's Report

The Problem in Perspective
Atmospheric resources are most vital to man, for without the air, warmth,

and precipitation which they provide, all life on earth would cease to exist.
Until recently, man was able to take these resosrces for granted, treating
them as a free good available for anyone to use for whatever purpose he
desired. Generally, one man's use did not seriously interfere with other
men's uses. In recent years, however, this situation has changed dramatically:
Man's increasing use of the atmosphere for waste disposal has created the
problem of pollution; and the development of weather modification tech-
nology has raised issues of how benefits are to be distributed and losses
compensated.

Pollution of the atmosphere has already become a major problem in sev-
eral parts of the United States, and the situation is rapidly deteriorating
in many others. A National Academy of Sciences Committee on Pollution
estimated recently that some 125 million tons of waste materials are
poured into the atmosphere each year by the nation's homes, factories and
automobiles. Almost every major city in the United States is cloaked in a
blanket of smoke, and this pollution is causing huge property losses and
health problems, In addition, an affluent society is setting increasiney
higher goals for the quality of its environment. Men, therefore, are beginning
to ask how iar pollution of the atmosphere should be allowed to continue.
Should men control the use of the atmosphere just as they control the use
of other resources? Should not those who benefit from special measures to
control the atmosphere be required to compensate those who suffer losses?

Man's increasing ability to modify the weather raises questions of public
policy. It is evident that benefits can be derived from the modification of
the weather, either by reducing weather - caused losses of property or in-
come, or by improving production possibilities. It is also clear, however,
that the impact of a given alteration in the weather often spreads beyond
those who wish to have the weather modified. Several questions of public
policy arise as a result. How far should we go in trying to alter the atmo-
sphere? Should those who gain from weather modification be forced to com-
pensate those who lose? If so, on what basis may compensation be arranged?
Should weather modification activity be controlled? If so, what mechanisms
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should be employed for this purpose? Are present laws and administrative
arrangements adequate to handle the problems that will result from an
increasing ability to modify the weather, such as conflicts among individuals,
states and nations?

These questions provided a central focus for the studies of the recent
Special Commission on Weather Modification. None of the questions, how-
ever, are simple; and while the Commission made broad recommendations
relating to each of them, it also noted that much more study is required
before satisfactory answers can be given to some questions. In this connec-
tion, the Commission called for a greatly increased research effort on the
human dimensions of weather modification.

The Task Group on the Human Dimensions of the Atmosphere
The Special Commission on Weather Modification concluded that not

only was the present research effort on the economic, social and institutional
aspects of weather modification extremely small, Out also an increase in the
size of that effort would be unlikely unless something were done to encourage
social scientists to turn their attention to these problems. Toward this end
the National Science Foundation decided to establish a Task Group to
determine ways in which research on the human dimensions of weather
modification might be encouraged, and to outline the types of research most
urgently required.

The National Center for Atmospheric Research (NCAR) at Boulder,
Colorado offered to sponsor the Task Group through its Program on Appli-
cations Analysis. It was thought that such sponsorship would encourage the
Group's interaction with physical scientists engaged in atmospheric research,
and that those at NCAR involved in applications of research results might
benefit from interaction with those in other fields interested in weather
problems. The National Science Foundation accepted NCAR's proposal
and furnished the funds to sponsor the Task Group. The Group was desig-
nated the "Task Group on Human Dimensions of the Atmosphere."

It was anticipated that the Task Group would focus most of its attention
upon weather modification, both because the Group had been established
as an outcome of the Special Commission's work, and because several of its
members had been engaged in research in this field. Howes :r, a broad
perspective was maintained throughout. As well as examining problems
related to weather modification, the Group considered other alternative
adjustments to variations in the atmosphere, and problems related to the
increasing use of the atmosphere.

The Task Group was composed of 13 members drawn from the social,
natural, and physical sciences. It included representatives from economics,
geography, sociology, political science, law, ecology and meteorology. Liaison
with NCAR was maintained both through membership in the Task Group
and through the attendance of NCAR representatives at Group meetings.
Liaison was also maintained with the National Science Foundation through
the attendance of two representatives as observers at the meetings.
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The Task Group held four meetings, two at NCAR, and two at the
University of California, Santa Barbary. Members exchanged information
and idea., and developed an overview of weather modification problems
and the ways in which they might be handled. The Task Group benefited
from the advice of a number of specialists c n particular issues, and from the
comments and suggestions offered by rep' asentatives of industry and several
federal agencies. A list of the various advisors, government agency repre-
sentatives, and private individuals who contributed to our work appeals at
the end of this rcpprt. The Task Group wishes to thank each of them for
his assistance.

Major Questions Facing the Task Group
The work of the Task Group called for investigation of four major

questions:

1. What are the principal economic, social, and institutional problems
raised by man's increasing use of the atmosphere and by his increasing
ability to modify it?

2. What research has been done so far on these problems?
3. What research remains to be done, and what priorities should be

assigned to future research efforts?
4. How can needed research be encouraged and promoted?

This report presents the conclusions and recommendations of the Task
Group as a whole on these four topics. Detailed discussions appear in the
reports of individual members, as appendices to this report.

Humor Adjustment to the Atmosphere
Weather and climate present man with a challenge. He can either accept

temperature, precipitation and wind as given, and adjust his activities to
accommodate these elements; or he can try to alter the processes which
produce weather and climate. For the most part man has chosen the former
course of action. He has moved to those climatic regions most acceptable for
human comfort and the pursuit of various economic activities; and he has
taken various measures to accommodate changes in the weather.

Two major types of action have been taken as typical adjustments to the
weather: the adoption of techniques which insulate activities from varia-
tions in the weathersuch as air conditioning, home heating furnaces, storm
windows, drought-resistant crops; and temporary alterations in patterns of
activitysuch as modification of harvesting schedules, postponement of
vacations, temporary movements from an area (as in the case of evacuation
from the path of a hurricane). Summaries of weather data have been used
in making decisions about locating activities (e.g., manufacturing industries).
Weather forecasts have been used in making decisions about alterations in
activity patterns or movements from potential disaster areas. More recently,
techniques have been developed that may be effective in modifying the
weather, and this offers man another means of adjustment.

3
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The Modern Scientific Era of Weather Modification

Although attempts to alter the weather have been made since the dawn
of civilization, claims of success have always been regarded with some
skepticism. Many ..arty attempts were based more on superstition and con-
jecture than on scientific principles. This was natural because little was
known about the processes which produce weather, and the means to verify
whether a claimed alteration had in fact been achieved, were lacking. In the
past 30 years, however, the rapid accumulation of knowledge about the
atmosphere, together with advances in methods of statistical analysis and
developments in computer and radar technology, has made possible a much
more scientific approach to weather modification. Some uncertainty about
man's ability to modify the weather still remains, but the attitude of scientists
in this regard seems to be changing. Thus, although the 1957 report of the
President's Advisory Committee on Weather Control aroused considerable
debate among meteorologists as to the validity of its coneusions on precipita-
tion augmentation, the two recent reports of the Special Commission on.
Weather Modification and the NASNRC Panel on Weather and Climate
Medificatio.,, which reached broadly similar conclusions on this matter,
have aroused only minor debate among meteorologists.

Scientists now generally agree that under certain circumstances precipita-
tion can be increased from winter orographic storms, and cold fogs dispersed.
Evidence of success in suppressing lightning and hail is less conclusive, but
recent experimental results suggest that ways will soon be found to accom-
plish these types of modification as well. The prospects of finding ways to
alter the tracks of major storms, such as hurricanes and tornadoes, or to
modify global circulation patterns, however, appear remote.

It seems likely that there will be major expansion of weather modification
activity in the next few years. Commercial firms have taken the conclusions
of the two panels on weather modification as an endorsement of their claims
of successful operations in the field. This trend is likely to stimulate further
commercial weather modification activity. However, much remains to be
done in perfecting techniques of weather modification. Accordingly, the
Federal Government has embarked upon a large-scale program of research
and development, with a view to supporting operational programs. The
National Science Foundation is expanding its support of research in this
field. The Bureau of Reclamaon, the Department of Agriculture, and
the Environmental Science Services Administration (ESSA) are also in-
creasing efforts to develop techniques for modifying the weather.

Some Questions Raised by Weather Modification
Coo the Benefits Exceed the Costs?

It is apparent from the rapid growth of weather mor'ification activity
during the past 20 years that those involved in this effort perceive important
benefits from it. Several advantages are claimed for weather modification.

4
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It is generally fairly cheap, and the equipment involved can be moved from
one location to another without great difficulty. Many farmers, for example,
regard cloud seeding as an inexpensive gamble. If it succeeds in increasing
precipitation (or reducing hail) , it may make the difference b ween having
a crop or no crop at all. If the effort fails, the investment will not have
been large, and more often than not it can be shared among several farmers.
Electric power companies that have undertaken programs to increase pre-
cipitation believe that the effort is an economical way of improving their
operating efficiency. The gains from lightning suppressicn and from cold
fog dispersal are also believed to be substantial.

Identifying the benefits and costs of the use or modification of atmospheric
resources is not a simple matter. The dynamic nature and common property
characteristics of the atmosphere lead inevitably to external effects. For
example, no means have yet been round to confine the effects of using the
atmosphere for waste disposal only to the users. Nor have means been found
to confine the effects of modifying the weather to those who desire the
modification. One farmer may need additional moisture, but his neighbor
may suffer considerable losses, such moisture falls on his land too. Similarly,
the precipitation which enables the hydro-electric power company to in-
crease its profits may also ruin the vacation of the tourist. These external
effects are not always har:laful. In some cases, those who do not contract
for weather modification may benefit from its results and may therefore
experience windfall gains.

A complete evaluation of weather modification requires the identiScation
of activities directly or indirectly affected by weather charges, and an analysis
of the manner in which given changes result in gains or losses to such activi-
ties. A similar approach is required to determine gains and losses for dif-
ferent areas. In certain weather modification cases, for example, gains in
local areas may be offset by losses in other areas.

Any evaluation of weather modification must also take into account
that this effort is only one means of attaining specified objectives. Increases
in food production, for example, may be obtained in many ways other than
by augmenting precipitation in the arid West. Increases in hydro-electric
energy production can be obtained not only by cloud seeding, but also
by developing thermal power or nuclear power, or by devising inter-con-
nections between power systems. The merits of weather modification, there-
fore, must be compared with those of alternatives in order to determine
the most efficient means of achieving the desired objective.

What Is the Potential Impact on Biological Systems?
Another important question raised by the expansion of weather modifica-

tion activity relates to the potential impact on biological systems. Lack of
moisture is the principal factor limiting the biological productivity of much
of the earth; and added precipitation in water-short regions can doubtless
increase yields of food and fiber from rangelands, forests, and cultivated
croplands. Howeve.., such major weather modifications may also alter
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the balance among species of plants and animalswith sharp declines in
the numbers of some, and inordinate growth in the abundance of others.
In particular, major weather changes may result in the rapid spread of
certain weeds, pests, and vector-borne diseases.

Plans for expanding weather modification must therefore take into account
the possibility that the benefits of increased range, forest, and crop produc-
tion will be counterbalanced in whole or in part by undesirable long-term
effects on man's sources of food supply, his health, and his general environ-
ment It is particularly important to identify those aspects of weather modi-
fication that are likely to have irreversible long-term consequences not
foreseen by those whose primary objective is immediate increase in agricul-
tural production eir water supply.

Does Everyone Favor Weather Modification?
Another question is th At of public acceptance of weather modification.

Is everyone in favor of attempts to modify the weather? Experience suggests
that although many people in a community may welcome such attempts,
others may openly oppose them and may succeed in pr-venting further modi-
fication activity. Opposition may come from those who feel that they may
be harmed economically by artificially induced changes in the weather.
Opposition may also be much more deeply rooted: some people may feel
that it is wrong to tamper with Nature, or that no man has the right to
interfere with another man's weather.

Experience has shown that although most attempts to modify dte weather
go unnoticed, the coincidence of an abnormal weather event, such as a
flood or a prolonged period of rainfall, with an attempt at iheather !modi-
fication tends to raise a public outcry against such activity. Lengthy scien-
tific explanations of the lack of association between the two events often
prove to be of no avail. Much remains to be done to determine how people
perceive the weather, what their attitudes are toward weather modification,
and what role information appears to play in conditioning such attitudes.
Should Losers be Compensated?

The fact that there are gainers and losers as a result of weather modi-
fication activity gives rise to still another question. What mechanisms exist
for compensating those who lose? Thus far the approach has been for those
who feel they have suffered a loss from the modification attempts of others
to take the matter to the courts. However, inability to prove specific cause
and effect for the undesired changes has resulted in no judgments being
made about compensation. Even if such proof is available, a problem remains
as to what principles should be applied in deciding how much compensation
should be paid, and by whom. Should compensation be demanded only from
those who ordered the weather modification to be undertaken, or should
it be demanded from all those who benefited in some way from the change?

Are Present Legal Theories Adequate?
Are the principles underlying present legal theories of liability appropriate

to cases of weather modification? This basic question has been the subject of
6
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academic discussion, but no definite conclusions have yet emerged. The
general view seems to be that no urgency for answers exists so long as it re-
mains impossible in specific cases to prove that the weather has in fact been
modified, and in ways to cause particular results. However, the ability to
modify the weather on a more consistent basis is rapidly developing; and as
this capability grows, the problem of proving occurrence and cause dimin-
ishes. Therefore, principles for compensating losses in weather modification
cases will have to be determined. Principles need to be developed not only
for settling claims of individuals against other individuals, but also for
handling cases of individuals against governments, governments against
governments, and perhaps nations against other nations.

What Types of Control Are Required, and What Role Should Gov-
ernment Play?

The fact that weather modification efforts are increasing and that these
activities have important external effects makes it inevitable that some form
of governmental control will be required. What types of control are needed?
Is it sufficient to require licensing of operations, or is it also necessary to
require that information on results be furnished? At what level of government
should control be vested? Should regulation be in the hands of local, State,
or Federal authorities? Should the Federal Government control only those
weather modification attempts that might affect more than one State, or
other countriesand leave control of other modification activities to State
and/or local authorities? Who shr:.tild determine whether or not an attempt
should be made to alter the track of a major storm? A hurricane, for
example, might be headed for a large urban area, with a population of
perhaps two million people. It might be possible to divert the storm away
from that area, thus avoiding millions of dollars of property damage and
perhaps major losses of life as well, Such a diversion, however, might be
accomplished only at the cost of some property damage and loss of life
elsewhere. Similar questions of social equity arise when decisions have
to be made about breaking dikes to relieve pressure downstream; and such
cases are handled by operating agencies. Can decisions about modifying
major storms, however, be left to operating agencies, or should they be
placed in the hands of the President and his advisors?

Another set of problems relates to the role that the Government ought to
play in the management of atmospheric resources. Should this role be con-
fined to the regulation of the use of these resources, or should it extend to
direct participation in development, as in the rr Jdification of the weather?
Are there particular characteristics of atmospheric resources and their man-
agement that call for government participation in development in the same
way that certain characteristics of water resources tall for such participa-
tion? In the case of water resources, the existence of indivisibilities, ex-
ternalities, and the demand for certain public benefits (such as flood control
and municipal water supplies) leads to public intervention and participation

7
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in development. Some of ti-ese features are also present in the case of at-
mospheric resources. The question arises as to which aspects of the manage-
ment of these resources can best be performed by the public sector and
which ones by the private sector.

Needed Social Science Research
It is clear that many problems are emerging from man's increasing use of

the atmosphere for waste disposal and from his growing capacity to modify
the weather. In what ways can an expanded social science research effort
help to solve some of these problems? More epecifically, what kinds of
social science research are most urgently required?

The problems described above have received comparatively little attention
so far from social scientist;, and it is clear that a considerably expanded
research effort is required in this connection. Fortunately, social scientists,
in examing some of these problems, will be ab'e to draw upon work done
by physical scientists, natural scientists, and engineers, and upon studies that
have been undertaken by social scientists in cognate fields, particularly in
the field of water resource management:. The research effort to date and
the types of studies that should be undertaken by various disciplines are
described in detail in the appendices to this report. For present purposes,
attention is confined to outlining the major types of social science research
most urgently required.

Two main types of social science research are needed: studies of the re-
lationship between the atmosphere, human activity, and biological systems;
and studies of the institutional framework for the management of atmos-
pheric resources.

Relationships Between the Atmosphere, Human Activity, and Biological
Systems

It is generally recognized that weather and climate affect human activities
in pervasive ways. Studies have shown that the profitability of certain eco-
nomic activities depends very much on fluctuations in the weather. Other
investigations have indicated that some human behavior patterns are in-
fluenced by weather variations. Still others suggest that there are important
relationships between the growth and survival of certain biological species,
and weather patterns. Some studies also have indicated that human activities
affect weather and climate. These studies have helped to increase our under-
standing of the relationship of atmospheric variations to other phenomena;
but much research remains to be done. Three broad categories of research
are urgently required.

Weather Variations and Production Possibilities.Research is needed to
determine the influence of different weather variables on the production
possibilities of various types of economic activity. Such studies would make
it possible to trace the impact of a given weather change on particular in-
dustries (e.g., agriculture, manufacturing, service trades), or on a particular
region. The information so derived would be useful, for example, in deter-
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mining the potential impact of a given weather modification and in assess-
ing gains and losses.

To date, most research of this type has dealt with the impact of different
weather variables on agriculture. Some studi have examined effects on
the zonstruction industry, airline industry, and certain service trades, such
as the retail trade. Much, however, remains to be done before the effe:t of
a given weather variation can be traced through one industry or through
the various economic activities in a given region. Studies of activities not as
obviously sensitive to weather variations as agriculture or transportation are
required. Means must also be found for tracing impacts of weather variations
as they work their way through economic systems.

Input-output models may be very useful for studying effects of weather
changes on economic systems. The model bci ig developed for studying the
economy of the Philadelphia region is an example. This model is being
designed to provide information on the effects of varying degrees of water
and air quality on regional economic activity. Much theoretical work has
already been done in developng this model; and it is believed that models of
this type can be modified tr trace impacts of weather within a region, or
between regions. Work on such models will benefit, of course, from empirical
studies designed to determine the sensitivity of various activities to changes in
different weather parameters.

A related type of study concerns the identification and measurement of
a given weather change on the output potentials of a river system. River
systems are manned to provide various goods and services which society
requires. The effectiveness with which they are managed, however, hinges
upon a knowledge of the relationships between the physical inputs (water)
and the end products (goods and services) , Simulation models have been
developed to trace the impacts of streamflow on the operation of river basin
systems. The Harvard Water Model is a case in point. This model might
be made more comprehensive, so that the effects of changes in atmospheric
variables on river system outputs could be studied. This would require re-
search on the effects of varying forecasting accuracy and the length of periods
on river system operating policies. In addition to such studies, research would
be needed on economic loss functions aasociatF,c1 with floods, droughts, and
deficits in target outputs for hydro-electric energy, recreation, and water
supply.

Weather Variations and Human Behavior.Weather variations influence
human behavior in diverse ways. Studies have shown, for example, that
changes in temperature and precipitation influence productivity and the
incidence of crime and illness. Much of this work, however, has related
principally to particular places and particular times. As yet no theoretical
models have been developed which have general application. Such models
would be especially useful in studying the influence of various weather ele-
ments on crime, illness, and productivity, and in designing policies to assist
adjustment to the weather. Research is also needed on the relationship of
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variations in weather to the use of education facilities and community serv-
ices (such as fire protection, public utilities, and mass communicationa) .

Human response to extreme weather events is another area requiring
a much expanded research effort. The U.S. NVeather Bureau has estimate-I
that each year hurricanes cause property losses exceeding $250 million, and
often as many as 300 lives are lost. Tornadoes are estimated to cause losses
of over $200 million and more than 200 deaths each year. Floods aim.. -..ause
severe losses, perhaps as much as $250 million annually. Research to date
suggests that there are substantial variations in human response to these ex-
treme events: some individuals and communities seem to be much more
effective in dealing with them than others.

Improved understanding of human response to extreme weather events
would assist materially in developing public policies to reduce losses from
such events. Particularly fruitful avenues of research would include inves-
tigations of the role of perception and attitudes both in identifying a weather
event and selecting an adjustment to it, and studies of how people use
weather information. Research should also be undertaken to compare com-
munities which frequently experience such hazards with others which seldom
experience them. An especially interesting study would be one designed to
determine when a community develops a "disaster culture." This would
require examining perceptions, attitudes and responses at various levels
in the communityi.e., at the individual, family, group, organizational, and
community-wide levels.

Attempts to modify the weather arouse different types of human response.
In some cases such attempts are enthusiastically supported, but in others they
arouse considerable opposition. Studies are needed to determine the reasons
for these different responses. Specifically, such studies should include longi-
tudinal case investigations of human responses before, durir:;., and after
specific weather changes: (1) where a modification was planned; (2) where
no modification was actually made but people believe it was; and (3) where
weather modification was inadvertent (e.g., air polution, or climatic changes
in urbanized regions). Other longitudinal studies should examine human
response to the possibility of unusual incidents, such as pollution of the at-
mosphere by nuclear explosion, poison gas, or other chemical means. In-
formation from such studies would be invaluable in formulating programs
and policies relating to weather modification.

Migration to avoid the effects of weather variations is another area re-
quiring research. In some cases individuals accept the weather as given
and adapt their activities accordingly. In others they try to modify the
weather. In still other cases, individuals move away either temporarily or
permanently to avoid the effects of weather variations. Why do some people
migrate while others remain? What accounts for the resistance of some
people to moving even though the occurrence of a severe weather event is
imminent? Studies are needed to determine the factors underlying decisions
to migrate. One type of study would focus on the migration of people and
economic activities to the Sunshine Belt of the West and Southwest. Another
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would attempt to isolate factors which acct int for differential responses
to warnings of floods, tornadoes and hurricanes. Still another type of
study would examine factors underlying decisions to establish summer cot-
tages in recreational areas adjacent to major metropolitan areas.

Weather Variations and Plant and Animal Communities. Many of
man's activities, including his use of atmospheric resources, have pervasive
effects on natural and artificial ecosystems. Prediction of the effects of
weather modification and of atmospheric pollution on natural and artificial
ecosystems provides essential data for balancing the costs to society as a whole
of specific human uses of the atmosphere against the benefits. The benefits
are normally weighed and emphasized by proponents of new programs;
but the immediate direct and indirect costs of carrying out such programs
quickly become evident at the stage of operational planning. Unintended and
unwanted effects on plants and animals of interest and value to man are
indeed part of the cost of weather modification programs.

Some of these effects may have directly measurable costs, as when changed
weather patterns trigger an outbreak of insect pests. In other cases, the
effects may be mostil on those plants and animals which lack a specific
monetary value, but which contribute to the quality of living for a growing
segment of the public.

Ecological knowledge has not yet reached the stage where reliable predic-
tions can be made of the probable effects of specific changes in environmental
variables on plant and animal communities. Because of the inherent vari-
ability of ecological processes, it is unlikely that strictly deterministic predic-
tions of this sort can ever be made. However, a great deal of information
has been collected in the last sixty years on the relations between organisms
and environment. These data have not generally been organized into predic-
tive models useful for assessing the effects of environmental change on whole
ecosystems. This now appears possible, at lea t in a preliminary way. The
resulting models can then be used to guide additional field and laboratory
research.

One useful type of research would involve reviews of currently available
data on the effects of weather and climate on existing plant and animal
communities. Such research would seek to establish simple hypotheses, which
might then be used for further studies. Attempts should also be made to
gather additional data and to develop computer models to analyze im-
pacts of weather variations on large-scale ecosystems. An important con-
tribution toward the prov;sion of additional data is being made by the
International Biological Program through its efforts to standardize data
collection procedures and establish data banks. Studies are also underway
to develop various types of models, including those based on regression,
analysis of variance, and simulation.

Other studies are also required. There is a need for intensified field and
laboratory investigation of the effects on specific organisms, of changes in
temperature, moisture, and other environmental variables. In addition, se-
lected natural and artificial communities should be subjected to controlled,
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strictly localized weather modification. It is particularly important that de-
tailed field studies to monitor effects on plant and animal communities
accompany any extensive operational tests of weather modification
capabilities.

The Institutional Framework for Management of Atmospheric Resources

Another major area requiring research relates to the institutional frame-
work for the management of atmospheric resources. The rapid increase
in air pollution across the United States, the growing number of attempts
to modify the weather, and the mounting toll of property damages caused
by extreme weather events have led to a need for increased government
intervention. Policies are required which will encourage more efficient ad-
justment to variations in the weather. Modifications arc required in existing
legal, jurisdictional, and administrative frameworks to handle the conflicts
and other problems that have begun to emerge from increasing use and
modification of atmospheric resources. Determining what kinds of policies
and modifications of existing institutions are required, however, will de-
pend in part on the results of some penetrating research in the social
sciences.

The Process of Decisionmaking.One area of needed research relates
to the process of decisionmaking in the management, use, or modification of
atmospheric resources. Studies are required to identify what decisions are
made, who makes them, and what factors appear to influence the out-
comes. What decisions, for example, are made about adjustment to a given
weather element, such as snowfall, by individuals, private industry, and
government (at various levels) ? How do perceptions of snowfall and of
alternative adjustments to it influence the choice of adjustment? What
role does present government policy appear to play in the choice of ad-
justment? How do various legal, jurisdictional, and administrative frame-
works influence the decision? In what ways is a choice of adjustment to
snowfall related to decisions about other matters, such as the location
of a factory or a home, or ii purchase of an automobile?

Another useful avenue of research would be the analysis in depth of
given adjustments to specific weather changesboth natural variations and
planned modifications. Studies might be undertaken, for example, to identify
what types of decisions are made, who makes them, and what factors ap-
pear to influence the various decisions.

The role of weather information in decisions relating to adjustment
to the weather should also be examined. Who uses weather information,
and in what ways? Does an increase in the amount of information or an
improvement in the accuracy of weather forecasts necessarily lead to changes
in production schedules or alterations in other human activities? To
what extent is the meteorologist's belief in the value of increased informa-
tion borne out by the manner in which people actually use the information
provided? Will more accurate weather information necessarily be bene-
ficial to everyone? For example, more accurate 8-day forecasts may lead
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to even greater peaks in recreational activity: facilities may thus lie idle
for longer periods; and overcrowding during peak times may reduce the
pleasure experienced by individuals. It is possible that some positive psycho-
logical values are associated with uncertainty about the weather. More ac-
curate knowledge in these areas will be of great value to those designing
programs of weather information, as well as to those developing policies
to encourage more efficient adjustment to weather variations.

The Respective Roles c.f the Public and Private Sectors.Management
of atmospheric resources has been vested principally in the private sector.
Recently, however, governments at various levels have begun to take in-
creasing interest in the management of these resources. The question arises,
therefore, as to which functions can most effectively be performed by each
type of enterpriseby the private sector, and by the public sector.

Studies are needed to determine the extent to which existing institu-
tional arrangements can be adapted in order to manage atmospheric re-
sources. For example, can existing water management agencies add to their
present functions the regulation and/or initiation of cloud seeding opera-
tions, and undertake the new functions efficiently? Can fire prevention dis-
tricts take on lightning suppression as an additional function?

It is widely agreed that certain uses of atmospheric resources should be
subjected to Federal control. Little research, however, has been done on the
question of whether this function can be assumed by existing Federal agencies,
or whether efficient control requires the creation of a new agency. Nor has
much research been done to establish requirements for such a regulatory
body, in terms of organizational structure and competence. Existing agen-
cies should be studied to determine if their present functions can be extended
to include regulation of activities involving atmospheric resources. For ex-
ample, the Federal Communications Commission now does a type of geo-
graphic and atmospheric zoning in its control of radio frequencies, direc-
tional beam control, hours of operation, etc.; and the Federal Power Com-
mission regulates various water and power systems throughout the Nation.
Could these agencies effectively take on additional responsibilities for man-
aging the use of atmospheric resources?

Studies are also needed to determine the probable effectiveness of various
combinations of private, public, local, State, and Federal control in man-
aging atmospheric resources. One type of study should consider what role
is appropriate to the Federal Government. To what extent should the
Federal Government, rather than governments at other levels, control
human uses of the atmosphere? Various studies have urged that the Federal
Government, rather than the States, should control man's use of the atmos-
phere, especially in regard to weather modification. While Federal control
seems clearly indicated for certain modification activities (such as divert-
ing hurricanes, modifying regional climates), such control is not so obvious
for activities of smaller geographical scope and effect. Studies should be
initiated to determine which weather modification activities are more ap-
propriate for Federal and which more appropriate for State control.
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A review of previous studies of government organizations concerned with
water resources would be helpful in determining whether there are any
parallels in the field of atmospheric resources. The organizational pro Aeins
raised by the need to manage atmospheric resources appear to be similar to
those raised in the water field. An assessment of how the Federal Govern-
ment has handled management and organization for water resources rright
suggest de:irable alternatives for implementing regulation in t fie weather
modification field. Such an examination might reveal, for example, that
the Federal-review board concept (as expressed in the 1949 Hoover Com-
mission Report) and the structural framework established for Federal water
projects have relevance to the problem of managing weather modification
activities.

Indemnification for Damages.Air pollution and weather modification
activities raise the problem of external effects, i.e., damages to those not
directly involved in the decisions to use or modify the weather. Studies are
required to determine appropriate compensatory arrangements for defray-
ing the social costs likely to be created. Various compensatory measures
should be examinedfor example, insurance systems, compulsory fees or
user charges, local levies on property owners, and special adjudicatory
arrangements. Without appropriate compensatory measures, benefits are
likely to accrue only to some, while large costs are passed on unintentionally
to others. The welfare of all persons affected by various uses of atmos-
pheric resources must be safeguarded.

Innovation in Laws.Conflicts resulting from uses of the atmosphere
raise questions about the adequacy of the present legal framework to han-
dle them. Can the court-centered, common law system deal adequately
with problems caused by human uses of the atmosphere? Te what extent
can the present legal system be effective in such conflicts? Should admin-
istrative agencies assume some or all responsibility for handling problems
raised by weather modification?

A number of factors limit the potential ability of the courts to operate
effectively in this area: often, uses or modifications of the atmosphere
involve very large areas and numbers of people; atmospheric changes can
have subtle, albeit real, effects on particular individuals; changes in the
atmosphere can pervade many aspects of life; plar.,ned modifications can
result ultimately in catastrophic and irreversible effects; and finally, and
possibly most important, the cause-effect relationship between altered at-
mosphere and damage to an individual is often impossible to prove. Studies
are therefore urgently needed to assess the potential effectiveness of our
present legal system in such problem areas, to 'consider revisions or inno-
vations in laws, and to examine alternr,tive mechanisms for handlir.5
conflicts.

Potential conflicts also exist between various levels of jurisdiction. Studies
are needed to determine the types of mechanisms required to dial with
these conflicts. Such devices as interstate compacts and international treaties
and agreements should be examined for their possible value in preventing
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major conflicts from developing, and in providing the machinery to deal
with conflicts if they do arise.

Conclusions rind Recommendations

Research Required

The increasing likelihood of success in attempts to modify the weather,
and the accelerating rate at which domestic and industrial wastes are con-
taminating the atmosphere underline the urgency of a vastly increased effort
to identify the problems arising from these uses of the atmosphere and to
find solutions to them. To this end, we propose an expanded program of
research on the economic, social, and institutional aspects of the atmosphere
as a resource. If this is done now, political, social, and legal institutions may
be better prepared to deal with future crises as air pollution reaches
generally unacceptable levels, and as conflicts arise among users, each
seeking to manipulate the weather to his own advantage.

The Task Group makes the following specific recommendations with re-
spect to research :

A. The National Science Foundation should take a more active role
in promoting research on the social, economic, and institutional
aspects of human uses of the atmosphere than it has done to date.
The Foundation is well equipped to stimulate productive long-term
research in this field because of its freedom from specific commitment
to any single management policy or plan of action, its excellent repu-
tation and contacts in the scier.tific community, and its ability to commit
funds for research extending over several years. As an essential first
step, the National Science Foundation should appoint an individual
with a background in the social sciences to assist it in promoting re-
search on the human dimensions of the atmosphere.

B. Operating agencies involved in research on atmospheric processes
and in field tests of weather modification feasibility should be urged
to devote a portion of their funds to research on the economic, social,
and political implications of weather modification. Investment in ef-
forts to learn how to manipulate atmospheric processes should be ac-
companied by investment in studies to identify the human consequences
of such manipulation.

C. The following topics are those most urgently in need of intensified
study:

1 The influence of weather parameters on industrial and bio-
logical production and on water basin supplies.

2. The influence of specific weather parameters and of extreme
weather events on human behavior, activity, and response to
atmospheric change.

3. The values people place on intangible or esthetic aspects of
good or bad weather; and the social values they assign to plant
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and athnal communities likely to be altered by pollution or
weather modification.

4. The consequences for management of the fact that the atmos-
phere is a dynamic, common property resource; and the impli-
cations of the possibility that gains from weather modification
in one place may be offset by losses in another.

5. The processes of decisionmaking in the use and management of
atmospheric resources.

6. The relevance of existing legal, institutional and administra-
ve arrangements to problems of atmospheric resources; and

the need for new institutional arrangements.

Specific types of studies that might be undertaken under each of these
headings are noted in the body of this report and described ia detail in the
various appendices.

Personnel Required
There is a serious shortage of social scientists interested in the human

dimensions of the atmosphere and competent to work effectively in this
field. Efforts must be made now to remedy this deficiency so that research
frontiers can be pushed forward and so that knowledgeable people will be
available to advise those who will have to make the hard decisions in
managing atmospheric resources. The Task Group therefore makes the
following recommendations:

A. The National Science Foundation should sponsor programs which
will encourage social scientists to cooperate with physical and biological
scientists on problems related to weather. These programs should involve
both mature investigators and graduate students in training. To achieve
this coordination, various means are suggested:

I. Interdisciplinary research ciforts extending over several years,
aimed at solving a specific problem. An illustration of this type
of effort is the Harvard Water Program, which has drawn
together faculty members from political science, economics, and
engineering who had special research interests in water resources
planning and were disposed to work together in pursuit of these
interests.

2. Special seminars on particular topics, which would result in
a well-edited publication for wide distribution.

3. Seminars and short-term conferences with purely educational
objectives, intended to stimulate interdisciplinary thinking by
the participants.

4. Interdisciplinary departments of resource studies in universities.
B. The National Science Foundation and operating agencies should

provide financial support for training as well as research. Support should
be made available in the form of fellowships for graduate students, and
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grants to enable social scientists to familiarize themselves with the
physical dimensions of atmospheric resources. For example, a grant
might allow a social scientist to work for a period at an atmospheric
research center, or to attend an atmospheric resources institute (which
could be organized for this purpose) .

C. The National Science Foundation and operating agencies should
provide financial support to encourage social scientists working on
problems in cognate fields to turn their attention to weather-related
problems. For example, social scientists are working in the water re-
source field, in part because the problems are challenging, and in part
because funds are available for them to do so. Some of these individuals
might be induced to work on problems of atmospheric resourcesif they
were made aware of the intellectual challenge and assured adequate
financial support.

Information Programs Required

Information as to how air pollution and weather modification can affect
plant and animal communities of interest and value to man is essential for
evaluating the social and economic costs and benefits of specific human uses
of the atmosphere. Such ecological data are in general not available, and
there is a serious shortage of environmental biologists able to provide the
necessary data. The Task Group therefore supports the efforts being made
under the auspices of the International Biological Program to accelerate the
training of ecologists.

A considerable amount of information has accumulated on various aspects
of human use of the atmosphere. Unfortunately, much of this information
is not available in published form or in convenient locations. The Task Group
therefore recommends that the National Science Foundation sponsor a
program for collecting and disseminating bibliographic information and a
program for cataloging relevant research efforts to date. These programs
should be directed by social scientists knowledgeable in the field of atmos-
pheric resources.

The Task Group reiterates its recommendations that all agencies enraged
in research on physical processes in the atmosphere and in operational testing
of weae ier modification procedures sponsor some research on the social,
economic, and political aspects of using the atmosphere. How much support
should be provided for this purpose is difficult to estimate. The mere
availability of funds, of coarse, will rot automatically produce the desired
results. What is required is an accelerated program of research and training
in the economic, social, institutional, and biological aspects of atmospheric
resources commensurate in some degree with the expanded effort being made
in the physical science aspects of weather problems.

W. R. DERRICK SEWELL,
Chairman.
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Appendix I

NEEDS FOR RESEARCH ON PLANNING AND DECISION-
MAKING ASPECTS OF HUMAN USES OF THE .biTMOSPHERE

MAYNARD M. HUFSCHMIDT, Departments of City and Regional Plan-
ning, and Environmental Sciences and Engineering, University of North
Carolina, Chapel Ilia, N.C.

These summary comments are presented from the viewpoint of planning
and decisionmaking rather than from the viewpoint of a specific discipline
such as economics, law, or political science. Others will be presenting com-
ments from the standpoint of specific disciplines; I feel best equipped to
discuss problems of planning and decisionmaking. As will become
my comments are not based on detailed knowledge of the atmospheric sci-
ences or weather modification technology a: issues. Rather, they reflect
information and insights gained from attenc ance at two meetings of the
Task Group and from limited supplementary reading.

Viewed most broadly, the planning and decisionmaking questions in-
volving use of the atmosphere as a resource should be of the same type
as questions arising from the use of any other resourcewater, land, or
minerals. In fact, the notion of the atmosphere as a natural resource is a
very powerful one: it allows one to apply the theories, methods, and in-
sights of natural-resource planning (including water-resource planning)
to the problems of human use of the atmosphere. If natural resources are
viewed in terms of controllability or manageability, it is clear that the at-
mosphere has until recently been at the uncontrollable end of the continuum.
In economic terms, its beneficial effectsrain, sunshine, clouds, and winds
in the proper proportions of time, place, and intensity have been considered
free goods; its malevolent effects floods, droughts, heat waves, and cold
waveshave been considered unavoidable costs.

The theories and techniques of private and public investment economics
have not been applied to the exploitation of the atmosphere as a resource,
and accordingly there exists no body of empirical data on which to draw
for study and analyses of planning and decisionmaking. In contrast, mineral
and soil resources have been processed and managed ever since man left
the forest, and there now is a body of data of man's relation to these re-
sources from which to draw conclusions. To some extent, the problem is to
obtain comparable experience and data for the atmospheric resource as
soon as possible.
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Considering planning and decisionmaldng for atmospheric resources as
analogous to that for water rese.irces, one can think of research as con-
centrating on four functional relationships: the social-welfare objective
function; the production or technological function; the cost-input function;
and the benefit-output function. In the following sections, important ques-
tions concerning these functions, as they relate to the atmosphere, are
identified.

Major Questions

1. The Social-Welfare Objective Function

Both the physical characteristics of weather and broad social and eco-
nomic interdependencies dictate that objectives for atmospheric manage-
ment be at least national, and in some cases international, in scope. Cer-
tainly prediction systems for tornadoes, hurricanes, flood-producing rains
and ice-producing storms are bast-4 soundly on national and international
objectives of saving lives and reducing injury and disease. Furthermore,
weather forecasting systems which prevent or reduce economic losses have
as their basis economic efficiency or maintenance of national income.
Weather modification systems must also be evaluated in national terms
whether they are small-scale systems affecting only local areas, or, possibly,
large-scale systems affecting much larger areas. For example, if weather
rtodification helps area A at the expense of area B, this external effect
must be taken into account in evaluating the scheme. Thus, the objective
function to be used by weather managers must be established largely in
national terms, even when the crises which call the weather managers to
action appear to be of local or regional scope.

The relevant questions to be asked are:

A. What form should the object:re function for atmospheric man-
agement take? What are its elements: public health, safety, economic
efficiency?

B. How should the objective function be developed? Who should de-
velop it: an administrative agency, the President, the Congress?

C. How can a national objective function be enforced, gir at the
inherently local nature of most weather crises and the tendency of
localities and regions to take actions based on their own narrow
objectives?

D. To what extent is national regulation of weather modification
activities necessary in order that national objectives be attained? Can
State or local regulation be satisfactory?

E. What kinds of information on the nature of weather phenomena
and spillover effects of local we7.cher modification are required to an-
swer the above?

Apparently, little research has been undertaken or is now under way
on the problems of relating objectives to atmospheric management. The
Harvard Water Program has carried on general research on the complex

22



objective function (Maass et al., 1962; see also Maass, 1966). Urban
planners have written extensively on multiple goal formulation; and oper-
ations research and systems analysis specialists have fully developed the
notion of maximizing the value of the objective function.

This entire conceptual apparatus can be applied with little modification
to problems of atmospheric management. But the basic work of applying
the objective function to the atmospheric field remains to be done. Perhaps
the first research on applications will come from those working on air
pollution. For example, a recent article (Kneese, 1966) draws the parallel
between water and air pollution and provides some insights into applications
problems. Further elaboration is contained in my article "Environmental
Planning with Special Relation to Natural Resources" (in a report on
environmental planning, edited by John Dyckman, of the University of
California, publication forthcoming) .

2. The Production or Technological Function
Some of the most intractable questions relating to atmospheric manage-

ment concern the relationships of inputs (for weather modification and
weather forecasting) to physical outputs. What are the physical results in
the form of increased rainfall, for example) of applying weather modification
measures (seeding clouds with silver iodide, for example) ? How can these
results be measured? Can they be duplicated, or is each application unique?
How accurate have rain and runoff forecasts been? Do affected individuals
make good use of the forecasts, or are there behavioral and institutional fac-
tors which work against effective use of forecasts?

One could hold that until we have adequate, detailed information on
production-function relationships, much social and economic research is
premature since it must be based largely on analogy from other production
functions rather than on data from management of the atmospheric re-
source. At first glance, research on the prodw:tion or technological function
would appear to he a task solely for natural scientists (NCAR, ESSA, and
university and research institute scientists) . But if such research is to be mean-
ingful for planning and decisionmaking, social scientists must participate
in setting up the experiments and conducting the research.

For example, an experiment on the effectiveness of cloud seeding might
be designed so that at least one precipitation- measurement station is located
in each minor political or management jurisdictiontownship, watershed
district, city or town; and that scientific measurement of precipitation be
accompanied by measurements (using survey research techniques) of
people's perceptions of precipitation. Also, studies of the accuracy of rainfall,
snowfall, or streamflow predictions can be accompanied by behavioral re-
search on the responses of individuals and institutions to predictions. For
example, is degree of response highly correlated with degree or accuracy
of prediction?

Others will report in some detail on production-function research under
way on weather modification and weather forecasting. Certainly, much
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of the Bureau of Reclamation's work on weather modification is of this
type; and private meteorologists collect information on the results of their
attempts to modify the weather. Research on weather description and
prediction is well-established at NCAR and ESSA.

It appears, however, that very little production-function research has
any social science component. Certainly this was the finding in 1964 of
the Weather Bureau study The National Research Effort on Improved
Weather Description and Prediction for Social and Economic Purposes.
In that study, "systems" research and "synthesis" research (which deal
with th social and economic impact of weather management) were found
to be extremely inadequate.

3. The Cost-Input Function

Cost-input functions are the capital costs and the operation, maintenance
and replacement (OMR) costs which go into weather modification and
prediction programs. Data on these functions are obtained from natural
science and technological research, and from testing new methods and
techniques. The economic feasibility of specific weather management tech-
niques is influenced greatly by these cost considerations.

In general and quite in contrast to probems of benefit estimation.the
problems of estimating capital and OMR costs of resource inputs to weather
management measures are not great. Once the production function is
known, and given the capacity of industry and government to develop
and maintain the necessary facilities and equipment, costing of resource
inputs is manageable. The term "costs" as used here does not include ad-
verse external effects, which are costs in another sense. These may indeed
be difficult to measure; they are considered under the "Benefit-Output Func-
tion" section of this paper.

There are interesting and significant research problems associate with
cost estimation, especially where uncertainty is present in high degree. Cost-
ing of research and development (R. & D.) projects is particularly uncer-
tain, and this would appear to be especially true for large-scale weather
measurement and modification schemes. Research on atmospheric cost-input
functions should take into account the results and experience derived from
analogous R. & D. programs in the defense and aerospace industries.

4. The Benefit-Output Function
The benefit-output function, like the objective function, is central to re-

search on atmospheric management. A whole set of specific questions de-
rives from the general question of the value to man and society of particular
atmospheric management measuresweather forecasting or control.

According to one view of public investment theory, benefits are defined as
positive contributions to the attainment of an objective. Thus, where the
objective is economic efficiency, benefits are in terms of economic efficiency
(or, as a surrogate, national income). Where the objective is public safety,
benefits are measured in terms of lives saved or injuries averted. These may
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be converted to national income terms, if one chooses to make some heroic as-
sumptions on the value of human life, but this is not essential to using such
life and accident data.

It seems sensible, therefore, to develop a set of research questions or-
ganized on the following basis:

A. What are likely to be the major objectives of atmospheric man-
agement by government?

B. For each objective, what are the specific elements with which we
can measure attainment of the objective?

C. In what units are such elements to be measured?
D. What are the conceptual and empirical problems of measuring

contributions toward the objective?

Specific subquestions to questions B, C, and D are likely to be quite differ-
ent for the economic efficiency objective than for the public health and
safety objective. For economic efficiency, research questions and methodology
are likely to be quite different where the response of decision-makers can
be assumed to be rational, than where this cannot realistically be assumed.
For example, when flood forecasting is followed by efforts of industrial and
business firms to take preventive action, forecasting benefits can safely be
assumed. But where reactions of individuals to such information are un-
known or are found to be "irrational," benefit estimation is likely to be
difficult. In these instances, behavioral research is indicated

For the public health and safety objective, estimates in terms of lives
saved and injuries prevented must necessarily be expressed in probabilistic
terms; and they are dependent to some degree on behavioral assumptions.
In most cases, strong public action to evacuate flood-menaced areas, or to
take shelter from tornadoes or hurricanes, can be assumed. But there is
also likely to be a strong random element at work in human reactions to
atmospheric phenomena, and to weather forecasting and control. Benefits
will always have a substantial element of uncertainty.

Systems Research

The social and economic effects of atmospheric management can be
thought of as outputs of a physical-technologic-socio-economic system. For
example, weather ir->dification will change rainfall inputs to a given hy-
drologic system, which may or may not be controlled or disturbed by works
of man. Using systems analysissimulation, for examplerainfall effects
can be traced through a water-resource system to outputs in the form of
water supplies of particular quality delivered to points of use according to
a specific time scheduleor in the forms of controlled high and low flows,
electric energy produced, and recr.sation services provided.

Simulation techniques have been developed and are now in use for tracing
the effects of natural or controlled streamflows through hydrologic systems.
As a contribution to the work of this Task Group, we are currently investi-
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gating problems of tracing the effects of rainfall and rainfall modification
on such systems via simulation.

An important area of research involves the estimation of benefits or values
to be derived by people from these physical effects. Such research must be
directed specifically toward estimating values in a particular systems con-
text, or for outputs or consequences with specific temporal and spatial
characteristics.

As an example, economic losses from shortages of irrigation water (or
benefits gained by averting such shortages) are functions of the water user's
expectations, his strategy for using water, and his degree or extent of
advance knowledge of shortages or the availability of extra water. Also,
unit economic losses are affected by the existence of prior economic losses- -
which ran be analyzed by serial co :relation.

An approach to such researe..1 would be the selection of typical water
management operationsan irrigation system in the West, a hydro-power
system, a river regulating system such as on the upper Wisconsin River
as case areas to be studied intensively to determine as precisely as possible
the values obtained from the water control systems under different pat-
term and circumstances of operation.

An important element of such research would be behavioral studies where
the actions and attitudes of individual farmers, homeowners, and business-
men are the relevant determinants of values derived from water-resource
products and services.

Major research is necessary to adapt existing river system simulation
models for use in testing the physical and economic effects of atmospheric
management. Further details are presented in a separate report by Myron
Fiering, Jabbar Sherwani, and this author. Following is a summary of the
major research required in this area.

A. Generation of synthetic precipitation records for input to simulation
models.Development of models for synthesis of precipitation is still in its
early stage. There has been little application of synthetic precipitation se-
quences as inputs to water resource simulation models. Work on synthetic
precipitation models must be extended to make them suitable for use in
water-resource system simulation.

B. Expansion of Stanford-type (Crawford-Linsley) precipitation-runofl
models to other kindr of river systems and hydrologies.This precipitation-
runoff model performs the function of producing runoff consequences from
various precipitation patterns. The model has been applied to several
types of watersheds. Further research is needed to generalize this type of
model for use in a wide range of watersheds, and to extend applicability
of the model to the full range of rainfall records available, including daily
and monthly records. Also, research and experimentation are required to
determine if the Stanford-type model can be used effectively in conjunc-
tion with a river system simulation model of the Lehigh basin type, developed
by the Harvard Water Program (Hufschniidt and Fiering, 1966).
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C. Amplification and testing of the Fiering multi-lag correlogram model,
using precipitation data as well as runoff data.This model uses the
statistical characteristics of both runoff and precipitation events to account
for discrepancies noted in flow correlograms. Resolution is obtained by in-
cluding the effects on current flows of the flows of a number of earlier periods
(instead of only the previous period, :Is in a simple hlarkov model). The
goal here is to develop the equivalence of a generating model (based on the
statistical parameters of both rainfall and runoff) to that of a model based
on several antecedent flow events. Thus, when rainfall modification is as-
sumed, the statistical parameters of the rainfall can be changed accordingly,
and the model will then yield the synthetic sequences of runoff which are
appropriate for the modified precipitation.

D. Research on testing the applicability of reservoir release allocation
rules under various assumptions of rainfall and runoff forecasting.(The
Space Rule developed by the Harvard Water Program, and reported in
Hufschmidt and Fiering, "Simulation Techniques," is an example.) Perfect
allocations can be achieved only with perfect foreknowledge, which is,
of course, unattainable. As rainfall and runoff forecasting improves in reli-
ability, allocation rules become more effective, if the rules are appropriate
to the degree of reliability of the forecasts. Further research is required
in these areas.

E. Research on the utility of hedging rules for complex systems.For
the single-reservoir, single-purpose case, hedging rules contribute little to
improving net benefits for a wide range of economic loss functions (Young,
1966). Hedging becomes more meaningful in operating a system when fore-
casting is more reliable. Further research is needed on the utility of hedg-
ing for multiunit, multipurpose systems, under various assumed degrees of
forecasting reliability, alorg the lines of research currently being carried on
by Fiering.

F. Research on economic loss functions under various assumed condi-
tions. Further study is needed on economic loss functions associated with
floods, droughts, deficits in target outputs for energy, recreation, and water
silpply. In particular, there is need to investigate the nature of such func-
tions under various assumed conditions: with and without weather modifi-
cation and forecasting. Finally, the behavioral relations and actions of
farmers, industrial concerns, and householders have to be investigated to
determine how such groups react to various water management measures.
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Appendix II

CONTRIBUTIONS OF GEOGRAPHICAL ANALYSIS TO THE STUDY
OF HUMAN RESPONSE TO WEATHER AND CLIMATE

W. R DERRICK SEWELL, Department of Economics and Political
Science, University of Victoria, Victoria, British Columbia

ROBERT W. KATES, Department of Geography, Clark University,
Worcester, Mass.

Perhaps the most famous remark about the weather is one attributed
to Mark Twain: "Everybody talks about the weather but nobody does
anything about it." 1 Despite its obvious wit, the remark is not a completely
fair reflection of the facts. While it is true that the weather probably
provides one of the world's most popular topics of conversation, it is not
true to say that nobody does anything about it. On the contrary, consider-
able human energy is devoted to accommodating weather and climate.

Traditionally, weather and climate have aroused three main types of
human response: adaptation, adjustment, and movement.2 Men adapt
physiologically to wide ranges of temperature, precipitation, and wind.
For many kinds of human activity, weather and climate have little or no
perceptible effect on the type of activity pursued or the rhythm of its pursuit,
and so no response is required. Some activities, however, are affected in
important ways by variations in atmospheric conditions; and men try io
adjust to these changes in various ways. They may permanently insulate
themselves from the effects of weather, as in constructing storm-proof
buildings or developing drought-resistant crops; or they may temporarily
offset the effects by wearing appropriate clothing or rescheduling an ac-
tivity, as in delaying a harvest or postponing a vacation trip.

Another type of response is movement. In some cases man finds he is
unable physically or psychologically to withstand severe climatic conditions,
such as long periods of cold or hot weather, or persistent rain. Technology,
while it may help adjustment to such conditions, may be too costly, or
may result in an environment so artificial that it is abandoned. Movement,
then, may be a permanent or temporary response to harsh climatic con-
ditions. There is a considerable amount of temporary movement, for example,
in response to severe weather events, or to extreme winters or hot humid
summers.
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Until recently, man's response to weather and climate has been con-
centrated mainly on adaptation, adjustment, and movement. It is true that
weather modification attempts have been made almost since the dawn of
civilization to increase or reduce rainfall, suppress lightning, and disperse
hailstorms. However, lack of proof of the success of these attempts has
resulted in weather modification being regarded by most people as an
interesting idea but impossible to achieve on a consistent basis. Most
skeptical of all have been research scientists studying the atmosphere.8

In the past few years, however, views about the possibilities of modifying
the weather have changed. In 1957, for example, the conclusion of the
President's Advisory Committee on NVeather Control that substantial
increases in precipitation could be achieved by artificial means was regarded
with much skepticism by professiont.1 meteorologists.* In 1966, however,
similar findings of the Special Commission on Weather Modification a and
the National Academy of Sciences-National Research Council Committee
on Weather and Climate Modification* aroused comparatively little debate
among scientists. These two groups also concluded that cold fog can be
dispersed and lightning suppressed, and that prospects for suppressing hail
are bright.

Man's increasing ability to modify the weather raises pc'aibilities of
reducing weather-caused losses on the one hand, and increasing the pro-
duction of certain goods and services on the other. Losses from major
storms, lightning, and floods continue to mount. It has been suggestsd that
such losses may be reduced by altering the physical processes that produce
them. Airlines, for example; can no doubt cut their losses and expand their
activities if it becomes possible to provide suitable flying conditions at
required times. It may also be possible to control precipitation, sunshine,
and temperature in ways that will increase agricultural production sub-
stantially, and thus help solve the world's food problem. Many other ad-
vantages may be visualized and claimed for weather modification.

Weather modification alters the weather for everyone. Not everyone,
however, wants the weather changed in the same way, or to the same degree.
Increased precipitation may benefit a hydro-electric power company by
augmenting the water supply in its reservoirs and thus increasing its reve-
nues; but precipitation induced for this purpose may ruin vacations for
tourists in the reservoir area. Some farmers may benefit from an extra two
inches of rain; but others may suffer severe losses from additional precipi-
tation. Not only may weather modification have differential effects within a
given area but it may also create differential effects in several other areas.
One area may benefit by an increase in precipitation; but this increase may
reduce precipitation in neighboring areas? Decisions about weather modi-
fication, therefore, need to take into account overall gains and losses.

Parallel to the new opportunities for weather modification are improve-
ments in the range and quality of forecasts. The advent of satellites, the
World Weather Watch, and the improved numerical models of the atmos-
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phere linked to bigger and faster computers suggests that, for example,
8-day forecasts with good accuracy for the 8th day are only a decade away.

Weather modification and improved information systems widen the range
of alternatives from which one can choose an accommmodation to weather
and climate. Which alternative is superior in a given instance depends on a
careful weighing of the overall gain- and loss-probabilities of the various
alternatives adaptation, adjustment, movement, and modification. The
following questions give some indication of what it would be desirable
to know to permit an objective appraisal of various alternatives:

A. To what extent are various human activities sensitive to changes
in the weather?

B. What is the impact of weather and climate on choice of location
( e.g., for industry) ?

C. How does weather affect the decision-making process?
D. How do human activities affect the weather?

Geographers have made a number of useful contributions to the study
of these questions. Gaps, however, exist, and these need to be filled before
completely satisfactory answers can be given. The types of studies that
have been undertaken to date, and those to which priority should now be
given are summarized in the following sections.

Contributions to Geographical Literature'
From an early stage in the development of their discipline, geographers

have been interested in the relationships between human activity and climatic
variations. At times, this relationship was believed to be so important that
attempts were made to explain the distribution of population and economic
activities almost entirely in terms of climatic conditions.' Environmental
determinism eventually gave way to "probabilism" and "possibilism"; but the
belief that climate does exert a profound influence on human activity still
has close adherents." A considerable portion of geographical literature
assumes this relationship.

Geographical analysis has been concerned with the physical aspects of
weather and climate on the one hand, and with human respcnse to weather
and climate on the other. Several important contributions have been made
in the development of climatological theory, and in the classification of cli-
mates. The work of C. W. Thornthwaite and his associates in particular
has provided the theory and classification prerequisite to evaluating the
human use of the atmosphere.n Contributions relating to human dimen-
sions of the problem have been concerned with analyzing impacts of weather
and climate on various types of economic activity, and studying physiological
effects of atmospheric variables on human beings, animals, and plants.

Effects of Weather and Climate on Agriculture
The fortunes of some economic activities are closely related to fluctuations

in the weather. Such is the case with agriculture. Although tezhnological
advances have made possible the development of weather-resistant crops, and
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improvements in weather forecasting have permitted minor adjustments
in planting and harvesting schedules, agricultural production in many parts
of the world is still very much at the mercy of the weather.

Numerous geographical studies have provided information about agri-
culture and the weather in different parts of the world. Some of these studies
have analyzed the relationship between rainfall and crop yield," and others
have determined effects of particular weather events on agriculture" The
focus of geographical inquiry, however, is now changing from description
to analysis, and to the development of theories about the relationships be-
tween climatic variations and agricultural production. For example, in
Maunder's study of the implications of climatic variations in New Zealand,
a model is developed for determining the overall impact of variations in
different weather parameters on the economy of a region." Curry's work in
analyzing the seasonal programming of agriculture 15 is also indicative of
the change in focus.

Effects of Weather and Climate on Manufacturing Industry
Considerable geographical research, especially in recent years, has bet:::

concerned with the location of manufacturing industry. Valuable studies
have examined specific industries and manufacturing activity in particular
regions. In addition, geographers have made major contributions to under-
standing the distribution of such activity by developing and applying theoret-
ical models.

In trying to explain the selection of location for manufacturing industry,
geographers have examined the potential importance of a wide variety of
factors, including climate. Most researchers seem to have concluded that
climate and weather are seldom major determinants of location, and that
they generally do not substantially affect manufacturing operations. Sum-
marizing the findings of a series of monographs on applied meteorology (pub-
lished in 1957), J. A. Russell noted that climate and weather appeared to
influence only the construction, automotive, and aircraft industries to any
major degree:6 Other industries, suggested Russell, were either unaffected
by variations in precipitation, temperature, pressure or wind, or they had
been able to protect themselves against weather effects at insignificant cost.
Valuable as these studies have been for isolating the possible effects of
various weather parameters on different industrial processes, they have failed
to provide information on the economic significance of these effects.

In an indirect way, climate may have some influence on industrial location.
The migration of population to the West since the second World War
reflects the fact that technological advances and growing affluence have
loosened locational ties. The list of "footloose" inuustries has grown enor-
mously in the past twenty years. Arizona, California, Texas, and Florida
have become magnets for population and for many industries." Recognition
of these forces led to E. L. Ullman's pioneering study of the role of amenities
in industrial location. Unfortunately, in later geographical studies, the
amenities factor seems to have received relatively little attention.
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Effects of Weather and Climate on Activities Other than Economic
Activities

Studies by natural scientists and others have shown that human activities
are affected in a wide variety of ways by changes in the weather. Human
beings arc able to withstand considerable extremes of temperature, but
productivity seems to !all rapidly before these extremes are reached. Produc-
tivity also varies with fluctuations in rainfall, wind, and pressure; and such
changes seem to stimulate various psychological reactions as well."

A variety of geographical studies have examined physiological and psycho-
logical reactions t..) fluctuations in the weather. Maunder has attempted a
classification of climate based on indices of human comfort." More recently,
Terjung has devised comfort and wind effect indices to produce a map of
annual physioclimatic extremes in the United States." Lee and Lemons have
studied man's adaptation to climate as revealed by his adoption of different
types of clothing.22 Several geographers have studied geographical aspects of
public health. Shosin, for example, has examined the incidence of various
types of disease in the Soviet Union." Murray has investigated causes of
death in England and Wales as they relate to the weather." Lee has also
examined the problems the armed forces face in adapting to foreign cli-
mates." Studies by applied climatologists of impacts of weather on human
physiology, psychology and activity have complemented research undertaken
by geographers."

Climate, Weather, and the Decision-Making Process

Man's accommodation of his atmospheric environment no doubt reflects
his perception of the effects of temperature, precipitation, and wind, and
his perception of the opportunities for adapting to them. The fact that he
rejects some climatic regions and accepts others indicates that he finds it
difficult or impossible to pursue certain activities where temperatures are
very high or very low, where precipitation is too sparse or too heavy, or where
winds are especially strong. Whether or not he rejects these types of climate,
or how he accommodates to them, varies considerably from region to region,
and reflects differing cultural backgrounds, levels of technology, levels
of economic development, and so on.

A few studies by geographers have furthered understanding of the influ-
ence of perception and attitudes on human adjustment to the atmosphere.
A study by Kates of perception of flood hazards 27 and research by Burton and
Kates 28 on other natural hazards have provided a framework for analyzing
human adjustment to variable physical phenomena, such as floods and winds.
Saarinen's examination of adjustment to drought in the Great Plains " and
Rooney's investigation of adjustment to snow in various parts of the United
States 80 have furnished additional insights into the relationship between
perception of weather events and human adjustments to them." In another
vein, studies by Saarinen 22 and by Sewell and Day" of the relationships
between perception of the effectiveness of weather modification and attitudes
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toward its adoption have suggested new avenues of inquiry into man's
accommodation of weather variations. A relatively new technique of analy-
sisthe Theory of Gamesnas been introduced by Gould as a research tool
and conceptual framework for studying human and economic geography."
The study of the role of perception and attitudes in decisionmaking related
to the use of atmospheric resources, however, remains a critically important,
but still relatively undeveloped area of inquiry.

Effects of Human Activities on Weather and Climate

The physical environment places various limitations on human settlement
and activity. But man himself also creates limitations in his attempts to
accommodate environment. Hence, in many parts of the world, concern
about the effects of human activity on land, water, and the atmosphere is
growing.

Geographers have tried to trace the impact of certain human activities
on the physical environment. Some have studied the effects of deforestation on
portions of the hydrologic cycle," and the effects of human activities on
weather and climate, for example, in connection with the formation of
deserts." A few have shown particular concern with the effects of human
activity on the atmosphere." Others have investigated the effects of urbani-
zation on climate," and the influence of urbanization and industrialization
on pollution and the weather.7.°

Purposeful Weather Modification

As noted earlier, man can either adapt to the weather, adjust his ac-
tivities to accommodate it, or try to alter the processes which produce it.
Although geographers have shown considerable interest in other forms
of human modification of the physical environment (such as agricultural
development, harnessing of water resources, and deforestation), they have
undertaken only a few studies of weather modification. Apart from con-
tributions by Ackerman 40 and Spilhaus," little in the geographical litera-
ture has dealt specifically with this subject.

Geographers, like other social scientists, have had little incentive to ex-
amine weather modification as an alternative means of coping with the
physical environment. Uncertainty as to the possibilities of altering the
weather, and lack of funds for research relating to weather modif::: tion
have confined their efforts to studying other human responses to weather an l
climate. However, several geographers, who participated in the recent
Symposium on the Economic and Social Effects of Weather Modification,
have since become involved in research relating to weather modification.
The present commitment of geographers to this field of inquiry remains
extremely small, a situation that is unlikely to change unless major efforts
are made to emphasize the importance of research in this area, and unless
adequate funds are made available for the required training and research
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Priorities for Future Research
Some questions relating to human adjustment to weather and climate have

been identified; and past contributions to geographical literature on these
matters have been reviewed. Now, the issue is to outline directions which
future research on human adjustment to the atmosphere should take. Four
main lines of inquiry are recommended, corresponding to the four major
questions posed earlier in the paper. Some of this research can usefully be
undertaken by geographers, and some of it by workers from other disciplines.

Sensitivity of Activities to Weather and Climate
Human activities differ considerably in their sensitivity to temperature,

precipitation, and wind. While some activities can be undertaken under a
wide range of atmospheric conditions, others are profoundly affected by
the slightest change in weather. Our knowledge of these sensitivities, how-
ever, is imprecise and incomplete. Information about agricultural impacts
is much more comprehensive than that regarding most other activities,
but it is still incomplete. Data on the effects of weather variations on manu-
facturing industry are almost non-existent. Apart from a few studies of
effects on the transportation industry,4 2 construction industry," and some
tertiary industries," impacts on non-agricultural industries have been in-
vestigated only to a minor extent. Much more work needs to be done before
precise estimates of effects of changes in various weather parameters on
given industries or activities can be developed, and before the impact of
such changes on the economy as a whole can be traced .°

Two broad types of investigation are needed: studies of impacts on par-
ticular industries, and studies of effects on different regions. Their ultimate
purpose should be to make possible answers to such questiow as the follow-
ing: what is the economic and/or social significance of an extra inch of
rainfall or an extra degree of temperature for a particular activity? What
is the economic impact of hailstorms or hurricanes on given regions?

Models capable of giving preliminary answers to these questions are
presently available. The use of input-output analysis for both intra-regional
and inter-regional evaluation of weather modification and information pro-
grams has been proposed by Langford." Such models trace through a re-
gional economic system the alterations in production functions that follow
from weather modification or from improvements in information systems.
Potentially these models can take into account the inter-regional effects
as well.

Simulation of climatological events has been proposed by McQuigg
and Fiering," in order to examine trade-offs between assumed levels of
information and modification potential. For example, using the methodology
developed by the Harvard Water Program," it should he possible to ex-
amine the countervailing effects of hurricane modification. Hurricane mod-
ification, for example, can provide very positive benefits by preventing prop-
erty damage and loss of life from floods and winds. At the same time, such
modification can produce negative benefits by reducing regional water
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supplies. Important questions are raised as a resiAt. What is the incremental
contribution of hurricane-derived moisture to water supplies in the North-
east, in the Southwest? If all hurricanes were to be dissipated at sea, would
New York's water supply problems be further aggravated? To what extent?
Answers to such questions would help in assessing not only the immediate
effects but also the long-term results of specific weather modification efforts
and the desirability of implementing such programs.

Impact of Weather and Climate on Locational Decisions
As noted earlier, although climate has usually not been a major factor

in Locational decisions, its importance seems to have grown. The desire to
live in a pleasant climate, combined with increasing labor and industrial
mob;lity, has contributed to the growth of the Far West, Southwest, and
Southeast.

Although it is clear that climate has played a role in the development of
these regions, it is not certain how significant this factor has been when
compared with others. How important a role increased labor mobility and
increased industrial mobility have played is not clear. In some cases, in-
dustries have moved in to take advantage of growing pools of labor. In
others, industrial concerns located in regions of pleasant climate have con-
ducted nationwide campaigns to attract workers to their plants. In still
other cases, industries have been E uracted into such areas to serve the needs
of retirement populations.

Studies are needed to determine the influence of climate in the postwar
expansion of the West, Southwest, and Southeast. Research should be
undertaken, for example, to examine the reasons why people have moved
to Tucson, Ariz., or Santa Barbara, Calif. Studies of the requirements of
industries which have moved into such regions should also be valuable.
Much needs to be added to Ullman's thoughts on the role of amenities in
regional growth.

Role of Weather and Climate in Decisionmaking
How do people decide which of several alternative means of accommo-

dating different weather parameters is the most appropriate? Much depends
upon how they perceive these parameters, and on their perception of and
attitudes towards various alternative adjustments to temperature, precipita-
tion, and wind. Relatively little is known, however, about such perceptions
and attitudes. For example, what factors condition the manner in which
people interpret and respond to information given in a weather forecast?
Why do some people welcome weather modification activity but others op-
pose it?

Despite our present inability to specify, for example, how weather in-
formation is in fact used, some progress has been made in developing norma-
tive models to describe how information or weather modification can be
used. A number of examples have been prepared dealing with the demand
for natural gas and with the scheduling of agricultural and other activities."
Further work can usefully be undertaken in this connection. In addition,
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a much more vigorous effort needs to be made to improve understanding
of perceptions of and attitudes toward various types of adjustment to the
weather.

Effects of Human Activities on Weather and Climate
In addition to studies of human response to the atmospheric environment,

investigations are also needed to improve knowledge of the: effects of human
activity on the atmosphere. As noted earlier, a few studies have examined the
influence of urbanization on climate and weather. Some have indicated, for
example, that cities may provide radically different radiation regimes than
less populated areas." Within a city, the varied man-made topography
seems to result in changes in wind patterns and temperature. On a larger
scale, regional climates may be altered, for example, by roan -made lakes."
In a more speculative realm, some studies suggest that the earth is heating
up from the increased CO2 content of the air;53 that the formation of deserts
is related to dust particles in the atmosphere;54 and that jet contrails of
future supersonic planes may be a potential source of climatic disturbance.
It is possible that inadvertent modification of the weather will become even
more important than purposeful modification as a problem demanding so-
cial action. Studies in this connection, therefore, appear, to be especially
urgent.

Conclusion

The foregoing suggestions for studies are intended to illustrate the types
of problems that merit attention. Many other topics can, of course, he pro-
posed. At this kincture, however, it seems that the types of studies recom-
mended are of particular concern and require early attention. Studies are
urgently needed to examine sensitivities of human activities to weather and
climate; to determine the impact of weather and climate on locational
decisions; to investigate the role of weather and climate in decisionmnking;
and to determine the effects of human activities on weather and climate.
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Appendix

NEEDS FOR RESEARCH ON ECOLOGICAL ASPECTS
OF HUMAN USES OF THE ATMOSPHERE

CHARLES F. COOPER, School of Natural Resources, University of Michi-
gan, Ann Arbor, Mich.

Any recognizable unit of landscapea lake, a stand of pines, a city park
includes a variety of plants and animals living together, competing, and
interacting with each other and with their environment. Such an association
of plants and animals, together with the non-living topographic, soil, and
climatic factolb that circumscribe their existence, is an ecosystem. Man is
an essential component of practically all ecosystems, and there are few that
have not been appreciably modified by man's activities. The spectrum of
change extends from the artificiality of large cities and intensively cultivated
rice paddies to wildernesses almost untouched by man. Man's use of at-
mospheric resources is perhaps as pervasive as any other of his activities
in affecting the whole range of natural and artificial ecosystems.

Prediction of the effects of weather modification and of atmospheric
pollution on natural and artificial ecosystems provides essential data for
balancing the costs to society as a whole of speci6c human uses of the atmos-
phere against the benefits. The benefits are normally weighed and em-
phasized by proponents of new programs; and the immediate direct and in-
direct costs of carrying out such programs quickly become evident at the
stage of operational planning. Unintqlnded and unwanted effects on plants
and animals of interest and value to man are likewise a part of the cost
of weather modification programs.

Some of these effects may have directly measurable costs, as when chanced
weather patterns trigger an outbreak of insect pests. In other cases, the effects
may be mostly on those plants and animals which lack a specific monetary
value, but which contribute to the quality of living for a growing segment
of the public. In an era when the central problem in the economic devel-
opment of advanced societies is not how to avoid scarcity but how to
distribute abundance, these amenity values deserve more attention than
was appropriate in an earlier stage of national development.

Ecological knowledge has not yet reached the stage where reliable pre-
dictions can be made of the probable effects of specific changes in environ-
mental variables on plant and animal communities. Because of the inherent
variability of ecological processes, it is unlikely that strictly deterministic
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predictions of this sort can ever be made. However, a great deal of infor-
mation has been collected in the last sixty years on the relations between
organisms and environment. These data have not generally been organized
into predictive models useful for assessing the effects of environmental
change on whole ecosystems. This now appears possible., at least in a
preliminary way. The resulting models can then be used to guide additional
field and laboratory research.

Weather modification is a specific means by which man prop-...ls to alter
his environment on a large scale, and in a manner which is at least roughly
quantifiable. As such, it is a valuable case study to point the way toward
procedures for predicting the impact of other, less directly quantifiable mod-
ifications of environment. The methods used in successfully predicting how
selected ecosystems r all respond to changes in weather parameters should
be adaptable to predicting effects of such human uses of the atmosphere as
waste disposal, as well as to predicting changes likely to result from man's
other activities on land and in the oceans.

Major Questions
Several types of questions may be aAed about unintended consequences

of human use of the atmosphere. The first class of questions deals with the
effects of planned weather modification on those plants and animals that
are not the primary targets of the operational program. The prediction of
outbreaks of insect and vertebrate pests and a plant and animal diseases
triggered by changes in weather patterns is in this category. Similarly,
ecologists should be able to anticipate the spread of weeds and of undesirable
atimals into new habita's made hospitable by weather modification. Pos-
sible undesirable side effects are usually emphasized in ecologists' discussions
of weather modification; but concitions may equally well be improved for
species of animals and plants consitlered desirable by man, and rendered
Iess suitable for some undesirable organisms.

Increased precipitation may set off accelerated erosion at the same time
that greater plant cover resulting from the increased precipitation reduces
the likelihood of erosion. This complex interaction is subject to ecological
analysis. The vegetation and the animal populations of mountain watersheds
may be changed in varying degree by programs aimed at increasing runoff
into streams and reservoirs; forest tree growth may be accelerated at the
same time that overwintering elk are hampered by deep snow. Changes in
biological productivity and in rates of energy flow are likely in watershed
ecosystems that are the target of weather modification programs. These
changes also need to be evaluated.

A second major class of ecological problems related to man's use of the
atmosphere has to do with the consequences of air pollution. It is becoming
increasingly obvious that a whole range of adverse effects is associated with
use of the atmosphere for waste disposal. Many pollutants have a direct
toxic effect on plants and animals. Some of these effects are highly selective.
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Some lead to substantial changes in the composition and functioning of
ecosystems, perhaps far from the source of the pollution. Among the chemical
pollutants that need additional study is the silver added to the environment
in low concentrations during cloud seeding operations. Little is known
of the biogeochetnistry of this highly toxic element.

Land management activities, waste disposal in the atmosphere, and burn-
ing of fossil fuels add dust, particulate combustion products, and carbon
dioxide to the air. These contaminants may be sufficiently abundant to
change the weather over areas as Large as a continent, bringing a whole chain
of unanticipated consequences. Ecologists are interested not only in pre-
diction of these consequences, but also in how ecological processes of vegeta-
tion influence the carbon titoxide balance of the earth and the control
of surface dust.

A third class of questions is related to the preceding two: which of the
predicted effects are reversible and which are not? Extinction of a species
as a result of weather modification or air pollution is irreversible. An ir-
reversiNe effect involves quite different social and biological values than those
associated with such reversible changes as a short-lived outbreak of harm-
ful insects that can be brought back under control by ending the weather
modificadon program which triggered the multiplication. Of course, some
ecologists wm,:d claim that no substantial change in a functioning ecosystem
is fully reversible: this is one of the problems for investigation. A difference
in degree of reversibility is certainly to be expected, depending on whether
the atmospheric change extends over one, two, or many years. This prob-
lem r ..so needs to be evaluated.

Status of Ecological Research

To date, ecologists have been primarily concerned with describing the
structure of ecosystem-, and with identifying the responses of individual
organisms to environmental variables. We now have a reasonably good un-
derstanding of the individual components of many communities and of
their spatial relations to one another; and we know to some extent how
isolated organisms respond to variations in their environment. However,
we have only the rudiments of a theory of how the components of a com-
plex ecosystem interact at tho community level in response to changes
in environmental variables.

Nevertheless, ecology is changing rapidly from a purely descriptive to
a predictive science, largely because of the accumulation of a critical re=s
of descriptive knowledge, accompanied by synthesis of this knowledge into
conceptual models of ecosystem function. Completion of this synthesis
must rely heavily on the new tools of systems analysis and data processing
with high-speed computerstools which so far have been exploited only in
a superficial way by most practicing ecologists. The theoretical models thus
derived will then be tested and further refined through field and laboratory
observation and experiment
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The situation in ecology is in many respects analogous to that in meteor-
ology, where the combination of an accelerated flow of observational data and
progressive improvements in computer models of the atmosphere, rather than
wholly new theory, is leading to a much better understanding of atmospheric
processes than was possible a decade ago. Ecologists, however, have lagged
substantially behind meteorologists in their ell- -t collection programs and
in their acceptance of the new methods made available by the coming of
the computer. Implementation of the forthcoming International Biological
Program (National Academy of Sciences, 1967), may do much to accelerate
development in both these areas.

Future Directions of Research

The fo:lowing discussion emphasizes ecological effects of weather modifica-
tion, rather than the effects of air pollution and other human uses of the
atmosphere. Man modifies local weather, not just by planned interference
with atmospheric processes, but also by unplanned interference: by destroy-
ing vegetation, building cities, and in other ways altering the reflectivity,
emissivity, water balance, carbon dioxide balance, and dust retention char-
acteristics of the earth's surface. Such unintended changes are highly sig-
nificant in many areas. Research cn the effects of unplanned as well as
planned modifications of the atmosphere needs to be intensified.

A comprehensive review of the ecological and agricultural literature to
identify useful generalizations is a desirable first step in developing a pre-
dictive model of the ecological implications of weather modification. Such
a review is now being undertaken at the University of Michigan as a con-
tribution to the work of this Task Group.

Ecologists have made few direct efforts to predict the effects of planned
weather modification. They haver' -voted much time to unraveling the his-
tory of climatic change, particularly climatic change since the Pleistocene,
and to describing the effects of such change on the distribution of plants and
animals. However, these data for the most part are so fragmentary ana
circumstantial as to be of little use in predicting the effects of thecompara-
tively small and short-term climatic changes anticipated from weather mod-
ification programs. Both the time scale and the magnitude of the changes
studied by paleoecologists are substantially greater than those of interest
here.

An exception is likely to be the work of those tree-ring analysts who
have attempted to use variations in the width of tree rings to infer variations
ill past weather. In doing so, they have been forced to develop models that
look backward in time; their methods and results will probably have appli-
cation to the problem of predicting the ecological effects of future weather
change.

The raost promising current source of data for developing a predictive
model is the extensive literature dealing with the effects of weathr- and
climate on existing plant and animal communities. Most of these studies
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were undertaken for explanatory rather than for predictive reasons; when
interpreted as a group, however, they may lead to useful ...ualitative infer-
ences about the likely effects of specific weather modification programs. The
review now in progress is intended to set up a series of relatively simple
hypotheses about likely responses of different kinds of ecosystems to changes
in weather patterns that seem technically feasible. These hypotheses can then
serve as a basis for future research. As an example, there is evidence that the
effect on vegetation of a given percentage-increase in precipitation will gen-
erally be greater in a semiarid climate than in one that is either very wet or
very dry.

Future research must necessarily combine eletailecl field and laboratory
investigations with large-scale computer models of the structure and func-
tion of ecosystems. Computer models are particularly well adapted to deal-
ing with problems that are presently beyond the range of analytical solution
because of their size and complexity, or because they cannot be solved effec-
tively by experimentation on actual systems. Full-scale ecosystems have both
of these characteristics: they are large and complex, and they discourage
certain experimental efforts because of the time required for significant
changes to occur and results to emerge. Hence, computer models are well
suited to dealing with problems of full-scale ecosystems.

Computer models hi,wever, are only as good as the data that go into
them, and only as good as the underlying functional relationships upon which
they are based. Ecological k_eceetledge is deficient in both these respects;
hence, active field research and data collection must accompany intensive
efforts at model construction. Ecological models are principally useful for
suggesting fruitful lines of field research and for eliminating unfruitful
hypotheses; they are in no sense an end in themselves.

The principal objective of computer models of the effects of weather
modification on large-scale ecosystems is best described as sensitivity analysis.
From available data on weather factors and associated vegetation and animal
responses, classes of organism-weather sysitems highly sensitive to relatively
small changes in specific weather parameters can be identified. Conversely,
those ecosystems relatively insensitive to sucie changes can be characterized,
Closely related to this problem is that of determining how much of a change
in a specific weather parameter ( say, February-to-April p:ccipitation) is

required to induce a recognizable change in a particular pliant and animal
community. This is especially important when the ecosystem change is in-
dicated to be irreversible.

There are several related and complementary approaches to this sort
of sensitivity analysis. The only one used to any real extent so far by
ecologists is the family of methods built around regression, analysis of
variance, and other conventional agricultural statistics. Although still
highly useful, this approach presents a num 'r of difficulties, which will be
discussed later.

A second approach is system simulation. This technique is exemplified by
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the watershed models of Crawford and Linsley (1966) , which imitate the
hydrologic behavior of small stream basins. Known functional relations
among variables are incorporated into a system of equations, perhaps num-
bering in the thousands; these are successively refined and tested against
observational data until they adequately reproduce the behavior of the
system under inputs observed to have occurred in the past. Then the inputs
are varied, perhaps outside their normal range, or in patterns and sequences
not previously encountered. Once a successful model has been set up, hun-
dreds of combinations of inputs can be run through the computer in a few
seconds at little cost. Such a simulation system can be extended to include
ecological data.

A major obstacle to developing effective ecosystem models is the relative
unavailability of data. Ecologists in many geographical areas are making
relevant observations in the course of their personal research; but these
observations are seldom available to the general biological community. A
mass of useful data is stored in the files of governmental agencies. Good use
could probaHy be made, for example, of the periodic range surveys made
by the U.S. Forest Service, Bureau of Land Management, and Soil Con-
servation Service. An important contribution of the International Biological
Program may be the standardization of ecological data collection procedures
and the establishment of central data banks accessible to ali.

As Malone (1967) has pointed out, much research bearing on biological
consequences of weather modification remains to be done by individual
investigators or groups of investigatorsby so-called "Little Science; but
the final development of ecosystem models and their validation in the field
are in a different and more expensive category"Big Science." Preliminary
work can be done by small grcups of university investigators. For example,
a project sponsored by the Cooperative State Research Service, U.S. De-
partment of Agriculture, is getting under way at the University of Michigan
to study the kinds of models, and data that will be required for successful
computer modeling of the effects of weather modification on watershed eco-
systems. Similar work of high quality has been done at other institutions,
notably the University of California at Davis. Ultimately, though, much
of this effort must neces2arily be concentrated at a few national laboratories
that have ample financing, field facilities, and skilled manpower; as well as
adequate computing facilities and the multidisciplinary teams needed to get
the most from them. Such national laboratori' for ecological research do
not now exist.

There is a need for intensified field and laboratory investiga'Ion of the
effects on specific organisms of changes in temperature, moisture, and other
environmental variables. In addition, selected natural and artificial com-
munities should be subjected to controlled, strictly localized weather modi-
fication. Since increased precipitatio'l is likely to be the principal initial
objective u! operational weather modification programs, the first expeti-
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ments might involve application of artificial rain. Such experiments could
yield not only better knowledge of the implications of weather modification,
but also fundamental data on plant and animal population dynamics under
the influence of wear her.

Statistical interpretation of the results of such experiments is far from easy,
however. Classical methods of multiple regression and analysis of variance
are best adapted to dealing with factors that are essentially independent of
one another. Elements of weather and climate interact in such a complex
manner as to render analysis by many of the conventional statistical methods
suspect. Furthermore, the parameters dealt with seldom meet the statisti-
cian's criteria of normal or random distribution. New and unconven-
tional statistical approaches may be necessary to untangle the complex
mixture of causes and effects encountered in field experiments. It is note-
worthy that agriculturalists and hydrologists are not prepared to specify
in detail how the systems that are the target of weather modification pro-
grams will respond. Indirect ecological effects will be even harder to predict
from a few field experiments.

Detailed long-term monitoring of the effects of weather modification in
the field should be an integral part of an operational research program in-
volving direct activities in the atmosphere. To quote from Whittaker (1967) :
"In an area in which weather is to be modified, natural communities should
be selected for study and permanent plots established in them. Communities
should be chosen to represent tie full range of environments and major types
of communities in the area, including such extreme environments as ravines,
dry slopes, and exposed rock outcrops. Before weather modification, sample
plots of these communities shouh be mapped _ .d photographed, and
measurements taken of wood rings and other indicators of plant growth rates.
The plots would be restudied during and after a period of weather modifica-
tion to determine changes. Control plots in similar conditions outside the
area of weather modification should be sought; and for maximum value
both these and the sample plots should be in areas subject to long-term pro-
tection and available for continued observation." It is urgent that such mon-
itoring programs be established at once to accompany the large-scale field
weather modification experiments of the Bureau of Reclamation and others.

Particular care must be taken in interpreting the monitoring data to ac-
count for interactions. For example, a weather modification program in a
livestock grazing area is likely to ind.ice changes in livestock use patterns that
could have a powerful influence on range ecpsystems ahnost independent of
the weather modification itself. A further triavoidable disadvantag-: of this
and other field experi:-.1ents is the length of time reql,:iLd fcn. sigrif'cr- it re-
sults to become avaiible. Fifteen years is probabl- a minimum time before
conclusions can be dr.iwn with any degree of certainty.

It is also importan : that ecological studies evaluate the consequences of
decreasing as well as I: rmeasing precipitation: it is possible that c lou i seeding
in one area may decn ant rainfall downwind.
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Economic Implications of the Ecological Problem
There is no assurance that proposed uses of the atmosphere will provide

benefits in man's quality of living commensurate with the costs. Even if
such assurance can be given, the complex problem of achieving an et- ttitaLie
distribution of benefits and costs will remain. The latter include not only
the direct costs associated with use of the atmosphere, but also the loss
of potential satisfactions from ecosystems adversely affected by such use.

Every effort should be made to limit changes that restrict the range of
future choice. Coming generations may place a higher value on certain
aspects of biological environment than we do today. In an age of abundance,
we should plan to maintain and enhance opportunities for choice in a future
where tastes and desires may change. For this reason, very high values should
be assigned to the amenities associated with natural plant and animal com-
munities, and a high cost attached to their irreversible modification. This
does not mean, however, that these natural ecosystems must be considered lit-
erally priceless or of infinite value. Rcsear..1. is badly needed to assign eco-
nomic values to the future desires of an affluent population for natural plant
and animal communities of the type that exist today.

Orthodox economic analysis can, without too much cinculty, assign
monetaky values to some of the more straightforward consequences of
weather modification. For example, the costs of damage from an insect out-
break triggered by increased rain, or the value of accelerated forest growth,
can be estimated once the economist has the relevant data from the ecologist.
In other instances, where the primary values affected are the amenities
associated with the presence, absence, or relative abundance of certain
kinds of animals or plants in a particular area, the problem becomes more
lifficult. Here, some form of "social accounting" (Bauer, 1966) may be

required, combining sociological studies of how people perceive their
environment with ecological studies of what is biologically possible and eco-
nomic studies of the values that people assign to arious environmental con-
ditions. It should be possible by these means to arrive at a rank order, if not
at direct quantitative measures, of the desirability of alternative investment
strategies.

Most economic decision models have been developed under assumptions
of relative determinacy in the o uts. Weather modification problems in-
volve large random components in both the weather and the biological
effects. The problem of decisionmaking under conditions of uncertainty
is being actively explored, but he solutions are not yet very satisfactory.
What is the value of reducing uncertainty by means of long-term forecasts
of weather or streamfiow as compared with the value of relatively small
increments of additional water or crop growth with a high associated stand-
ard deviation? How can decision models be developed that will incorporate
a continual flow of relevant social, biological, and political information?

Research efforts should be made to develop a resource management model
that will specify the consequences of a given set of management strategies
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within certain probability limits. The model should indicatz when these
consequences will occur and who will be affected. It should suggest how
the benefits and costs might be distributed and who should be responsible
for making the investment. Sets of reasonable alternatives, derived from
the predictive model, can then be formulated and presented for political
decision. The broader the array of opportunities set up for exploration,
the greater the final range of choice will be. We do not yet have the in-
formation, either from ecology or from economics, to specify all the avail-
able opportunities. Research to provide this information will be fruitful far
beyond the fields of weather modification and air pollution.

Education and Training
A major eealcational effort is required to develop ecologically oriented

scientists capable of dealing effectively with the issues raised in this report.
The shortage of such scientists is not only quantitative but also qualitative.
Most ecologists have preferred to work in remote areas arid, so far as pos-
sible, to study communities undisturbed by man. Few institutions are now
educating students to make effective use of the analytical tools necessary to
deal with man - dominated ecosystems. Emphasis in ecology at most uni-
versities is on natural communities and on observational techniques.

More emphasis should be given to graduate education in the experimental,
physiological, and systems analysis aspects of ecology. Several institutions are
making a good start in this field, but more need to become so involved.
Strenuous efforts must be made to acquaint good graduate students with
the opportunities growing out of the national effort in ecology. Perhaps the
most scrims obstacle to realizing the program suggested in this report is
the shortage of trained people. Until that shortage is overcome, we are
like ly to make little progress toward quantitative prediction of the probable
con .equences of human uses of the atmosphere.
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Appendix IV

SOCIOLOGICAL ASPECTS OF HUMAN DIMENSIONS
OF THE ATMOSPHERE

J. EUGENE HAAS, Department of Sociology, University of Colorado,
Boulder, Colo.

Sociology in the broadest sense deals with the scientific study of man as
a social being, his social organization and culture. While a few sociologists
early in this century speculated on the way§ in which the environment may
shape man's institutions, no meaningful research on the possible relationship
was conducted. During the period from 1930 to 1950, there appears to have
been a strong negative reaction to the suggestion that man's social behavior
may be determined significantly by his "natural" physical environment. in
recent years, however, sociologists seem to have developed a r --open'
attitude toward the possibility of this relationship. Perhaps wide pub-
licity given to air pollution problems in the mass media and the emergence
of research on drought, floods and other natural disasters have produced
some "second thoughts" on the part of sociologists. Nevertheless, a review of
recent social science literature makes it clear that research on the sociological
aspects i the relationships between man and the atmosphere has not yet
really begun. Indeed it appears that social scientists in general are only
now beginning to show serious interest in the human dimensions of the
atmosphere.

Major Questions

We know very little about the relation between specific dimensions of
"normal" weather variation and the various human activities in a community
or region. We need to conduct research leading to a better understanding
of the relation of weather variation to such tctors as:

1. Incidence of illness and use of 11,alth facilities and personnel.
2. Incidence of crime, and law enforcement efforts.
3. Use of educational facilities and student performance.
4. Flow of persons and goods through transportation networks.
5. Nature of major recreational and leisure time activities.
6. Disruption and use of basic community services (fire protection;

electric, water and gas distribution; and mass communications).
7. Participation in political activity (registration, voting, etc.) .
8. Incidence c,i .-acial disturbances.
9. Demand for and use of welfare services.
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A related question deals with the collection, dissemination and use of
weather forecasts. What is the influence of weather forecasting? How do
th. frantent of forecasts and the mode and speed of dissemination relate to

vtation and. use?
Man's modification of atmospheric conditions raises still another group

of questions. If man has developed a set of adjustment mechanisms to cope
with the atmosphere as he has perceived and experienced it over a long pe-
riod of time, and that set of atmospheric conditions is altered significantly
by inadvertent actions or planned efforts, some kind of readjustment is bound
to occur. What are the discernible consequences of weather modification?
What kinds of individual and group readjustents can be anticipated? Do
individual and community responses to planned weather modifier-don differ
significantly from those to inadvertent modification (such as air polli,tion) ?

The following outline of a possible research approach to this matter il-
lustrates one perspective wh'..ch seems feasible and pctentially significant.

Longitudinal (panel) studies of community and individual response to
precipitation augmentation efforts

A. Communities to be selected for study.
1. Experimental communities (Ex Corn) of more than 2,500 popula-

tion which will probably be affected by augmentation efforts.
2. Control communities nearby (Con Corn I), matched on selected

variables, not subject to modification efforts or located in any hypo-
thetical "rain shadow," but likely to receive the same information
about the efforts as Ex Corn.

3. Control communities (Con Com II) matched on the same selected
variables as above, but not likely to receive as much information about
precipitation augmentation efforts.

B. Types of data to be collected.
1. Monitoring of mass media input about augmentation efforts:

radio, TV, newspapers and magazines which have significant sub-
scriber audiences in each community. Include news reports, editorials,
feature stories, letters to editor, etc.

2. Systematic collection of data on speeches, public meetings, plan-
ning groups and "interest gro:ips" where subject is discussed. Attend
such events where possible; otherwise collect data from persons who
did attend.

3. Measures of attitudes toward precipitation augmentation and per-
ceptions of the climatological events and their consequences "before,"
"during" and "after."

a. Members of the "power elite" or "community inffuentials."
b. Sample of those "directly" affected.
c. Sample of community members not in the above categories.
d. Persons involved in phnning, application and administration

of the weather modification efforts.
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4. Data on organized response actions by members of the community.
These would include pro- or anti-efforts, such as organized letter-
writing or phone campaigns, protest or support meetings, lobbying
efforts, and harassment efforts of whatever type. Response actions
might come from emergent groups and organizations, or from estab-
lished organizations of various kinds. The efforts might be of many
types: legal, openly political, sub rosa political, economic, educational,
or general mutual support.

5. Data on actions and expressions of policy and opinion from per-
sons involved in planning, application and administration of the weather
modification efforts prior to and in the face of response actions from
the community. Heavy emphasis would be placed on securing a com-
plete picture of the on-going interaction between community members
and groups on the one hand, and the "weather modifiers" on the other.
The emphasis would be on processes and issues involved, rather than
just on persons, groups and the specific events as they unfold.

6. Data on relatively permanent changes: community adjustment,
adaption and structural change lasting at least to the end of the data
collection phase. This is probably the most difficult problem for re-
search design and implementation; but it is in many respects the most
important. While measures of attitudes and perceptions about attempts
to augment precipitation would provide part of the answer, the most
important data would reveal power considerations generally (legal,
political, economic, social). (I would envision this part of the research
paralleling the type of effort seen in Philip Selznick's TVA and the
Grass Roots.

Finally, there are many unanswered questions regarding man's percep-
tion of and adaptation to "extreme" weather events, such as hurricanes, bliz-
zards, tornadoes and floods. Do communities which have an above-
average incidence of such events develop a relatively distinct "disaster
sub-culture"? Do citizens in such disaster-prone communities develop a
heightened sensitivity to weather forecasts in general, or only to severe
storm warnings? Or is apathy the dominant mode of adjustment? Does
adaptation vary significantly among various socio-economic levels? Are
communities which frequently experience such weather hazards more likely
to have effective organizational mechanisms for minimizing disruption,
damage and injury than those which seldom experience such extreme
weather events? Can adequate "disaster preparedness" be induced in com-
munities which seldom experience severe storms or floods? Answers to
these and similar questions are both scientifically and pragmatically
significant.

Recommendations

1. Planned weather modification in form of efforts to augment precipi-
tation is about to get underway on a fairly large scale. While it is likely
that these attempts will produce only moderate increases in precipitation,
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it s very much an open question as to how these efforts will be perceived
by the population in affected area. It is possible that a small increase in
precipitation may produce a large unanticipated response. Our ignorance
about the short- and long-term consequences of modification activities is
almost beyond description. Therefore, research proposals dealing with
the social, political and economic aspects of planned weather modification
should be given high priority.

2. Fm better or worse, the scientific study of human social behavior has
been and will probably continue .'xs be primarily the job of the several social
science disciplineseach with Ill own somewhat unique theoretical per-
spective and methodological approach. While there is a good deal of
justification for this division of labor, it is also clear that there are "problem
areas" where a multidisciplinary approach has distinct advantages. Ex-
amples where the multidisciplinary approach is emerging include urban
and regional planning, rehabilitation of persons with medical disabilities,
"war on poverty" efforts, organizational analysis, and criminology. Since
social behavior is or may be influenced by the atmosphere, and since man's
behavior is obviously altering the atmosphere, it would appear that a multi-
disciplinary approach to the study of human dimem;ons of the atmosphere
is distinctly called for.

A multidisciplinary approach cannot be mandated, but it should be
encouraged in a variety of ways. The primary and immediate need is for
a center for collecting and disseminating information about activities and
opportunities related to both basic and applied research on human dimen-
sions of the atmosphere. Such a center should be established on a university
campus in order to ensure ease of communication among members of all of
the behavioral and atmospheric sciences. Initially the center should col-
lect information about potential research support, relevant governmental
policy, on-going research activity, fellowships and traineeships, symposia,
new university programs for training, and research reports, articles and
books dealing with theoretical and methodological developments in the
behavioral and atmospheric sciences as they relate to human dimensions of
the atmosphere. A quarterly or bi-monthly newsletter should be prepared
from these materials and sent to all persons who are interested in the area or
who are in positions to influence the interests of others. Such a center should
be established immediately.

Another way to encourage a multidisciplinary approach is by providing
funds for it. Financing for fellowships, traineeships and internships in multi-
disciplinary programs will encourage universities, research centers and rele-
vant governmental agencies to develop such programs. These should be
primarily, but not exclusively, at the graduate level.

Research proposals which incorporate a multidisciplinary approach should
be given higher priority in the allocation of research funds than those which
do not. This should be made explicit in official announcements; and, where
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possibl- , the review of such proposals should be made by professionals who
do not have a narrow, single-discipline Drientatinn.

3. Finally, since the earth': atmosphere is not the private domain of any
nation, we must recognize the international aspects of the man-atmosphere
interaction. Various efforts are undoubredly warranted; but at least two
require early implementation. First, yearly symposia should be planned to
consider international aspects of the ,:roblem. These should be financed in
such a manner that professionals from less affluent nations may attend and
contribute. At least half of the meetings should be held outside of the United
States.

Second, active exchange programs should be developed. Those should
be financed to allow less affluent professionals in the United States and abroad
to participate. The exchange programs shor9 not be limited to university-
based professors, l ut should include other qualified persons interested in man-
atmosphers relationships. The programs should provide opportunities for
teaching and consultation activities, as well as for intensive research.
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Appendix V

ECONOMIC RESEARCH ASPECTS OF HUMAN ADJUSTMENT
TO WEATHER AND CLIMATE

JAMES A. CRUTCHFIELD, Department ,rf Economics, Uniz,ersity of
Washington, Seattle, Wash.

W. R. DERRICK SEWELL. Department of Er..,nonzics and Political
Science, University of Victoria, Victoria, British Columbia

The past decade has witnessed a rapidly growing concern about the man-
agement of atmospheric resources. In many parts of the United States, air
x)ollution has reached serious proportions, and action has been called for
to deal with this problem on a national scale. Losses of property and life
caused by hurricanes, tornadoes, lightning, heavy snow; and floods continue
to mount. Persistent droughts in the Northeast and the desire of the Bureau
of Reclamation to augment the water supplier of its irrigation and hydro-
power schemes in the West have led to increasing pressure for programs
of weather modification and for expanded research in that field. Increasing
attention is being given to the important economic effects of weather and
climate on human activities.

Variations in weather and climate affect human activities in at least three
major ways. First, temperature, precipitation, and wind are important
elements in certain production processes. Variations in temperature and
precipitation, for example, often mark the boundary between success and
failure in agriculture. The amount and timing of precipitation have impor-
tant effects on the operation of hydro-electric power systems. Second, the
weather sometimes causes considerable losses of property and income, as in
the case of wind storms, heavy snow, lightning, or hail. Third, the atmosph-Te
is one of the most dynamic elements of the nautral environment, changing
constantly in composition. The timing and the magnitude of these changes
are difficult to predict. Uncertainty, therefore, is a major factor affecting
human use of the atmosphere.

Man has tried to cope with weather variations in several ways, ranging
from taking no action at all to attempts to alter the processes which produce
the weather. For many economic activities weather variations arc unimpor-
tant, and no action is called for to accommodate changes in precipitation,
temperature, or wind. For some activities, however, such changes arc critical.
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r..1 these activities, conunonly referred to as "weather-sensitive," attempts
have been made to accommodate weather changes both by reducing the
uncertainty of their occurrence and by devising techniques to offset adverse
effects. Weather forecasting is one attempt to reduce the uncertainty of
weather events. Flxible production schedules, drought-resistant crops,
ground-zero landing devices to overcome limited visibility at airports, and
home halting and air conditioning devices are examples of efforts designed
to offset the effects of weather variat Hns.

For the most part, man has concentrated his attention on accommodating
the weather. But he has also tried to change the weather. So far his success
in changing the weather seems to have been quite limited. Even though we
have now entered the modern era of scientific weather modification, pos-
sibilities of accomplishing changes either on a consistent basis or on a large
scale are still some way off. Nevertheless, many of those involved in the
development of weather modification techniques believe that much will
be accomplished in the next few years. Considerable sums of m oney are now
being invested in research and development to advance the weather modifi-
cation frontier.

There are three major alternative adjustments to the weather: reducing
uncertainty through improvement of weather information; devisirc; tech-
niques to offset the impact of weather; and developing means to air the
weather. Given these alternatives, what factors need to he taken into account
to determine which ap2roach is economically most efficient? At least three
questions seem pertinent in this connection.

Major Questions
1. Which activities are sensitiv to weather variations and in what degree?

As noted earlier, variations have major effects on certain economic activities.
In some cases the effects are indirect, as lien the weather influences one
economic activity and the results are passed on to other activities.

2. To what extent are the various adjustments technically feasible? Much
progtss has been made in the past two decades in understanding the chant
ing composition of the atmosphere, and as a result the accuracy of weather
forecasting has improved. This has made it possible for those engagod in
weather-sensitive economic activities to reduce the degree of uncertainty in
their decisions, but it has not removed uncertainty altogether. Then, in some
activities, even though more accurate weather information is available,
it is still very difficult to .make short-term adjustments. Some production
schedules, for example, are relatively inflexible in the short run. In these and
other cases, techniques for offsetting the effects of weather may not be
feasible. In regard to techniques for modifying the weather, present capa-
bilities seem confined mainly to augmenting precipitation in orographic
areas, dispersing cold fog, and suppressing lightning.

3. What are the gains and costs of each of the alternatives? Gains pre-
sumably would be expressed in the value of increased output over what
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would be possible without a given adjustment. Costs would include not only
the direct costs of the techniques (such as those of operating a weather
forecasting program, developing drought-resistant crops, or developing
weather modification techniques), but also the associated costs of adopting
them. The cost of adopting a weather forecasting program, for example,
is not confined to the cost of supporting the U.S. Weather Bureau, but
extends to the expenditures of its clientele in using the information provided.

Costs and benefits often extend beyond those who make decisions to adopt
a particular alternative. In the case of weather modification, for example,
the decision may be made by one farmer, but the resulting modification
may have beneficial or adverse effects on his neighbors. These external
effects are either windfall gains or uncompensated losses; and they must be
taken into account in appraising the overall efficiency impact of adopting
a given alternative adjustment.

In addition to the efficiency effects of procedures to adapt to or modify
weather, there are income distribution effects, by occupation, income class,
and region. Improved forecasting, for example, may not only increase agri-
cultural output, but may also induce shifts in production to different crops
and different areas. The area distribution of outdoor recreation expenditure
can certainly be affected by any substantial improvement in forecasting
or by ma, or changes in weather modification capabilities. Reduction or di-
version of tropical storms may change the composition of economic activity
over wide areas where levels and distribution of precipitation are affected.
It is vitally important to distinguish efficiency and distribution effects, and
to assess as fully as possible the economic implications of both.

Progress in Economic Research Relating to the Human Use of
the Atmosphere

Thus far economists have shown only minor interest in the economic
aspects of the human use of the atmosphere. Several reasons account for this.
Fir_t, it is only relatively recently that major problems have arisen in the
management of atmospheric resources or, more accurately, that they have
become a matter of real public concern. Second, until recently, not enough
was known about the atmosphere to specify accurately the physical dimen-
sions of weather variations or the possibilities of modifying the weather and
thus to provide alternatives for evaluation. Third, the systematic develop-
ment and application of economic principles in the whoie field of resource
management are relatively new. Nevertheless, economists have made some
important contributions towards identifying economic impacts of weather
variations and evaluating alternative adjustments to the weather.

Economic Impacts of Weather Variations

Much of the attention relating to economic impacts of weather variations
has been devoted to the influence of weather on agriculture. Economists
have long been interested in the relationship be...ween variations in pre-
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cipitat_on and temperature, and variations i?. agricudtural output and in-
fo:I-1ff: arid a rap' growing body of lite7aturc has been e.evoted to thk
su? ' Impee contributions have b- trade toward the developmern

i tlun.:.y 2 :.ld techniques of measuremer t 3 i, this renard. Studies have been
undertaken relating to particular crops' and to particular weather
variables.°

Despite tnis pro es, however, much remains to be done before the in-
fluence of the weather en the agricultnnd sector of the economy ran be
fully assessed. It is possible t( .nssess the impact of a given weather change
on certain crops in a given region, but we arc still not at the stage where
we can estimate the effects on all crops or agricultural activities in that re-
gion. Nor can we trace accurately the impacts of a given weather change on
activities connected to agricnIture.

A second group of activities that seems especially sensitive to the weather
is the transportation industry. Heavy snowfall, floods, winds, and lightning
interrupt normal traffic patterns of airlines, railroads, and highways; and
these intern Iptions res'ilt in major losses of income well as inconweiience
to shippers and travellers. So far, -nost of the research done in this area
relates to the airline industry. Several studies have been undertaken by the
airlines e,r their consultants,° a nd by various government agencies. These
have sought to identify the losses caused by particular weather phenomena,
such as fog, snow or wind. A few studins have investigated the impacts of
these phenomena on the Q1SC of highways and railways; 'nit no general model
I as been developed thus far which would permit an accurate assessment of
the impacts of a given weather variation on the national railway or high-
way systems or even the overall effects within a region.

The construction industry is another activity which is especially sensitive to
Nvcather changes. Only a few studies of weather impacts on this industry,
how: ever, have been underalen.7

It has often been noted that retail sales appear to be influenced to some
extent by variations in the weather. A few studies have examined the effects
of given weather changes on the sale of particular products and on particular
types of retail outlets. As yet, however, no model has been developed to
estimate the influence of different weather variables on retail trade.

Another activity influenced by variations in the weather is the tourist
trade. Extended periods of precipitation in the summer often result in
severe reduction of normal tourist traffic on holidays and weekends. Lack
of snow reduces the revenues of ski resorts. Although much research has
been undertaken to identify tin; value of recreation," few systematic at-
templs have been made to determine the influence of various weather ele-
ments on the recreation industry or the tourist trade."

Techniques of Evaluatitmi

Techniques are required for weighing each a the various alternative
adjustments against each other. Although little work has been done that
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relates ,o the weighing of these alternatives per se, a considerable ariorint
research in the general field of economics can be applied toward this

end. Principally, this research deals with techniques of benefit-cost analysis,
systems analysis, and with the economics of research and development.

Benefit-cost analysis can be a very useful tool in weighing the merits .of
alternative courses of :ILL:on, particularly where the public sector is involvad.
.luch work has been done in recent years to refine its theoretical basis,"

and to broaden its field of potential applications."- Progress has L en made
..4th some of the more difficult problems of applying the ar alysisnotahly
in the treatment of risk and uncertainty, the treatment c.,1 dine, and the iden-
tification and measurement of externalities. A few attempts have beer: made
to apply t !e-':inique to weather-related proliems, mu.' as air polhition"
and weather modification."

Potentially useful work has alse., been undertaken in the field of systems
analysis and operations research. Some attempts 1,ve been made to apply
the results of this work to weather-related problem e.g., lh.c evaluation
of weather information systems." Much of this ..ork, how ever. has been
highly theoretical, and further applications await empirical studies of the
manner in which u.e:- orer information is actually used. There is evidence,
for exainp!,, that dit_ erent industrial managers interpret weather informa-
tion in vastly different ways, 'even within the same plant."

Economists have also become increasingly interesad in the evaluation
of investment in research and development. They have begun to question
whether the returns en certain types of research and develo:nnent justify
their costs. Theoretical frameworks have been developed for thi!.. purpose,
and these have been applied to investment in research on such matters
as defense, oceanography, highways, and education." A f 2w attempts have
been made to evaluate programs of research in the atmospheric sricnces,
e.g., the weather satellite program; " but some of these efforts have been
too simplistic to be useful."

Priorities for Future Research
Bearing in mind the problems raised by the increasing use of the ..,t-

mosphere for the disposal of wastes, the growing toll of losses caused by
severe weather events, and the development of programs to modify the
weatherand noting also the present status of research or the economic;
aspects of these problemswhat priorities might be assigned to future re-
search in this field? Four major topics are suggested in this connection.

1. The Relationships Between Weather Variations and Output and In-
come in Different Economic Activities

Identifying the impact of weather on various cronomic activities is a
necessary first step in evaluating alternative adjultnents to the weather.
The major relationships between weather variations ana output and income
in different economic activities must be determined. Only then will it be
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possible to assess for specific activities the potential merits of weather fore-
casting programs; the needs for loss-reductions as related to severe weather
events; the feasibility of different techniques for offsetting the effects of the
weather; and the costs and benefits of weather modification programs.

Studies need to be undertaken not only to identify more precisely the
impact of weather on different economic activities, but also to determine
the manner in which the effects on part'cular activities are transmitted to
other activities. These studies will require empirical investigations of various
weather-sensitive processes and the development and/or adaptation of ana-
lytical techniques to trace impacts through the economic system. Tech-
niques which may be useful include various types of economic models, such
as input-output models, simulation models, and linear programming models.
Present techniques, however, need to be examined to determine whether
they can be adapted to include weather as an input (or as a cost-producing
factor), or whether new techniques need to be evolved.

2. The Evaluation of Alternative Adjustments to the Weather

Benefit-cost analysis provides a useful framework for weighing the eco-
nomic merits of alternative courses of action. Thus far it has been applied
only to a limited extent in evaluating various adjustments to the weather,
such as weather information programs, techniques for offsetting the effects
of the weather, or weather modification program;. While it is probably too
early to think about a generalized model to weigh the economic merits
of alternative adjustments to the weather, the application of benefit-cost
analysis to decisions in this field can be furthered by undertaking research
on the following topics.

First, a number of pro forma studies should be undertaken to identify all
alternative courses of action and their potential side-effects in a given area.
Even if the parameters cannot yet be given numerical coefficients, a frame-
work of analysis for these limited purposes will be invaluable in furth ring
research Oil economic evaluation and in ,:eveloping intelligent programming
in the action agencies concerned with n magement of atmospheric resources.

For example, decisions will need to ;)e made about investment in weather
modification programs. Such programs are attractive particularly because
of their low capital costs and short-run flexibility. But weather modification
is not the only way in which the desired benefits may be obtained. In almost
every case, there are readily available alternatives: extensions to existing
irrigation systems; creation of new irrigation systems; desalinization; or
adjustment of agricultural techniques to use less water and to minimize
the effects of irregular wa',er supply. No general model can encompass all
of these possibilities and remain manageable; but ad hoc models geared
to the specific alternatives in a specific area can be invaluable in assuring
that a weather modification program not only meets the tests of technical
feasibility and of benefits in excess of costs, but also provides greater net
benefits than any other alternative.

Second, empirical studies should be undertaken to compare the relative
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economic mcrits of pursuing a given objective in each of several areas. For
example, weather modification efforts have been concentrated so far in semi-
arid regions, where interest in increasing precipitation in most active. From
an economic standpoint, however, it is possible that modifying precipita,
tion patterns in relatively humid areas to provide marginal increment! at the
right time may prove to be much more productive. This is, again, not a ques-
tion that can be answered in theoretical terms; it requires specific empirical
investigation.

Third, more research needs to be undertaken to identify the external
effects of alternative adjustments to the weather, and especially those of
weather modification. Determining potential external effects depends upon
increased 'itnowledge about the impact of weather variations on each
economic activity. It also depends upon more specific information about the
physic;,I effects of weather modification, both spatially and temporally. Does
additional precipitation here mean less precipitation elsewhere? Does it
meats less precipitation here in the future? If weather modification merely
results in a special or temporal redistribution of a fixed quantity of precipi-
tation, its attractiveness may be reduced. Investment in weather forecasting
also has external effects, as in production and income changes for activities
related to weather-sensitive activities.

The universal character of the externality problems associated with
weather forecasting and modification suggests the need not only for identi-
fying and quantifying these effects, but also for considering possible compen-
sations that would permit projects with significant net economic benefits to be
carried out despite the fact that there will inevitably be some "losers." It is
possible that applied research can provide some guidance as to the extent
to which a system of charges and payments might induce weather modifiers
to plan their activities to minimize undesired external effects. The work
of Kneese and others in water quality management suggests that this is
fertile field for public policy considerations.

3. Opportunities Whete Scientific Knowledge and Efforts Are Still in the
Embryonic Stage

Much can be accomplished by specifying activities which might realize
significant economic gains from alternative adjustments to the weather, even
without determining the present technical feasibility or costs of such efforts.
Major storm modification may lead to important economies. The possible
relationships between peak wind velocities and incremental damages suggest
this. Major st.,;:rn modification may also minimize the many external effects
produced when storms are diverted or prevented entirely, thus creating
problems of distribution and quantity of precipitation. The enormous
political and administrative difficulty of dealing with such problems has
diverted attention from the more intriguing possibility of reducing damage
with minimal external effects by storm modification (rather than complete
diversion or prevention). Experience in the flood control field, where
analogous rm-4-,lems of stochastic occurrences of severe damage are involved,
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suggests that compulsory flood insurance, flood plain zoning, and other
procedures not involving direct modification of the flood process nay be
the most efficient ways of minimizing social costs in many cases. The same
type of approach may set ceilings on Lenefits from storm morlificatino. ane.,
should be investigated carefully as part of any systematic attack on the
problem of storm damage.

4, Economics of Information
During the past twenty years, increasing investments have been made in

research devoted to understandin-, the atn:,)sphere and to the development
of weather forecasting programs and weather r.iodification techniques. So
far, however, little attempt has been made to app:aise the economic value
of this research and development. One assumption seems to be that the value
is either self-evident or at least equal to the size of the investment. Another
assumption is that once available, the results of the research and develop-
ment will be translated into action without further cos, or delay.

There is reason to question the validity of these assumptions. Can it be
assumed, for example, that there is necessarily an economic payoff from
investment in research, and particularly basic research? Even if there is a
payoff, experience suggests that it often takes a long time for such results
to find their way into operational programs. Techniques for modifying the
weather, for example, may be available for many years before they are
put into practice. Similarly, the capability for improving the accuracy of
long-range forecasting may increase, but it does not necessarily follow that
many people will use the information. Nor is it clear that tho:.e who use fore-
casts will do so in the way 'hat the Weather Bureau assumes they will. The
uncertainty about the manner in which information may be used becomes
especially critical when programs of major storm modification arc being
considered. Studies of weather-caused disasters show that even if people arc
informed about the probability of a weather event, they may take no action
to deal with it.

Studies arc needed on the economics of information, and on research and
development programs in the fields of weather forecasting and weather modi-
fication. Without such studies, the value of these programs can only be a
matter of g-uzsswork.

Manpower Requirements

It has become customary, whenever the Federal Government plans expan-
sion of a scientific research and development program, to argue that if
enough money is available and the program is made sufficiently attractive,
the necessary number of specialists to man the program will always come
forth. Unfortunately, when several programs drawing on the same pool of
manpower arc expanding at the same time, this generalization may not hold.
The long-run interests of the Nation may not be served if expanding re-
search and development programs strip the universities of the qualified
personnel needed to train future specialists in the field.
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A well-conceived and well-financed framework that will support a con-
tinuing research program, rather than a series of scattered projects, would
offer sufficient attraction to bring competent social scientists into the field.
Economists would not necessarily need to be trained as weather modifica-
tion specialists; they might well make their most effective contributions as
competent general economists with a speofic (but not sole) interest in the
field of resource economics.

A successful research effort on the economic dimensions of do. human
use of the atmosphere hinges in part on opportunities for resource econo-
mists to gain an understanding of weather technology in general. Fun&
might be provided to enable such economists to take a year to work closely
with physical scientists on a problem relating to management of atmospheric
resources. Much could also be accomplished by interdisciplinary seminars
and symposia. In addition, training grants would enable graduate students
to develop an interest and competence in the economics of the atmosphere.

Funds are required .sot only for training purposes, but also for research.
At present, only a small amount of money is available for this purpose
through the National Science Foundation; and only recently have the ac-
tion agenzies sponsored research in this field. Funding at several times the
present level is required if the research effort recommended in this report is
to be undertaker .
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Appendix VI

NEEDS FOR RESEARCH ON THE POLITICAL ASPECTS OF THE
HUMAN USE OF THE ATMOSPHERE

VINCENT OSTROM, Department of Political Science, University of
Indiana, Bloomington, Ind.

Major Questions

How will human welfare be affected by efforts to modify atmospheric
conditions?

The atmosphere in a state of nature behaves as a dynamic system which
sustains a flow of both goods and bads when measured by the criteria of
human evaluation. I fail, lightning, tornadoes, hurricanes, and other atmos-
pheric phenomena can be the source of major destruction to human values.
On the other hand, the atmosphere performs the essential work of distilling
and transporting nearly all of the potable water supplies found upon the
land masses of the earth. A major political question is whether the develop-
ing technology of weather modification can be used to modify atmospheric
conditions tx; increase the yield of precipitation under certain conditions and
to decrease the magnitude of turbulence and the yield of bads under other
conditions. An economic advance in human welfare can occur wherever
human intervention increases the yield of goods in excess of aggregate costs
or ecreases the yield of injuries or bads with the same act result.

Difficulties arise from circumstances that a good at one time and place
may create injuries and losses at another time and place. Increased pre-
cipitation at the time of harvest may be as detrimental to agriculture as
decreased precipitation during the early growing season. The harvest of
one crop, cherries for example, may coincide with the growing season for
many other crops. Men may be willing to take the calculated risk and tolerate
the losses suffered by an "act of God," but they may not be as tolerant of
losses suffered as a consequence of the actions of other men.

Many existing forms of human endeavor have taken account of climatic
probabilities in making locational decisions. What are the costs of dislocation
if probabilities bearing upon climatic conditions are altered by human
action? Who pays for the costs; and who reaps the benefits?

The atmosphere is used as a transportation and communication medium
that serves a large variety of other human utilities and disutilities. Much of
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modern industry is based upon processes of combustion to provide the
principal sources of energy and to perform many of the processes of physical
and chemical transformation which serve as means of production. These
processes normally depend upon the atmosphere as the principal source of
oxygen to supply the combustion process and to carry away the load of
waste gases and other waste chemicals which can be discharged into the
atmosphere.

Humans may have a relatively low threshold in response to some chem-
icals wasted into the atmosphere and have a relatively high tolerance for
other chemicals. Highly toxic compounds discharged by metallurgical in-
dustries, for example, may have the effect of producing substantial damages
within the immediate vicinity of a plant. In other situations similar wastes
may become toxic only when higher thresholds are reached. Toxic by-prod-
ucts may be also released by photosynthetic chemical transformations which
take place under natural atmospheric conditions. Radioactive wastes pro-
duced by nuclear explosions are but one of the more perplexing problems
concerning the pollution of the atmosphere through its function as a medium
transport.

In addition to these transport functions performed by the atmosphere we
should not fail to recognize that "air transport" with the development of the
"airplane" has become a major mode of commercial transportation in the
movement of persons and products about the earth's surface. The uses of
the atmosphere for such purposes must be taken into a proper accounting in
dealing with the use and development of atmospheric resources. The devel-
opment of air transport which moves at supersonic speed will also be accom-
panied by atmospheric disturbances in the form of high-intensity sound waves
which may be capable of causing substantial damages as well as producing
inconvenient annoyances.

These incomplete and sketchy examples of the human uses of the atmos-
phere merely serve to indicate the lack of conscious self-awareress which
exists in relation to the use and development of atmospheric reso Imes. We
need a more complete inventory of present use', made of the a anospheic
and an assessment of the future potentialities of pending uses which can be
derived either from existing technologies or from pending technological
developments.

In any such inventory we need to know something of the magnitude of
existing and potential demand in relation to exiiting and potential con-
ditions of supply for the various different demands and of the pattern of
inter-action among the different potential uses. What are the relative in-
elasticities of supply so that an increased demand or use results in an im-
pairment of the conditions of supply? When such a condition is reached,
policies of free development must begin to give way to policies of controlled
development. A knowledge regarding the conditions of inter-action between
demand and supply has an important bearing upon the choice of policies
to maintain demand-supply equilibrium at the tolerances which permit
an optimal pattern of development.
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We also need to know something of the pattern of inter-action among
the different potential uses of the atmosphere and the effect that these pat-
terns of inter-action have upon the general resource economy of the atmos-
phere. 'low, for example, will efforts at weather modification to reduce storm
damage affect the atmosphere's yield in the precipitation of water, its use
for air transportation, and its capacity to discharge diverse waste loads?
Conversely, how do efforts to increase the atmospheric yield in precipitation
of water affect storm paoerns and intensities and the other patterns of use
which form a part of the total configuration of demands made upon the
atmosphere?

Inter-action among uses implies interdependencies which must be taken
into account by any enterprise or agency undertaking programs concerned
with the development of atmospheric resources. Where one typ^ of use im-
pairs, excludes, injures or destroys an alternative use, serious problems of
conflict are apt to arise. Where one type of use facilitates another, problems
may also arise in assuring the appropriate level of development which will
take account of the joint yield or payoff for both purposes.

What are the essential characteristics of atmosphere as a resource
system which must be taken into account in the organizatioa of
an appropriate enterprise and management system?

The atmosphere as a natural resource appears to meet all of the criteria
of a common-pool, flow resource system. The resource is not easily isolatable
except within the controlled air-space of a shelter, and as a consequence it
cannot be easily bounded or contained. The resource in most of its aspects
cannot be subject to a high level of control. Spill-over and interdependency
effects abound among the diverse joint and alternative uses which can be
made of the atmosphere.

The atmosphere as a common-pool, flow resource has some of the most
perplexing characteristics of any of the common pool resources, at least as
perplexing as those of the oceans. First, the atmosphere has no distinct and
definitive boundaries for distinguishing sub-units. Water resource systems are
formed into natural watersheds which provide definitive boundary conditions
for organizing management programs. There are no such boundaries for
easily characterizing micro-climates, airsheds and sub-systems in the atmos-
phere. Instead the atmosphere is a dynamic system subject to changing
velocities and patterns of flow under va ,"ng conditions of pressure and car-
rying capacities.

Yet, the field of effects or the scope of the consequences which flow from
any course of action affecting atmospheric conditions is not without limits.
It is doubtful, for example, that air pollution from Southern California
has any appreciable effect upon Santa Fe, N. Alex. Knowledge regarding the
field of effects would provide us with the first tools for the specification of
proximate boundary conditions applicable to atznovpheric resource develop-
ment. The political process will provide alternative remedies so that those
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who may be adversely affected can present their case ad seek a;:)prep. iate
remedies to take account of their interests. Exposure to such actions is a
necessary risk of doing business in field of endeavor where action is taken
with only limited awat mess of the likely consequences.

While the risks may he high in undertaking programs of atmospheric re-
source development in the absence of adequate knowledge, the incentives for
action may also be relatively high. An aggravated air pollution problem in
southern California may call for alleviation without being able to specify
the technical criteria most 'Appropriate for defining the field of effects and of
the precise community of interest appropriate to a smog control program.

The task of specifying boundary conditions appropriate to the field of
effect produced by one form of action in the use and development of atmos-
pheric resource may he quite independent of the boundary conditions appro-
priate to another pattern of use and development. As a result different scales
of organization and different forms of enterprise may be appropriate to
different types of development. It is probably not unreasonable to expect that
the configuration of enterprises associated with the use and development of
atmospheric resources will be at least as highly differentiated as the configura-
tion of enterprises which are presently concerned with the development of
water resources. This includes private, local, State, and Federal resource
development agencies.

What enterprise-management systems are appropriate for the develop-
ment of atmospheric resources?

All common-pool or flow resources which arc lawfully subject to use and
development by persons making independent claims upon the resource are
conceived as common properties. The conception of a common property
usually includes reference both to the individual interests in the common-pool
or flow resource and to the community of interests which arc shared in such
a resource. One has reference to the elements and relationships comprising
the subsets of interests; the other has reference to the universal set of
interests associated with a common-pool or flow resource.

The law relating to rights in common property includes reference to
concepts which imply significant variations in the methods for conceptualiz-
ing the various interests involved. The concept of res nullius has usually been
applied to the rights of persons to make use of the atmosphere or of the
ocean. This concept implies a negative communityan undefined, am-
biguous universal set involved in the development of a common-property
resource. On the basis of this concept the property is defined as belonging
to no one and subject to use by everyone. The relationships among different
users can, however, be adjudicated under equity jurisprudence allowing
for the application of rules of reason in reaching equitable solutions to con-
flicts of interest. Some such rules were once applied in the location of wind-
mills, for example, where the construction of a new mill might adversely
affect the operation of an established mill.
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The doctrine of res nuilius is a doctrine applicable to the free development
of a resource as essentially a free good. Willful injury, malfeasance, unrea-
sonable or wasteful uses or methods of use provided the basis for governing
relationships among various users without the necessity for defining the
community of interests inherent in the common property situation. Much of
the contemporary law regarding the use and development of the atmosphere
has not advanced beyond the conceptions inherent in the doctrine of res
nu/if:is.

The concept of res communes implies an increasing capacity to define and
delis ;it the community of interests shared by those who have established a
right to use a common property. Each has a right to use, no one owns the
resource in particular, but the universal set is subject to a more finite and
less ambiguous relationship. The reciprocal sets of interests including both
the rights to use and the limitations and obligations of use arc subject to
increasing specification. In the relatively simple common-pool problem such
as that associated with the use of a definable grout 3-water basin the recipro-
cal property rights may be subject to determinate solution through adjudica-
tion. The rights in a common property under suel_ circumstances can lm
converted into an exclusive right to a divisible share in the common property
once the universal set can be discretely defined.

This solution is not readily available under conditions where public
solutions are required either to undertake the management of a production
program to increase the supply of goods to be derived from a resource
system, to provide some good subject to public provision (i.e., a non-divisible,
non-marketable good or service) or a combination of both elements. Under
these circumstances a part of the universal set of interests shared among
the community of interests to a common property is subject to public pro-
prietorship in one form or another. Where public and private interests are
shared in a common property resource, the law of property no longer pro-
vides an adequate solution to the organization of institutional arrangements
for resource development and management. Recourse to public solutions,
at least in part, arc necessary and the traditions of public law bearing upon
the c.,ganization and government of public enterprises become an essential
element in the institutional framework for shaping public solutions.

Circumstances requiring public solutions might be mot by several dif-
ferent alternative arrangements in the organization of am enterprise-manage-
ment system. One approach would be to pre-empt and occupy the resource
system under the management and control of a single public authority. An-
other possibility would be to consider the development of a mixed private
and public ewerprise system in which solutions would be taken increment-
ally rather than by pre-emption through a single public authority.

The field of water resource development provides the most extensive ex-
perience in the use of mixed private and public institutional arrangements
for the development of a common-pool, flow resource. This experience is
not directly applicable to problems concerning the development of at-
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mospheric resources. i Tow-ver, many of the basic concepts can 1:>e used
s rbject to appropriate 1. ldificatior. to deal with the distinctive circum-
stances associated wi,..11 the development of atmospheric resources al, ells-

tint rished from water resources.

What institutional arrangements are already available to facilitate new
experimental and operational programs concerned with the de-
velopment of atmospheric resources?

Where institutional arrangements and production facilities are already
wel' developed to assure rather full control over the hydrologic behavior
of different river courses and watershed basins, private entrepreneurs should
be confronted with minimal difficulty in undertaking weather modification
programs either on an experimental or operational basis. Existing water
supply agencies arc the potential buyers for such services. More frequently
than not these agencies arc organized as public enterprises capable of sus-
taining a flow of revenues whether through service charges or from tax
Where major water producers are not free to levy a tax upon local bene-
ficiaries, these producers are usually parties to contractual arrangements
with wholesale or distribution agencies, organized as public water districts
or as municipal water supply systems, which can exercise the power cif
taxation and provide an appropriate flow of revenues. If weather modifica-
tion programs assure an incremental water supply at less cost than alter-
native sources of supply, minimal difficulties would be anticipated in
acrcommodating this incremental source of supply into the production sched-
ule of the primary water production agencies in response to normal growths
in demand. In many areas of the western United States where demands
for water are relatively high in relation to local supplies, whole watershed
areas are held in public ownership where water production is a principal
element in the watershed management program. These circumstances should
tend to minimize conflict over actions to increase precipitation and the
normal operations of diverse land owners. In turn, reservoirs operated
by the principal water production agencies would be available to minimize
the risks of flooding in the lower flood plains of a river system and of
producing damages for which weather modifiers might be held responsible.

Experience gained on the basis of these more fortuitous circumstances
should serve as a basis for the expansion of weather modifications programs
to increase the yield of precipitation under other conditions as the demands
for water grow. Private enterprise in weather modification is not precluded
as long as public agencies are available to function as the buyers of the in-
creased yield of water produced by weather modification. The problem of
dealing with potential hold-outs among water producers organized only as
individual proprietors would probably preclude effective marketing ar-
rangements until such water producers were organized as some type of public
enterprise capable of charging for water services without regard for the
willing consent of each and every water producer.
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Similar situations exist regarding the conduct of weather modification
programs to alleviate storm damages. Large expanses of area in the western
United States are under the jurisdiction either of the Bureau of Land
Management in the U.S. Department of the Interior or of the Forest Service
in the U.S. Department of Agriculture. Both agencies operate fire prevention
programs in forest and watershed areas. Several large timber companies
maintain similar programs on private forest lands and still other areas are
organized as fire prevention districts with authority to tax local land owners
for the operation of fire prevention programs.

Agencies operating fire prevention programs on timber lands or on water-
sheds provide the necessary institutional structures to be able; to pay for
weather modification programs to reduce fire losses produced by lightning
strikes. Presumably such agencies would be prepared to contract for such
services wherever a net savings could be demonstrated through the pre-
vention of fire losses.

Still other opportunities may exist regarding potential savinp in storm
damage insurance as a justification for public expenditures to prevent
storm damage associated with hail storms, wind damage, tornadoes, and
hurricanes. Where such insurance is provided through private firms, a rating
system might be used to calculate insurance risks with reference to the
preventative actions being taken to reduce storm damages. Ordinary fire
insurance is based upon such a rating system which tai.es account of publicly
operated water-supply and firefighting facilities in establishing the price of
fire insurance for each locality. Presumably additional expenditures for
weather modification programs would be justified whenever such efforts
would result in a net savings in the combined expenditures or outlay for
storm prevention and storm insurance.

The same principle can also be applied to public insurance programs con-
cerned with various forms of insurance against the loss of crops by storm
damage. Potential savings realized in the costs of crop insurance payments
would justify added expenditures for the prevention of storm damages.

Within the course of the last two decades a number of local government
agencies have undertaken air pollution control programs. Those usually have
been stimulated by public demand in areas where problems of air pollution
have been the most aggravated. The experience which has been derived from
these programs should be subject to careful evaluation. What alternative
strategies have been used to control air pollution? What have been the results
of these efforts? What are the economies of scale in the conduct of these
programs? Do weather modification programs offer any opportunities to
prevent atmospheric stagnation and the consequent diminution of the at-
mosphere's carrying capacity in the discharge of waste products? Answers
to these questions would provide important increments to an expanding
knowledge regarding the use of atmospheric resources based upon the ex-
perience derived from existing patterns of organizational arrangements.

The existing structure of institutional arrangements provides a basis for
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taking the first steps in the development of atmospheric resources. There
are analogous problems in the development of common-pool or flow re-
sources where the community of interests shared in the common property
have reference to both private and public proprietary interests of diverse
sorts. The basic concepts and methods used in solving those problems may
prove to be useful tools for designing new solutiobs to problems in the devel-
opment of atmospheric resources.

More than a century ago, pioneers advancing into the arid regions of
the American West found it necessary to design and organize new institu-
tional arrangements for the development of water resources. Some of their
solutions wen drawn from the concepts of mining law; some were drawn
from the law cf municipal corporations and adapted to the problems of
human enterprise in a desert region. The institutional arrangements which
form the contemporary structure of the California water industry were fash-
ioned as incremental solutions to water problems over the course of more
than a century of experience with life in a desert region. The deserts have
been watered by human enterprise and the improbable prospect of a meg-
alopolis in the desert has become a reality. We cannot foresee the future
course of events in the development of atmospheric resources beyond a very
limitc 1 dm, horizon. We can, however, anticipate some of the problems,
analyze the appropriateness of existing concepts and methods for solving
those problems.

What effects will decision-inching arrangements in the American politi-
cal system have upon the organization and regulation of a pre-
dorninontly public enterprise-management system which does not
function in an open competitive market economy?

Recourse is taken cc) public solutions and to the organization of public
enterprises for the provision of public services where market solutions are
not workable. As a result the self-regulating function of an open competitive
market is not available for the regulation of public enterprise systems. In-
stead primary reliance must be placed upon public decision-making struc-
tureslegislatures, executive control agencies, courts, popular elections, etc.
to assume much of the burden for governing the conduct of enterprises
functioning in the public sector of the political economy.

Some of the enterprise systems functioning in the public sector are the
subject of continuing allegations regarding institutional failure and of
persistent demands for radical reform. Public institutions for water resource
management and for the provision of municipal or urban services generally
are the most persistent subjects of attack and demands for reform. The al-
legation has been made that the so-called water crisis is a management
crisis reflecting failures in the performance of the political system rather than
being a crisis arising from the physical conditions of water supply. Similarly,
municipal institutions concerned with urban problems have been the sub-
jet of sweeping allegations of institutional failure and of radical proposals
for the fundamental reconstitution of the structure of American government.
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As commitments are made to add new programs and new undertakings
to requiring performance by institutions in the public sector we need to
undertake a basic analysis of the structure, conduct and performance of
public enterprise systems as they are regulated and governed by institutions
of local, State, and the National Government. Basic research and analysis are
the im-3erative problems, not that of prescribing solutions about what Con-
gress ought to do. Knowledge about the political aystern, structure, conduct,
and performance as an empirical system is quite as essential as knowledge
about the atmospheric system before infonnec: decisions can be taken about
the consequences, rills, liabilities and exposures of undertaking specia!
programs to atizmpt to control the atmosphere and to develop atmospheric
resources.

To avoid some of the dangers of partisan and ideological biases enter-
ing into such studies, a self-conscious effort should be made to encourage
independent investigation of tl,e structure, conduct and performance of
American government from many cute different approaches and with the
use of different theoretical models. Much of contemporary political theory
is based upon conceptions of political authority residing in a single center
of power with a direct line of respomibility holding all go---_-rnmental officials
and employees responsible to that single center of power. This conception
takes its inspiration from the parliamentary form of government and was ef-
fectively articulated in Woodrow Wilson's Congressional Government. In
contradistinction to this linear approach to the conception of political au-
thority would be the use of an equilibrium model as reflectec; in de Tacque-
vale's writing. The American political system in such a mo,Icl is represented
as having many independent centers of decisionmaking; and :in conduct
of government requires the maintenance of an equilibrium Ellin the limits
established by the veto positions exercised by these independent public au-
thorities. The equilibrium model has a closer analogy to market structures
and such a model offers prospects for devising self-governing or self-regu-
lating mechanisms for balancing the relationships among many diverse enter-
prises operating in a highly differentiated public enterprise system
responsive to diverse communities of interest ranging from the local com-
munity to the nation at large.
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Appendix VII

HUMAN DIMENSIONS OF THE ATMOSPHERE FROM THE
PERSPECTIVE OF A POLITICAL SCIENTIST

DEAN E. MANN, Department of Political Science, University of California,
Santa Barbara, Calif.

Political scientists have taken little interest in the human use of the atmos-
phere or human reactions to atmospheric change. Generally, they have
accepted the atmosphere as a "given," and have directed little thought to
weather modification possibilities and the effects of such changes on human
behavior. A few political scientists have studied the effects of weather condi-
tions on election turnout. Some social scientists have discussed the relation-
ship between weather and personality, usually without benefit of much
evidence or acceptance of their findings by other scientists.

Political scientists, of course, have not ignored the relationship between
technology in general and the political system. The Scientific Estate, a recent
work by Don K. Price,1 discusses the role of the scientist in political decision-
making and the sietus of science in the policy process. Political scientists are
certainly aware of the ecmplex interplay between technological developments
and social and political conditions, particularly as these affect strategy in
international relations. They also recognize the political significance of
technological breakthroughs in engineering and economic analysis, as shown
in their extensive work on water resources. The insights gained from such
policy-oriented studies c.ln be valuable in examining the political and
administrative aspects of weather modification. Weather n-olification will
almost certainly involve some form of public control because of its political,
economic, and strategic implications; and these and other problems deserve
the interest and attention of political scientists.

Major Problems

The political and economic consequences of weather modification may
require that regulatory mechanisms of several types be established. Some
public agency may be needed to ascertain the professional qualifications of
those engaging in weather modification. At the present time in California,
for example, registration for weather modification activities does not involve
a test of competence; it is simply a reporting statute. At another level, some
public mechanism may be required to regulate payment of costs or to balance
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costs and benefits. If the Federal Aviation Administration undertakes fog sup-
pression, should not those benefitted by service, notably the airlines, be re-
quired to support such services financially? If rainfall is induced in one lo-
cation, may it not result in a long-time decline in precipitation in the down-
wind area, thus damaging the interests of those receiving less rain? What
public mechanism can provide fo balancing the benefits to those receiving
the additional water with the costs to those receiving less? How will such a
regulatory mechanism operate? How will technical, economic, and political
factors be evaluated in deciding when, tyhere, and to what extent to seed
clouds?

Finally, weather modification has tremendous implications for public
investment at all levels of government. Increased certainty with regard to
water supplies may reduce the need and affect the design criteria for such
major water installations as dams, levees, and urban storm drainage systems.
Reduced spending for these facilities may then provide opportunities for
increased investment in other areas. Such changes, however, will create new
needs to re-examine and revise public policy.

Weather modification also has potential as a weapon in conflicts among
nations. The ability to modify weather and to use this capacity to affect crops,
river systems, and urban water supplies may give a nation strategic advan-
tages. Weather control perhaps can also be used in more subtle ways to induce
behavior changes over time. The many political and administrative impli-
cations of weather modification certainly require the attention of political
scientists.

Research Needs
In their studies of public poliey and decision-making processes, political

scientists have used many approaches. These include traditional institutional
analyses, case studies, inquiries into the attitudes and perceptions of decision-
makers, and investigations of the relationships between given environmental
conditions and policy outcomes. All of these techniques have produced useful
insights and merit some discussion because of their possible application to
weather modification problems.

Traditional institutional analysis examines the organization, procedures,
and methods of handling public business. It is concerned with how efficiently
an agency pursues its goals. It raises questions about the degree of competence
required to make decisions, and investigates the roles of the legislature and
bureaucracy. It deals with the more or less formal relationships among
agencies having programs of common interest, and with methods for achiev-
ing coordination and cooperation.

Case studies are designed to clarify the dynamics of the political process
through detailed accounts of the interplay of decisionmakers, policies, cir-
cumstances and available resources in resolving a given problem. While ease
studies have only limited value for purposes of generalization, they are useful
in testing hypotheses, providing insights, and sharpening new theories about
human behavior. Case studies demonstrate the evolutionary or incremental
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nature of problem-solving, and reveal, as perhaps no other research tech-
nique does, how time and changing circumstances affect the process.

Studies of decisionmakers' attitudes toward and perceptions of political
phenomena have led to important concepts of role-playing in the decision
process. Attitudes toward and perceptions of issues, political processes, other
participants, and institutions have been shown to be related to individual
background, status and seniority within an institution, levels and channels
of communication, professional orientation and many other factors. Such
studies have resealed many facts basic to bureaucratic or institutional con-
troversy and have provided a firmer foundation for resolving such disputes.

Finally, political scientists have attempted to relate policy decisions to
given conditions in the environment. Typical of such studies are those that
examine the relationships of welfare policies to such varying political condi-
tions as party competition, and apply statistical techniques to determine the
significance of these relationships. Comparative studies across political
cultures 'have been used to evaluate the persistence of such relationships.

All of these techniques are of potential value in examining and under-
standing human reactions to atmospheric change. Institutional studies, for
example, would reveal some of the consequences of alternative methods of
organizing regulatory programs in weather modification. Such studies would
consider _Ant administrative questions. What would be the advantages
of establishing a new and independent government agency to regulate
weather modification programs? What should be the formal and informal
relationships between official weather modification programs and private
groups concerned with such activities? How can sufficient protection be
afforded both public and private interests? At what point is technical judg-
ment required and at what point adminisitrative judgment?

Case studies of decisionmaking in this field would provide some insights
into the ways weather modification problems arise and hew they are resolved.
Such ....tudies would reveal how various individuals and groups, both private
and public, reach decisions about weather modification activities. At this
time, little information of this type is available, partly because weather
modification is a relatively new field. Several court cases have arisen over
cloud seeding activities in various parts of the United States; these provide
a very modest source of information about judicial behavior as it relates to
weather modification. Much more needs to be learned about the behavior
of legislators, bureaucrats and private parties in reaching decisions about
weather modification activities.

Because the field is so new, little is known about attitudes toward weather
modification and perceptions of such activities. As weather modification
practices become more widespread, public notice will increase and more
definable attitudes and views will emerge. Studies will then be needed to
determine what these attitudes are. How much information do people have
about weather modification? Do they want the weather to be manipulated?
How do they feel about public control of weather modification activities?
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Finally, as weather modification activitie., become more widely opera-
tional, it vill be possible to study the effects of planned weather changes
on individual and group behavior. If the snow pack is increased in a given
area, what effect will this have on investments in ski areas and on individual
decisions to ski? If water supplies are made more dependable, and destruc-
tive storms less likely, how will cities adjust their investment budgets and
policies? What changes will farmers make in water management practices,
types of crops grown, and soil erosion controls? How will public policy
change when traditional programs (dams, irrigation systems) are no longer
necessary? How will vacation patterns be affected by planned weather
changes?

The 'political scientist will take great interest in how decisions related to
weather modification activities are reached. Inevitably, multiple interests
will be at stake in any weather modification program. How will these in-
terests be protected in the decision-making process? How will decisionmakers
operate within different time parameters? In short-term programs, decision
needs will be apparent. In long-term programs, the effects will be felt only
gradually; yet these effects will have to be anticipated and appropriate de-
cision needs considered. Changing rainfall patterns will probably call for
decisions related to the design and construction of dams, farm operations,
forestry practices, storm drainage systems, recreational patterns, and numer-
ous other social and economic activities.

Administrative efforts will be needed to protect the many interests af-
fected by weather modification activities. Since most such activities will
probably be carried out by private parties, the public function most likely
will be regulatory. Should this regulatory function be performed by an ad-
ministrative board on which multiple interests, both regional and economic,
are represented? (Historically, such interest representation often has been
more symbolic than effective in the regulator process.) Or should a single
administrator or a line-type agency be responsible for regulating weather
modification activities? In either case, how could the resources of the com-
munity be utilized most effectively? Would an advisory board provide ade-
quate communication with the various interests involved? Would hearings
of several types be useful for learning the varying viewpoints on issues
of weather modification policy?

Should regional organizations be established to regulate weather modi-
fication activities? Regional organizations have been effective in water and
power development programs, notably in the Tennessee Valley Authority.
Since most weather modification programs will not be limited to state
boundaries, it would seem that whatever public mechanism is established
should transcend state jurisdiction, either on a regional or a national basis.

To what extent should public policy be established in statutory form?
Should legislation dictate the areas in; which cloud seeding may be carried
on, or the types of storms that may be seeded? Should legislation dictate
when and how tornado or hurricane control programs should be conducted?
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What safeguards for community interests should be spelled out in legis-
lation? What controls may be left to the experience and discretion of ex-
perts and administrators?

In some circumstances, decisions must be made with great speed, without
consulting various interests. How can the community's interests be protected
in these cases? Can contingency plans be devised which will guarantee pro-
tection of certain basic interests? What degree of discretion should be per-
mitted in such situations? Can concepts from strategic defense planning be
applied to uncertainties and contingencies in the weather modification field?

A regulatory agency should also concern itself with planning weather
modification activities. In fact, perhaps the most important function of
such an agency would be to inform itself of the most advanced techniques
in weather modification and translate them into national, regional and
local plans. The agency should also provide a channel for the distribution of
research funds. Research itself could be carried on effectively through exist-
ing research organizations in the universities and private companies. But
the regulatory agency, through grants to universities, world encourage inter -
disciplinary training for both physical and social scientists.

At this time, the major role of government at all levels probably should
be to facilitate and promote research, rather than to impose strict limitations
on the form, areas, or magnitude of weather modification projects. (The
latter course might seriously inhibit the development of sophisticated con-
cepts and technology.) At the present time, those engaged in weather modi-
fication activities could acquire insurance from private carriers, and this
would probably provide sufficient community protection. At a later junc-
ture, such insurance measures, however, might not be realistic or fully
adequate.

The American public and American politicians have a high regard for
scientists and technology. This admiration, however, should not lead those
concerned with making policy decisions to think only in terms of technology.
Weather modification proposals and plans should be considered by people
who are also dealing with other kinds of policies which affect the quality
of the environment. In this way, alternative strategies, some of which may
not be technological in character, can be carefully examined and evaluated.
Failure to consider non-technological adjustments to weather and climate
may result not only in a great waste of resources, but also in unfortunate
social consequences. Research in the social sciences should keep pace with
developments in the physical sciences in order to avoid policies which
promise technological progress without considering consequences to com-
munities and individuals. Emphasis on technological solutions alone may
lead to investments and practices that are uneconomic or undesirable in the
long run.

The field of weather modification is in its infancy. Indeed, know7edge
of the atmosphere is quite limited at this time. For this reason, it is premature
to think in terms of definitive laws or policies which will protect all interests
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and insure an equitable distribution of benefits. We still must anticipate
the effects and problems that weather modification programs may cause.
We Trust create mechanisms to regulate activities and devise administrative
and legislative means to handle problems. We must encourage research ef-
forts and Interdisciplinary cooperation. Then, as knowledge in the field
advances, and as the consequences of weather modification activities become
more obvious, adjustments in existing mechanisms and policies can be made.

FOOTNOTE

1. Don K. Price, The Scientific Estate, Harvard University Press, Cambridge, Mass.,
1965.
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Appendix VIII

WEATHER MODIFICATION AND LEGAL RESEARCH

RALPH W. JOHNSON, School of Law, University of Washington,
Seattle, W ;sh.

The purpose of this paper is to outline the state of existing legal research
with regard to weather modification and to suggest areas where further re-
search is needed. The paper is designed primarily for use by the National
Science Foundation and other Government agencies concerned with re-
search on legal problems raised by weather modification, as a means of
assisting these agencies in deciding where to support research or where to
undertake it themselves.

It should be noted that this paper is not intended as a comprehensive analy-
sis of the relevant legal issues. Such an analysis would logically follow this
writing, and would be many times more extensive than the present treatment.
What is attempted here is a rough blocking out of those subjects which seem
now to justify research initiative in view of the rapidly advancing technology
in the field and the greatly increased interest in such activity throughout the
Federal Government and elsewhere.

Major Questions

Set out below are the major questions that deserve early study in the
field of law and law policy.

1. Study of existing Federal regulatory agencies to determine the
relevance of their competence and experience to crtmosphoric con-
trol problems

It is widely agrt-11 that certain aspects of atmospheric control should be
subjected to Federal regulation. Little study has been made of whether this
regulation should be undertaken by one of the existing Federal agencies or by
a new one yet to be crezted. Exactly how such a regulatory body should be
organized must still be settled. Several obvious analogies should be con-
sidered. The Federal Communications Commission, for example, does a
type of geographical and atmospheric zoning in its control of radio frequen-
cies, directional beam control, hours of operation, etc.; and the Federal
Power Commission regulates various water and power systems throughout
the Nation.
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2. Study of the relevance of the Federal-review-board concept as ex-
pressed in the 1949 Hoover Commission Report and subsequent
studies of Federal Government organization related to water
projects

One of the important and immediate concerns raised by the prospect of
weather modification is how the Federal Government should organize itself
to control this activity. These organizational problems appear to be similar to
those raised in the water field involving coordination and review of agency
programs. It would thus appear that the studies of the past twenty years of
government organization in the water field might suggest desirable organiza-
tional precedents for the weather modification field.

3. Study of why and to what extent the Federal Government, rather
than the States, should control human uaies of the atmosphere

Various studies have urged that the Federal Government, rather than the
State governments, should control man's use of the atmosphere, and especially
weather modification. The advisability of Federal control seems obvious for
certain large-scale weather modification activities, for example, regional
climate modification. It is not so obvious for modification activities of smaller
geographical scope and effect. A careful study of the various modificatioa
efforts affecting the atmosphere should be made to determine which are
more appropriate for Federal and which are more appropriate for State
control.

4. Study of why and to what extent the court-centered, common law
system should control the human use of the atmosphere, and why
and to what extent administrative agencies should exercise control

A number of factors limit the potential capacity of ithe courts to operate
effectively in this field. Atmospheric changes often have a diffuse and subtle
(albeit real) effect on particular individuals. In many cases very large areas
and numbers of people will be involved; and changes in the atmosphere
may pervade many aspects of life. Also, potentially catastrophic and irrevers-
ible effects may be brought about by man-made changes in the atmosphere.
Finally, the cause-effect relationship between altered atmosphere and damage
to individuals may often be impossible to prove. All of these factors may limit
the ability of courts to deal effectively with problem; raised by weather
modification activities.

5. Why and to what extent the Federal Government should provide
indemnity for damage caused by weather modification activities

Why and to what extent should this responsibility be borne by the private
insurance sector? Several aspects of this problem ought to be considered.
Should the Federal Government provide indemnity only for Federal agency
activities? Is the Federal Tort Claims Act adequate to handle the new prob-
lems posed by weather modification? Should the Federal Government estab-
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II 1

lish regulatory standards for the private insurance sector in its relationship
to weather modification programs? Novel problems of indemnity appear to
be posed by weather modification. 'Because this activity poses a high risk of
very substantial damage, intensive sr.iclies are needed to examine the indem-
nity and insurance aspects associate .1 with it.

Status of Research
The early interest in weather modification, primarily cloud seeding for

increasing rainfall, reached a peak in the early 1950's. During this period, as
much as 10 percent of the total area of the nation was subject to commercial
cloud seeding operations; $3 to $5 million were expended annually by
individuals, industries, and municipalities in the hope of economic benefits
from this activity. Subsequently, because of much deflated expec;ations, com-
mercial cloud seeding declined, I: 17,55, such commercial operations in the
United States covered about 3 percent of the land area.t

Legal research has reflected this curve of general interest. Nearly all of
the law review writing on the subject occurred in the 1950's. Except for cer-
tain Government-sponsored research, little interest has been shown by legal
scholars in weather modification problems during the 1960's.

Several recent publications have provided good summary coverage of the
various consequences of weather modification. One of the more comprehen-
sive is found in a report to the U.S. Senate Committee on Commerce.: This
report reviews the historical, scientific and legal aspects of weather modifica-
tion. In a section covering the legal and legislative developments,: the
report reviews the common law (nonstatutory) developments, the source
of the Federal Government's power to regulate, existing legislation in the
various States, litigation to date, possible tort law doctrines which might
be used to recover damages, problems involved in Government (Federal
and State) liability, and various issues arising out of possible Federal
regulation.

A comprehensive report has also been published by the National Science
Foundation.* This report presents information on the present status of
scientific, biological, statistical, sociulogical, international, and legal aspects
of the subject. It contains a summary discussion of potentially applicable
legal theories (property law as well as tort law), past litigation, and sug-
gested future action by the Federal Government. The "legal" section of
this report is based in large part on a prior NSF report 5 of data obtained
through a survey of the State and Federal agencies, research and experi-
mental organizations, and commercial operators.

Two shorter articles together provide a summary discussion of a variety
of legal issues. In the first,* Oppenheimer emphasizes questions of constitu-
tional and administrative law: he gives a 'history of Federal and State
legislation, and describes past litigation; he discusses legal theories and makes
traditional legal analogies; and he offers recommendations for Federal ac-
tion. (His discussion of State statutes and past litigation, however, is some-

8 8

8 9



what outdated.) In another article,' Oppenheimer deals with the activities
of various Federal agencies in the area of weather modification, and with
State legislation and the advisability of conducting Federal research projects
in conformity with State statutes. He also discusses recovery of damages
under the Federal Tort Claims Act and other Federal laws, and suggests
lines of future Federal regulation.

Other publications of Government agencies provide information of vary-
ing degrees of significance to the legal researcher. The National Academy
of Sciences and the National Research Council have prepared jointly a
report 8 discussing various scientific and technical problems in this field.
The section of the report dealing with the problems involved in the evalu-
ation cf weather modification projects 9 is of particular interest with respect
to proof of cause and effect before a judicial or administrative body. A De-
partment of Commerce publication " sets forth a proposed weather modi-
fication program to be followed by ESSA if this agency is given major re-
sponsibility in the field. This report is of technical rather than legal interest.
The same may be said of a 1965 U.S. Congress report on proposed Federal
Government actions," which deals more with technology than with regu-
lation. This publication considers policy only with respect to what actions
the Federal Government should take and what agency or agencies should
carry them out. The 1965 NSF Annual Report 11 describes the NSF re-
porting regulation proposed at that time. When that regulation, with a few
changes, became effective on January 1, 1966," that portion of the report
lost its significance.

A University of Chicago publication" contains a number of excellent
articles covering various social consequences of artificial weather modifica-
tion. Two of these articles are of particular significance to the legal re-
searcher. The first, by Edward A. Morris," contains a summary discussion
of litigation to date. The author points out that in this area law lags behind
science, and that there is a need for further Government regulation and
control. Of particular interest is the section regarding problems involved
with hurricane control." The second article, by Fremont Lyden and George
A. Shipman," presents the political scientist's view of possible governmental
action relating to weather modification, and carefully analyzes each pos-
sible form of governmental regulation and control.

A number of law review articles deal variously with questions of govern-
mental regulation, Lability, and legal theories and analogies which might
be used to support an action for damages." In general, these articles may
be said to be either too old in relation to present technology, or too bound
up in traditional legal theory to be of real value for current weather modi-
fication activities and the problems they raise.

Finally, there are a number of student case notes on the two reported
cases involving weather modification operations: Slutsky v. City of New
York, 97 N. Y. S. 2d 238 (Sup. Ct. 1950) ;19 and Southwest Weather Re-
search, Inc. v. Rounsaville, 320 S. W. 2d 211 (Tex. Civ. App. 1958)
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[Southwest Weather Research, Inc. v. Duncan, 319 S. W. 2d 940 (Tex. Civ.
App. 1958) ], aff'd sub nom. Southwest Weather Research, Inc. v. Jones,
327 S. W. 2d 417 (Tex. Sup. Ct. 1959) .2°

Future Directions for Research

What are some of the implications of this pattern of legal research? What
further legal research is justified now which may not have been justified
in 1950?

For one thing, the scientific community has learned much more about
the feasibility and potential extent of weather modification activities. Until
the mid-1960's a large and respectable segment of the scientific community
was unconvinced that man had the knowledge and technical ability to
modify the weather. Now there is wide agreement that weather can be
modified in certain respects, although disagreement continues as to how
much, where, and when such modifications can be made.21

Earlier legal research was concerned primarily with rainmaking. Now
we are confronted with a much wider range of possibilities, including:

1. Rainmaking;
2. Hurricane modification;
3. Cold fog dispersal;
4. Warm fog dispersal;
5. Hail suppression;
6. Snow diversion;
7. Lightning suppression;
8. Regional climate modification;
9. More accurate weather prediction.

The differences in the nature of the legal problems raised by these various
weather modification possibilities are substantial. Certainly the problems
raised by cold fog dispersal over airports are vastly different from those
raised by hurricane modification.

What areas of research justify further consideration by legal scholars?
Some of the topics discussed below involve the more traditional approach
of case analysis; some suggest a broader approach.

1. Opportunities and Problems for "Traditional" Legal Research
The "traditional" materials with which legal scholars work are appellate

court decisions. This is possible because all State supreme court decisions,
most lower State appellate court decisions, and all Federal appellate court
decisions are printed and published in book form and are kept in numerous
law libraries throughout the Nation. This type of research, however, has
certain limitations. For example, even if one can accurately predict what
the courts of one State will hold in a given situation, this does not necessarily
tell much about what the State courts in the other 49 States, or the Federal
courts, may decide in the same or similar situation.

To date, only a small handful of weather modification decisions have been

31 G-125---68-7
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rendered in all the State and Federal courts combined; thus, the traditional
case law scholar must search further afield to find analogies in cases involving
air and water pollution.

Traditional legal research has ordinarily been court-centered, i.e., it has
been concerned with court-made law. Yet much of the law concerning
weather modification will not be court-made law, and will not therefore fit
into the traditional pattern. Later in this paper various suggestions will be
made concerning noncourt law research. To the extent, however, that case
law does have an impact on weather modification (and it obviously does),
ii needs to be examined more thoroughly than ias been done to date.

Further research is appropriate on the legal issues raised by rainmaking.
The technology of rainmaking has progressed considerably since the 1950's
and the legal resc-Irch of that period. Current research efforts, to be relevant
to today's problems, must take into account recent technological develop-
ments. Needless to say, scholars doing legal research need to become well
informed about the relevl nt technology.

2. "Reasonableness" in Nuisance and Riparian Rights Cases

The concept of "reasonableness" as expressed in the law of nuisance and
the law of riparian rights should be thoroughly examined for possible appli-
cations to weather modification problems. A study of how the concept of
"reasonableness" as expressed in the law of nuisance has been applied in
cases involving use of the atmosphere for smoke disposal 22 would be useful.
An examination of how "reasonableness" as expressed ist the law of riparian
rights has been applied in cases involving use of streams for waste disposal 23
would also provide valuable insights.

As yet the doctrine of nuisance has been explored only lightly for its
possible applications to the use of the atmosphere for weather modification.
For example, if A builds a factory on his land which casts smoke and fumes
into the atmosphere, and these fumes are then carried across the land of
BA is making an intentional use of the atmosphere in somewhat the same
manner as a weather modifier. He is using the atmosphere as a means of
waste disposal, and in so doing he is imposing a cost on his neighbor
B's land.

The similarity between the use of the atmosphere for waste discharge
and for other "modifications" (e.g., cloud seeding) seems apparent. Both
involve the use by individuals of an unowned but readily available natural
resource. Both involve intentional modifications of That resource for the
benefit of the modifier's own land. In both situations the conduct of the
modifier is called into question only because it imposes some economic cost
on another's land. Because of these similarities it would seem that a careful
appraisal of the law of nuisance in smoke damage cases might be helpful
in demonstrating how the courts are likely to treat weather modification
problems in the future.

Similarly, the concept of "reasonableness" as applied in riparian rights
law pertaining to waste disposal in rivers and streams can provide some
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interesting analogies. The law of riparian rights says that a man can use a
river or stream flowing past his property for waste disposal so long as his
use is "reasonaVe" in relation to the uses of others below him. There are
some obvious similarities between this situation and that posed by weather
modification. As with smoke nuisance cases, water pollution cases involve
an intentional use of a readily available, unowned natural resource; and
such use is called into question only when it causes damage to someone else.

3. Strict Liability, Trespass, and Negligence

Further research might also demonstrate the relevance (or lack of it)
of various other legal theories to weather modification issues. Strict liability,
for example, applies in cases of an activity considered "ultra-hazardous,"
i.e., an activity which "necessarily involves a risk of serious harm to the
person, land, or chattels of others which cannot be eliminated by the exer-
cise of the utmost care," and which "is not a matter of common usage." "
Liability is imposed without regard to "fault," particularly in cases where
the defendant's activity is unusual, involving abnormal danger to others,
even though it is carried on with all possible precaution.''

Trespass " relates to the unauthorized entry of a person or thing upon
land in the csssession of another. Causing rain to fall on another's land
(Southwest Weather Research, Inc. v. Jones) has been held to be a trespass.
Flooding another's land has also been held to be a trespass. Casting smoke
into the atmosphere which then is carried by the wind over another's land
has sometimes been held to constitute a trespass, but usually not.

Negligence 27 is conduct which falls below the standard established by
law for the protection of others against unreasonable risk of harm. For
example, if cloud seeding is performed negligently, and no harm would
have resulted except for that negligence, then liability may be imposed on
the cloud seeder. Before this concept can be applied effectively, however,
a standard for performance against which to measure the conduct of the
weather modifier must be established.

4. Proof of Cause and Effect in Court Actions
One of the most critical questions in court actions for damages or injunc-

tions resulting from weather modificatioq concerns the proof of cause and
effect. Before the courts award damages or injunctions for weather modifi-
cation activities, they must be convinced, under rules long established, that
(1) the modification attempt did in fact alter the weather; and (2) that as
a result of this alteration the plaintiff was damaged (and would not have
been damaged otherwise). Because of the nature of the weather modifica-
tion problem, cause and effect will ordinarily be very difficult to prove.
In the somewhat analogous situation of river pollution, it is often difficult,
if not impossible, to prove which of many upstream users on a large river
is causing the downstream user's damage. Similarly, it is often impossible
to prove which of numerous industries ic causing damage through air
pollution.
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It can be anticipated that many of the same difficulties of proof will be
present in weather modification litigation. It will probably not be possible
to prove that on a certain July 7, for example, one inch more rail fell than
would have fallen but for the weather modification attempt, and that this
additional rainfall was the cause of farmer Brown's damaged crops. At best.
it may be possible to prove that over a given 6-month or 1-year period, 1
inch of rain was added to what normally would have fallen on a given
area. This means that when the rainfall of an atsa is changed, certain
benefits and costs will be shifted among tht: residents there; but the courts
may be relatively powerless to allocate the costs so that they are also shared
by those receiving the benefits. These problems and their implications
should be given .sareful study.

5. The Role of the Courts and Federal Government in Weather Modifi-
cation

The role of the courts in the field of weather modification is another
difficult area requiring legal research. In the water field until 20 or 30
years ago, the courts provided one of the principal means of distributing the
benefits of a business or activity among those who were damaged by it
and who thus bore some of its costs. As society has become more complex,
the court-centered system of water resource control has become inadequate
to meet society's reeds. These inadequacies of the court-centered system
seem relevant to weather modification problems and might be summarized
as follows:

A. Inability to handle the more sophisticated problems of cause
and effect.

B. Inability to control the air or water polluter (or weather modi-
fier) whose effect is so small on other users the:. these users find the
expense of a lawsuit too great in relation to the recoverable damages.
(Often the effect of one polluter on a stream or body of air is small
and not in itself cause for concern; but many such effects, created by
hundreds of thousands of polluters, may create a total effect which
is substantial and perhaps disastrous to other users of the same resource.)

C. Inability to protect the public interest in a given condition of air,
water, or weather.

D. Inability to develop uniform standards for resource quality.
E. Inability to develop long-range plans for development and use., of

water, air, and weather.
These inadequacies of the court-centered system have gradually brought

about the creation of administrative agencies in varior.6 States and, now,
at the Federal level. These agencies endeavor to carry out the functions that
are either impossible or impractical for the courts to discharge. However,
the role of the courts in weather modification activities is still an open one
and should be :arefully analyzed.

What is the role of the Federal Government in weather modification
activities? What part can it play in the reallocation of costs and benefits
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connected with weather modification? One of the areas that needs study
concerns potential insurance programs, and whether these should be ur.jei
Federal or private control. One possibility is to leave such programs to
private insurance companies, without Federal regulation. A second possibil-
ity is to leave the matter of insurance to rivate companies, but adopt
Federal regulations defining the type of insurance required and possibly the
rules which will determine when liability is to be imposed. A third alterna-
tive is to consider the creation of a Federally owned aad operated insurance
program. In considering these last two possibilities, some thought should be
given to the question of rules or standards for proving cause and effect,
and damage. Is it feasible, or desirable, to adopt different rules for proof
in weather modification cases than are required for proof in ordinary civil
lawsuits? Should rules in weather modification cases be mcre lenient toward
the parties alleging injury or damage than in cases of normal civil action?

6. Decisionmaking for Hurricane Modification

The questions raised by the possibility of hurricane modification are in
some ways unique. One very cricical question relates to the decision-making
function. What body should be responsible for decisions in the case of
hurricane modification: existing Federal agencies, a new agency, Congress,
the State Governments, or the President's office? It is quite possible that
the social, political, and international implications of hurricane modifica-
tion will be so enormous and spectacular that only the highest political
decisionmaker in the country, i.e., the President's office, can take
responsibility.

Hurricane modification also suggests other questions. How should in-
demnity questions be handled? Should the Federal Government compensate
all persons damaged by an "altered" hurricane? Many other questions need
to be raised and examined.

7. A New Approach for Legal Research
Still another factor, tangentially related to weather modification, should

be taken into account: that is, the changing view of the nature of legal
research from within the legal community itself. The recent report of the
Committee on Research of the American Association of Law Schools is
illustrative.

This report is critical of current and past legal research for being too
concerned with what lawyers do with regard to the law rather thair with
the function of law in society. It points out, for example, that many persons
in the legal-academic community think that "law is a function of the legal
profession rather than a function of society." 28 The report suggests that
more legal "research * * * should be aimed at exploring the problems that
the community has in guiding its growth and in regularizing its relationships,
and not simply the problems that lawyers encounter in participating in that
process. Research in this frame of reference implies a disposition_ to take
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account of all potentially shaping forces in the development and regularizing
processsocial, economic, political, psychological and historical." Zg

Concerning the role of "traditional" research, the AALS report also notes
that legal problems "are to a rapidly growing degree not case-to-case prob-
lems but rather those of complex administrative and economic systems and
subsystems, for which case,oriented analysis is an approach of only incom-
plete relevance and effectiveness." 30 "If, on the other hand, 'law' is con-
ceived as the processes, formal and informal, or regularization of social
relationships through public intervention, the relevant universe of inquiry
is greatly expanded." Si Legal research should also take greater account
of the "extent to which nonformal forces--such as economic cost, bureau-
cratic necessity, and social and political pressureimpose limits on the
effectiveness of formal legal ordering." a2

These admonitions apply especially to the field of weather modification,
where, in all likelihood, lawyers as practitioners will play a relatively small
role in the development of law. Yet there can be no doubt that law, more
broadly conceived, /ill play a very important part in the field.

The National Science Foundation and other Government agencies might
do well to encourage the type of broadly based legal research suggested by
the AALS report with reference to weather modification. Certainly the
returns from doctrinaire, case-oriented legal research in this field will be
modest. This is not to say that such research is of no value: it ;, sa a distinct,
but limited, value. A substantial amount of research should be devoted
to the study of law as it relates to the social and economic goals posed by
possible weather modification. What kinds of laws and what kinds of
institutions might best be designed to achieve these goals? And what kinds
of laws and institutions might best be designed to aid in the rational
selection of goals?
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Appendix IX

THE INTERNATIONAL LAWYER AND WEATHER MODIFICATION

HOWARD J. TAUBENFELD, School of Law, Southern Methodist
University, Dallas, Tex.

This paper will suggest areas in which experts in international law and
relations might be encouraged to make an early contribution to weather
modification studies. A fair amount of attention has been given to domestic
questions which weather modification activities raise; but so far the inter-
national implications have not received much notice. This lack is perhaps
reasonable in view of the limited capabilities to make major changes which
now exist; but it is unreasonable when we consider both the rate of tech-
nological change and the vast repercussions which a major ability to change
weather would cause. A Soviet expert has just predicted the acquisition of
sush an ability within two decades.

For the future, we in the legal field may ask:

1. What are the questions lawyers ought to be asking themselves
about the impact of weather modification activities and the need for
legal direction and control?

2. What potential areas of international friction can be foreseen?
3. What mechanisms exist, or might be necessary, to prevent and

resolve such disputes?
4. What efforts to date have posed and attempted to answer these

questions?
5. What potentially are the most fruitful lines for future investigation

and action?

Major Questions

The questions that lawyers should be posing for themselves fall into at
least two major areas.

1. One set of questions depends upon understanding a pattern in weather
modification activities and their probable physical consequences. Once a
given weather change and its physical consequences are known, the lawyer
can begin to think in terms of property, tort, and even contract; and he can
begin to think of remedies available to those aggrieved. Can weather "belong"
to a person, to a State of the Union, to a country? Are there rights in in-
choate weather? If rights can be acquired, is it by capture, by first user?
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Is weather like a river, an ocean, surface water, percolating water, uuder-
ground water? What other analogies should be considered? Can a person
"buy" someone else's weather? (He can certainly buy from another the
results of weather, a stream, etc.) Assuming that 'harm" (which may
mean no more than "change") occurs, and that responsibility can be traced
is the award of damages the "best" resultor is the best remedy prohibition
of "harm" or "change"? Are there other remedies one could pursue? Should
there be "immunities," or absolute liabilities, or some compromise restraints?
Each course of action has social as well as legal effects.

2. Another set of questions relates to the role of the Federal and State
Governments in weather modification activities. Should there be regula-
tion? If so, by whom? What has been the experience under the almost two
dozen State acts now in force? What is the Federal role? What have been
the results so far under the Federal "rules" already in effect? How should
Governments "control"--by license, by regulation, by tax, or by total prohibi-
tion? How can the Federal and State Governments best meet scientific,
social and economic needs without conflicts among themselves?

No doubt other questions can be raised, but the foregoing list repre-
sents some basic questions with which lawyers can feel at home. For the most
part, these are questions which have already been posed in the few domestic
cases we have and in the literature to date. Setting priorities for solution
depends to a great degree on what the physical scientists can tell us about
the likely rate of development of weather modification technology.

3. In the international arena, many of the questions are the same. For
example, even if there is firm international consensus that a state's weather
modification activities must not cause harm to another state or its nationals,
the standards as to what constitutes harm and liability are not thereby
defined. Is a state's duty to "recompense" absolute, or is it based on some
concept of wilfuleess, or negligence, or what? How is recompense to be ob-
tained, and before what agency or tribunal? How much duress is permitted?

Does a state "own" its weather? What weather has it a right to expect to
receive? What measures can it take to protect itself again deprivation
or a change? Can another state obtain a "right" to experiment by offering
compensation? If the losses are small, what arrangements exist or can be
created to adjust them amicably? If they are large, will the same procedures
work? If losses are major and threaten another country's survival, or its
survival in comfort, what can be done? Is this a causur belli? What is the
role of the United Nations Charter in regulating state action and reaction
in this field? Does Article 51, which limits the use of force to a response
to an "armed" attack, legally bar the use of force to prevent another country
from destroying the weather status quo? The states of the Middle East have
already argued that any interference with another state's Water supply
(a "result," after all, of weather) is itself "aggression" and will be resisted
by armed force. Is this not rational in the context of desert economies?

Several international agencies already have an interest in meteorology, or
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at least in scientific pursuits. These include the World Meteorological Or-
ganization (WMO), the Committee on Outer Space Research (COSPAR),
UNESCO, and others. What is their role now? What might it be as
weather modification technology develops? Are other types of international
agencies needed to consider special problems raised by weather activitities? If
major weather modification becomes a reality, will it not change all inter-
national economic arrangements? If the deserts bloom, where and how
will the crops be marketed, etc.?

Can existing international treaties serve as guides for weather modifica-
tion activities? For example, do the bars to nuclear explosions established
in the Antarctic Treaty of 1959 and the Test Ban Treaty of 1963 have
implications for possible controls of weather modification activities? What
treaty regimes (air law, international river controls, outer space provisions)
offer useful precedents for dealing with potentially harmful experimt.its?
From the history of these efforts, what can one conclude about the readiness
of states to give up major potential advantages associated with weather
modification activities?

Research Needs

Efforts to look at some of these questions, while not numerous, seem to
have begun about a decade or so ago. A number of law review articles and
Government publications, most of them quite recent, deal with some of these
issues. The question of liability is touched upon in several newer studies
of the problems caused by changing technology. The NSF's Special Commis-
sion has had a report prepared at Southern Methodist University on Weather
Modification: Laws, Controls, Operations.1 On the whole, only domestic
questions have been raised by these various articles and studies, although
the Special Commission's report notes some of the international political
problems potentially involved. A 2-day meeting is planned at the SMU
Law School in the fall of 1967 to survey the domestic legal problems and
prospects raised by weather modification activities; and the State Depart-
ment is beginning to look into the international law implications.

There is an obvious need for prompt consideration of the international
aspects of weather modification activities before these become actuzkl prob-
lems. The State Department (Office of the Legal Adviser) is already show-
ing interest, as noted above, in the kinds of problems which we as a Nation
and they as its international legal experts are likely to face as the technology
of weather modification advances. There is also a need to study the inter-
national political-legal system to see in what ways it can adjust to possible
changes caused by these technological advances. Proposed adjustments, of
course, will be determined in part by how quickly we can expect wide-scale
weather activities to become feasible. Several studies are now in progress con-
cerning other aspects of technological change and domestic decisionmaking
as these have bearing on international relations. Eugene Skolinkoff, for
example, has just published Science, Technology, and American Foreign
Po licy.s

101

1 0



In many ways, the lawyer works best when he can see all the ground rules.
In the field of weather modificaticn, he needs to know the magnitude of
prospective changes and whether or not they amount to "zero-sum" games.
Historical experience makes one point clear: if vrT. are certain to have
"losers," we are certain to have complaints.

While a major project might be developed to study both domestic and
international problems, there may be merit in handling research for the
two areas separately. The rules emerging from study of domestic problems
are likely to be different from those evolved for international issues; and
the problem of enforcing agreed-upon rules is certain to be different
for each area.

Many of the problems anticipated are interdisciplinary in their nature.
The physical scientist's views on the magnitude and time-scale of potential
changes are essential to further work. Political scientistsstudents of inter-
national relatiorshave much to offer. Economists also can help explore
alternative techniiues of accommodation and control.

If we look only at potential international problems, our machinery for
decisionmaking ranges from primitive to nonexistent. It has always been dif-
ficult to achieve international solutions, at least where vital national inter-
ests and resources are at stake. There are, of coune, some happier examples:
the sharing of meteorological information thus far is one of them.

Clearly, one way of furthering mutual understanding among physical
scientists, social scientists, practitioners, and administrators in a field is to
have them talk to each other. This approach has accomplished much in the
present project, as well as in such fields as atomic energy and outer space
research. The need for interdisciplinary cooperation in studying the many
implications of weather modification activities is indeed great. The domestic
and international issues that are likely to be raised by ,najor modification
efforts deserve our early attention and every attemp', to devise practical
alternatives of accommodation and control.

FOOTNOTES

1. Howard J. Taubenfeld, Weather Modification: Laws, Controls, Operations, report
to Special Commission on Weather Modification, National Science Foundation,
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2. Eugene B. Skolinkoff, Science, Technology, and American Foreign Policy, Mas-
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Appendix X
MODELING PAPERS

PART 1MEASURING THE ECONOMIC IMPACT OF WEATHER
AND WEATHER MODIFICATION: A REVIEW OF TECH-
NIQUES OF ANALYSIS

W. R. DERRICK SEWELL, Department of Economics and Political
Science, University of Victoria, Victoria, British Columbia

ROBERT W. KATES, Department of Geography, Clark University,
Worcester, Al ass.

W. J. MAUNDER, Department of Geography, University of Victoria,
Victoria, Blr'' di Columbia

During the past few years there has been an increasing demand for
improved techniques for measuring the impacts of weather and climate on
economic activities. This demand stems in part from mounting losses of
property and income which result from extreme weather events, in part
from man's increasing use of the atmosphere as a transportation route, and
in part from his increasing ability to modify the weather. Each year in the
United States, for example, losses from tornadoes are estimated to be in
excess of $250 million, losses from hurricanes in excess of $200 million, and
those from floods over $290 million.1 Large losses also result from lightning
and hailand from less extreme weather variations.

Part of these losses might be eliminated if improvements were made to
existing weather information and forecasting systems? Costly delays in air
transportation which result from adverse weather might be reduced if better
weather information were available or if weather could be altered.' Various
other economic activities might also benefit from advances in the field of
weather forecasting and modification.

Thus far, however, specific relationships between the weather and various
economic activities have been explored only to a limited extent. Most of the
research effort in this connection has been devoted to advancing knowledge
about the impact of weather on agriculture,' and to a lesser extent on trans-
portation 5 and the construction industry.° Little is known about the impact
of weather on such economic activities as manufacturing or the service
trades. Even in those activities in which a good deal of work has been done,
knowledge of overall impacts is imperfect. In agricultt. Iv, for example, we
have some indication of the effects of a particular weather variable on a
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particular crop in a particular region. But we still lack knowledge of how a
given variable affects all crops in a given region, or of how each weather
variable affects different crops in a given region. We can determine to some
extent how a wet summer affects corn praiuction in Iowa, but estimates of
the overall impact on the bwa economy are fairly crude. Estimates of
impacts of ?articular weather events on the national economy border on
guesswork.

Now that weather modification seems capable of achievement, it is imper-
ative that much better estimates of the overall impact of weather on eco-
nomic activity be obtained. Such estimates are needed because weather
modification has differential effects on economic activities. Some activities
may gain from a given weather change, but others may lose. Moreover,
weather modification is but one of several possible adjustments to the
weather. Estimates of overall weather impacts would be lu ',gal in determin-
ing which alternative adjustment is most efficient. Would it be best to accept
the weather as given and try to reschedule an activity (as in postponing
planting or ha !vesting) or try to insulate against weather effects (as in
using air conditioning or drought-resistant crops) ? Or would it be more
efficient to try to alter the processes which produce the weather?

Possible Techniques of Analysis
One of the major topics of discussion at the Symposium on the Economic

and Social Aspects of Weather Modification, held at the National Center
for Atmospheric Research in 1965, was the problem of identifying and
measuring the economic impacts of weather variations. Several tools of
analysis which might be developed for this purpose were considered.?

Ackerman, for example, proposed the development of an Ideal Weather
Mode1.8 Such a model would identify and measure variations of actual
weather conditions from conditions considered ideal for the pursuit of
different economic activities, and would express the importance of these
variations in economic terms. Development of such a model would require:
(1) determination of the requirements of each activity for temperature,
precipitation, and wind in terms of volume and timing; (2) assessment of
the economic costs of variations in different weather parameters to partic-
ular economic activities; and (3) development of some means to trace the
impact of a given weather variation through the economic system. Ackerman
noted that considerable research is required before such a model can be
applied. In particular, he emphasized the need to determine the weather
requirements of various activities and the costs of weather changes to them.
He suggested, however, that once these problems are solved, recent develop-
ments in applied economics, regional science, and computer science will
facilitate the identification and measurement of weather impacts in various
sectors of the economy.

The Symposium group considered several techniques that have been
developed in recent years for analyzing economic systems, both at the re-
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gional levZI and national leveL These techniques include: input-output
analysis, simulation, linear programming, and regression analysis. In most
cases to date, these tools have been applied without considering the climatic
factors which may affect an economy: most econometric models have been
based on the non-meteorological aspects of an economy. Even a casual look
at the economy of most areas, however, reveals that climatic factors cannot
be ignored. Hence, existing techniques for economic analysis must be assessed
with caution. Generally, substantial modifications will be required before
these techniques can be used for evaluating the real impacts of weather and
climate on economic activities.

Input-Output Analysis

One technique that can be used to assess the real economic impacts of
weather and climate is input-output analysis,9 known also as interindustry
economics. This method is concerned with, quantitative anal-ssis of the inter-
dependence of producing and consuming units in a modern economy." In
particular, input-output analysis permits study of the interrelations among
producers as buyers of each other's outputs, as users of scarce resources, and
a sellers to final consumers. Once the linkages among various industries are
known, it is possible to trace the impacts of a change in output of one in-
dustry on other industries in an economy.

A number of sophisticated models based on input-output concepts have
been developed for analysing economic changes in particular regions.11
Attempts have also been made to develop a model of the United States
economy using this technique." However, most input-output studies do not
take account of climatic factors.

Typical of non-climatic econometric models is the Arizona input-output
mode1.13 In considering the agricultural processing sector, this study shows
that to produce a dollar's worth of agricultural products, it takes roughly
31 cents of input from the livestock sector, five cents of input from the crop
sector, eight cents from trade and transportation, and so on. Inputs from
rainfall, temperature, sunshine, wind, etc., however, are not considered.

Another study makes some attempt to assess the value of water to the
Arizona economy." For example, it reveals that of the 5.0 million acre-feet
of water consumed in 1958, 1.5 million acre-feet were consumed by cotton,
1.4 million by food and feed grains, 1.3 million by forage crops, and so on.
A subsequent analysis of these data indicates that the direct and indirect
requirement to fill an order for an additional $1,000 of final demand varies
from 65.0 acre-feet for the food and feed grains sector, to 0.03 acre-feet for
the trade, transportation and services sector. The indirect economic effect
of water is demonstrated in the poultry and eggs sector, which ranks 22d
out of 24 in its direct water coefficient, but 3d out of 24 in its direct and
indirect coefficient. It takes nearly 21 acre-feet of water usage in the State's
agricultural industries to produce $1,000 of poultry products for the con-
sumer. The explanation for the apparently high total is that poultry and
eggs require large amounts of agricultural crop inputs, particularly food
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and feed grains, which are themselves large consumers of water. Here again
the values of rainfall, temperature, and sunshine are not considered. If, how-
ever, these climatic factors were incorporated into econometric models
of the type developed far Arizona, the impacts of changes in these weather
parameters on the economy of a region could then be studied.

Variations in weather can obviously result in changes in the production
functions of various activities. Given a change in the production function of
one activity, input-output analysis can make it possible to determine the im-
pacts i f that change on other activities too. An increase of precipitation at a
particular time, for example, may permit a significant increase in agricultural
output. This in turn will increase the demand in the agricultural sector
for inputs from other sectors. Increased output in the agricultural sector,
however, does not necessarily imply that there will be increased outputs in
all other sectors. Some economic activities may experience substantial
gains, but others may suffer declines in the demand for their outputs. Input-
output analysis therefore can provide a useful means of identifying which
activities may gain and which may lose as a result of given weather
variations.

Simulation
If it were possible to have a scale model of the economy, complete in

every detail, one could alter rsne variable in the system and then observe
what changes took place in other parts of it. Unfortunately, such scale
models a.e not possible, partly because economic systems are not composed
of physical mechanisms that can be scaled down, and partly because of the
complexity of the systems. To overcome these problems, simulation models
have been developed." These use computer programs instead of physical
models to represent the parts of the system and the interactions among the
parts. Simulation models incorporate the variables that are believed to be
the most important, and can then be used to determine the effects of a
change in a particular variable on the system as a whole. The use of such
models has increased considerably with advances in computer science and
technology.

Simulation techniques offer useful possibilities for examining an economic
system and the effects of weather and climate on its activities and on the
system as a whole. One recent attempt to assess economic impacts of
weather by simulation was made by McQuigg and Thompson." They
suggested that relations between weather events, non-weather events, man's
function as a decisionmaker, and the economic outcome of an enterprise
may be represented by an equation of the form

E=f(W,N, A) +u,
where E= economic outcome; W= w2, . . . , w,), some actual weather
events; N= (n,, n,, . . . , nh), some actual non-weather events;
A= (a,, a2, . . . , ai), a subset of alternatives based on information supplied
to the decisionmaker; and u= a "disturbance" factor, which is random and
normally distributed.
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Using this equation, a simulation model was developed, based on real
economic data from an important weather-sensitive enterprisethe man-
agement of the flow of natural gas to a city during the winter. While the
results of the simulation model analysis were being studied, a basic concept
began to emerge: that improvements in the accuracy of weather information
may allow the manager of a weather-sensitive process to make "better" and
hence more valuable decisions, provided he has a sufficiently precise rational
method of translating weather information into operational terms. It became
apparent that the value of weather information and the use to which it is
put depen on a much more detailed knowledge of weather impacts on
weather-sensitive activities than is available at tho present time."

Simulation techniques may also be usefully applied to the evaluation of
weather modification programs, which have characteristics similar to activi-
ties that have already been successfully subjected to analysis by simulation,
such as transportation systems and envirom rental health. Simulation tech-
niques for analyzing water resource programs," particularly those which
have evolved from the Harvard Water Program," also show promise for
applications to the analysis of weather modification programs.

Lir mar Programming

A relatively new contribution to the field of interindustry economics is
the technique of activity analysis or linear programming, developed first by
Dantzig and Koopmans.2° Most applications of this technique have been
to problems of single plants or firms, but the method itself is also useful
for industry-wide and interindustry analysis.

Basically, activity analysis is a method of analyzing zny economic trans-
formation in terms of elementary units called activities. It provides the
conceptual framework for the mathematical technique of linear program-
ming, which can be used to determine optimum solutions to various kinds of
allocation problems. This technique requires that the relatioAships among
relevant variables be expressed in linear mathematical form. Ti:ese expres-
sions, together with appropriate co;wraints, make up a set of equations that
have many solutions. The purpose of linear programming is to identify a
particular combination of variables that will produce optimum results.

One example of linear programming is the PARM system. This pro-
gramming model is built up of basic variables called activities, which are
represented in the computation system by time-phased vectors grouped
in tables. The maximum size of these tables is limited by the available
computer memory, the prototype model having 983 such activity vectors.
Wood suggests that regional applications would use a supplementary model
adjoined to the national model." Applying the regional model in any time
period would assume prior application of the national model to that time
period. The regional model, like the national model, would be applied first
to the period immediately following the historical data, and then succes-
sively to subsequent periods, if desired. In this way the data computed for

a2 IG-125--68----8
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each time period would be added to the historical time series and used in
the computation of the next period.

Regression Analysis

Regression analysis is also a valuable tool in many kinds of investigations,
and particularly appropriate in studies of the effects of climatic variations
on aspects of consumption and production. Until recently, multiple regres-
sion techniques could only be applied when the number of independent
variables was relatively small. Today, however, with electronic computers,
regression analyses with I0, 20, 30, or even more independent variables can
be processed very quickly. Consequently, the "choice" of independent (cli-
matic) variables is not as critical as it once was.

Regression techniques can usefully be applied to analyzing impacts of
weather and climate on economic activities. For example, a regression
model was recently developed to assess the effects of significant climatic
variations on agricultural production in New Zealand, and their ultimate
impacts on agricultural income." With modifications, this model could be
applied to the study of climatic impacts on agricultural production in other
countries as well. Regression techniques could also be used to trace impacts
of weather changes on other aspects of the economy 23

Potential Applications of Analytical Techniques

Thus far, applications of the various analytical techniques just described
to the evaluation of weather impacts and weather modification programs
have been more a matter of discussion than of accomplishment. Advantages
and disadvantages of using these analytical tools for such evaluation have
not been reviewed in detail. Neither has sufficient attention been given to
the problem of what types of data or research are required before these
techniques can be used successfully. Kuh, for example, states that "the
quality of most available statistics is weak 4' * *. In many areas of research,
computing capability and theory of estimation and behaviour have clearly
outstripped the ability of our statistical agencies to produce pertinent data
for testing and estimation, even though matters are constantly improving." 24
Clearly, research is needed to select useful data which can be expressed in
quantifiable terms; to determine relationships between weather variations
and weather-sensitive activities; and to direct imaginative efforts towards
developing and adapting techniques for measuring impacts of weather
and climate on various economic activities.

The papers which follow this introduction represent attempts to overcome
some of the deficiencies in the field. Langford discusses in detail the possi-
bilities of applying one particular technique, input-output analysis, to studies
of economic impacts of weather and climate; and he notes the types of
information that would be required for such efforts. He suggests that re-
gional economic models, such as the one developed in the Philadelphia
Region Input-Output Study, could be adapted to incorporate weather as
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a factor which influences the production functions of industries included
in the input-output tables. He notes, however, that although it may be
possible to use this method to determine impacts within a given region,
substantial difficulties may be encountered in attempts to apply it for assess-
ing inter-regional impacts.

In a second paper Hufschmidt, Fiering, and Sherwani discuss the possi-
bilities of adapting water-resource system simulation models for use in
measuring physical and economic impacts of weather forecasting and weather
modification programs. Drawing on the experience gained in the Harvard
Water Program, and noting the special problems raised by changes in natural
streamflow patterns, they conclude that it would be possible to apply simula-
tion techniques to the analysis of weather modification and weather forecast-
ing programs. They note, however, that several sub-models would need to
be developed for this purpose, including sub-models for providing informa-
tion on streamflow-runoff relationships, flood 2robabilities, and the economic
impacts of chan7es caused by alterations in normal weather patterns.

In a third paper, McQuigg describes a specific example of a simulation
model that can be useful in studying economic impacts of weather modifi-
cation. The physical process chcren for simulation was the deliberate cre-
ation of contrail cirrus clouds. To determine whether or not modification
was needed, the simulation model used as basic input data the 20-year
record of observed upper air temperatures in the area, together with records
of daily maximum and minimum surface temperatures, precipitation, and
percent possible sunshine. The model produced a useful modified series of
temperature values, with components of variance that could be attributed
to changes in the amount of cloudiness claimed. The modified temperature
series provided reasonable estimates of the changes that could be expected
if summer cirrus clouds over Missouri were modified by creation of a suffi-
cient number of contrails. A natural extension of this work is to apply the
model to simulation experiments involving the effects of temperature modi-
fication on electric power demand, dairy production, crop production, and
other weather-sensitive activities.

The authors of these papers seem to agree that the various methods re-
viewed can be applied to the evaluation of weather modification programs.
They point out, however, that in many cases, data must be gathered and
research undertaken in order to improve the usefulness of analytical tech-
niques. In particular, studies are required to determine the sensitivity of
various economic activities to changes in different weather parameters.
Studies are also needed to determine the ways in which weather information
is used. What kinds of information tend to promote action to deal with
weather events, and what types tend to promote no action? We need to know
how people perceive the weather, and alternative adiustments to it. We need
to know how much weather change is required Mort people will respond
and whether reactions to planned changes differ from those to natural
variations. At present our knowledge of these matters is quite limited. Further
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work is needed to develop and refine the conceptual bases of models for
analyzing the economic merits of weather modification programs. Parallel
work in empirical studies is also urgently required. Model building needs to
be accompanied, for example, by studies of the weather requirements of
various industries and regions, and by studies of the factors which seem
to condition human responses to the weather.
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PART 2A PROPOSED MODEL FOR THE EVALUATION OF
ECONOMIC ASPECTS OF WEATHER MODIFICATION
PROGRAMS FOR A SYSTEM OF REGIONS

THOMAS W. LANGFORD, Jr., Department of Regional Science,
University of Pennsylvania, Philadelphia, Pa.

This paper proposes a model for identifying and evaluating some of the
possible economic effects which might result from alternative programs of
weather modification. While the economic implications of weather modifi-
cation programs are only a part of the total impact upon society, economic
analysis can provide valuable insights into many other areas of interest.

Four major criteria may be used in developing and evaluating the pro-
posed model. These criteria are determined by the structure of tl.^ economy
and by meteorological phenomena. First, the inputs and outputs of the
model must be capable of being measured: all parameters, such as initial
conditions, changes, and impacts, must be quantitatively specifiable. Second,
the model should be sufficiently flexible, so that it can identify and represent
the many complex relationships among the various parameters in both the
economic and the meteoroloz'cal systems. Third, the model should provide
for spatial differentiation: weather is not uniform over all regions at a single
time, nor is the impact of a single weather state uniform for regions having
different structure,. Fourth, the model should be capable of temporal differ-
entiation: weatie.tr and economic activity occur over time, and any effects
are clearly time - dependent.

Bask Input-Output Model

Prior reports have proposed input-output or inter-industry analysis as a
viable construct to identify and quantify economic impacts of weather pro-
grams.' Inter-industry analysis has proven capable of representing the
highly complex inter-relationships in rigorous form and of quantifying the
effects of changes in the economic system in highly disaggregate form. The
input 'output model may be considered a social accounting system which
measures the flows of current transactions throu7h various sectors of the
economy. In this accounting system, each sector or industry appears twice:
once as a consumer or purchaser of inputs, and once again as a producer or
seller of outputs.

Purchases of goods and services can be represented as a column vector,
designated xii, where the subscript i indicates the industry producing the
goods or services, and the subscript j indicates the purchasing industry. Thus,
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for all industries in an economy (1, 2, 3, . . . , i, j, . . . , n), an (n x n)
matrix array, xib may be constructed. Figure 1 shows such a matrix.

The general framework of input-output relationships is derived from two
basic equations. The first specifies that the total supply (output) of an
industry, Xi, is equal to the total demand, where the total demand is the
intermediate (structural) plus the final demand:

PURCHASING INDUSTRIES

2

2

X11

Xn

X1,

X22

.X13

X22

Xu

121

X1.-1 xJn

x2111-1 X2fa

3 X111 .1412

Xa

131

Xa

X3,

Xi/

Xs.

Xj,-1 V.

n-1 X...11 X lo-12 X11-13 X%li X...-1n-1 Xn!w

n Xa X.2 X.2 . X..

Figure 1.Generai InputOutput Matrix

Xi=Z Xi+Yi,
f

where Y4 (final demand for product i) may be further described in terms
of C4 (consumption) + It (investment) ± Gs (government) + et (net
exports). The second balance equa'don specifies that the total value of pro-
duction (output) is equal to the total value of all inputs, j, where the total
inputs are those purchased from other producing sectors (intermediate)
plus the factor or primary inputs:

Xi= xu+VjY
1=1

where Vj (primary inputs to product j) may be further described as labor,
capital costs, etc. (usually designated as "value-added").

The four basic assumptions of input-output analysis are surprisingly
simple in their statement, but somewhat complex in their effect upon an
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empirical model.2 First, the industries or sectors are defined such that the
system is both n 4tually ,xclusive and exhaustive in its partitions. Further-
more, the sectors are homogeneous: that is, each commodity can be pro-
duced by one and only one industry; and each industry produces ont and
only one commodity. Secondly, it is assumed that a single linear production
function exists for each commodity: that is, the inputs required by each
industry are a function only of the i,!vel of output of that industry. Thirdly,
addle vity is assumed with regard to production functions: that is, the
effect of carrying on several types of production is the simple sum of the
sepa,.ate effects. This excludes consideration of external economies or dis-
economies. Finally, an assumption is generally made concerning the stability
of production functions. This, in general, denies substitutability, relative
price changes, and technological changes in production functions.

These assumptions constitute varying limitations, depending upoli the
specific characteristics of the input-output model constructed. For example,
if a highly disaggregated sectoring system is used, the requirements of the
first :..._-.umption regarding homogeneity can be reasonably satisfied; however,
this may incur a corresponding decrease in the stability of the coefficients.

Modification of Industry Production Functions

A given industry may react to specific weather phenomena by modifying
its production functioni.e., by purchasing different combinations of goods
and services at the same or different prices, and/or by changing the level,
composition, or price' -c its output. In terms of the input-output model, this
is equivalent to substituting the production function

[2(0 for [Xii].
.of

X fl X
X f2 X f2
Xt3 Xf3'

n Ito

Input-output analysis permits an extensive analysis of the impact of these
changes, not only upon the industry modified, but also upon all other indus-
tries within the economy. In addition, input-output analysis permits an
evaluation of the demand and supply for each resource; determination of
whether the current availability of a given resourc .e is a valid constraint
upon the economic system; and if so, what the conomic price of that
resource may be, given the modified demands under specified conditions.

As an example, consider the effects of intermittent adverse weather
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conditions upon the construction industry. ;f an economic loss estimate
of 1.76 per cent for the total construction business (developed by The
Travelers Research Center, Inc') is assumed for the Philadelphia, Pennsyl-
vania-New Jersey Standard Metropolitan Statistical Area, this loss estimate
amounts to approximately $14,188,000. Using the Philadelphia Region In-
put-Output T.tble,4 89 industries would be affected by changes in the
aggregate construction demand. These changes would range from approxi-
mately $53 for electric lamgs to $2,158,542 for wages and salaries. Each of
the 89 sectors would in turn change its demand, and the effect would spread
with differential intensity throughout the economy.

The effect of the intermittent adverse weather conditions on an explicit
production function was not examined to determine detailed probable
expenditure changes. However, it is reasonable to believe that substantial
changes would be observed in labor and in those industries producing
protective equipment and perishable goods.

Inter-Regional input-Output Model

An important modification to the basic model is to make it capable of
spatial or inter-regional differentiation. With respeet to weather, this is
particularly important as modifications may not occur throughout the
Nation, but rather to spatially differentiated segments of the economy. The
impact of changes in a given region may be totally unlike those in any other
region.

The modification to the basic input-output model is rather simple. Each
producer and consumer is now differentiated by region, and the basic flows
may be represented as in Figure 2. The two basic equalities previously
discussed will hold when summed °ye; all regions, that is:

and

tr n II
_E

"1
X1Pg= 71 Y7

R= g:74
r U

XR3. Exts+ E v7
6,=A 1?....4

where commodities are denoted 1, 2, . . . , i, j, . . . , n; and regions are
denoted A, B, . . . , R, S, . . . , U. Hence, where industries are spatially
differentiated, the model describes the production function of each regional
industry in terms of its inputs from all other industries. Similarly, the model
presents the sales pattern to all industries over all regions.

A major limitation imposed by the addition of an interregional dimension
to the model is the need to assume stability of spatial distribution patterns
over time. However, it is still desirable to include such a modification in the
proposed model because of the highly spatial effects of weather phenomena.
Investigations are currently being conducted in regional input-output analy-
sis to quantify regime.1 effects. This spatial extension permits consideration
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of the impacts upon industries in region S resulting from a weather modifi-
c.l.tion in region R because of the economic interdependence or regions.

Interregional Weather Modification Matrix
The obvious extension is to include interregional weather relationships

within the theoretical construct. Having first analy.,_,A spatially the economic
effects of weather modifications in region R upon the economic system in
that and all other regionswith the weather in all other regions constant
the effects of the weather modifications in region R upon the weather in all
other regions can now be considered. This interrelationship of weather states
can be represented by a transitional probability matrix. The conditional
probability in any cell of the matrix is described in this way: given the modi-
fication in region R from weather state 7 to weather state 8, the weather in
region S will be modified from state n to state C (where possible weather
states a, . . . , y, . . . , 8, . . . , . . . . . . sr exist in each of A,

. . . , R, S, . . . , U regions). This probability is represented as:

Pg:

The following probability definitions are determined:

and

The transitional probability mat/ix may be related to tl.z.imodified pro-
duction functions introduced earlier so that the production functions

_ r.

YRS"ti

are described as functions of the weather states in the producing region,
that is:

[XV]= f(Weather state in region R)

Here, it is important to note that the operational value of the system may
depend in no small degree upon the definitions of the weather states. Initially,
the weather states can be described in terms of observable and quantifiable
parameters, the discrete states so defined as to include maximum variation
in production functions between weather states and minimum variation
within each state. Hence, the description of the weather states is operationally
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made a function of the modifications in production functions. However,
attaining a set of weather states which arc consistent with possible modifi-
cation programs and meteorological observations may be a major problem.

It is clear that while the proposed model is theoretically appealing, it has
many empirical shortcomings given the current state-of-the-art. At present,
two major gaps exist. First, information relating to the specific changes in
production functions is lacking. Detailed studies are needed to determine
precisely what these modifications arc.' Initially, it may be possible to use the
highly explicit linear functions, developed in detailed inter-industry studies,
aid to base modifications on ideal as well as probable engineering or tech-
nological changes. However, detailed empirical studies of specific changes in
production functions are required.

Second, the temporal and spatial inter-relationships of weather states
(both initial and modified) have not been sufficiently determined to permit
development of the probabilistic segment of the proposed model. Research
should be undertaken to determine the effects of weather modifications,
if any, upon the "normal" weather system.

If these two major gaps can be brid;A, the proposed model can be made
workable. A number of input-output models do exist for specific regions,
although these are not entirely comparable. Researchers are continuing to
examine methods by which characteristics of the physical environment
may be included within input-output models. For example, some work
with the hydralogical cycle has already been included in a study of the
Colorado River Basin.' The Philadelphia regional study is to be expanded
to include the Delaware River Basin sodel, so that water quality poICies
can be related to regional economic activity.? The work in developing a basic
input-output model for evaluating economic aspects of weather modifica-
tion programs has been a challenging and expensive task. There is a grow-
ing belief among some regional economists that with modifications to basic
parameters, such a highly detailed model can be adapted successfully to
various regions at relatively low cost.'

FOOTNOTES

I. See Edward A. Ackerman, "Design Study for Economic Analysis of Weather
Modification," in Advisory Committee on Weather Control, Final Report, vol.
II, U.S. Government Printing Office, Washington, D.C., 1958, pp. 23'5-245.

2. A voluminous literature has been developed concerning related theoretical and
matL anatical implications of input-output structures. For a detailed discussion
of these, the reader is referred to the following: Wassily W. Leontief, The
Structure of the American Economy, 1919-1939, 2d Ed., Oxford University
Press, N.Y., 1951; W. W. Leontief et al., Studies in the Structure of the American
Economy, Oxford University Press, N.Y., 1953; Hollis B. Chenery and Paul G.
Clark, Interindustry Economics, John Wiley and Sons, Inc., N.Y., 1959; Walter
Isard et al., Methods of Regional Analysis, Technology Press and John Wiley
and Sons, Inc., N.Y., 1960; Richard Stone, Input-Output and National Ac-
counts, Organization of European Economic Cooperation, Paris, 1961; National
Bureau of Economic Research, Input-Output Analysis: An Appraisal, Studies
in Income and Wealth, vol. 18, Princeton University Press, Princeton, N.J., 1955.
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3. J. A. Russo, K. Trouem-Trend, R. H. Ellis, R. C. Koch, G. M. Howe, G H. Mil ly,
and I. Enger, "The Operational and Economic Impact of Weather on the
Construction Industry of the United States," The Travelers Research Center,
Inc., Hartford, Conn., March 1965, pp. 55-74.

4. Walter hard, Thomas W. Langford, Jr., and Eliahu Romanoff, Working Papers:
Philadelphia Regional Input-Output Study, Regional Science Research Institute,
Philadelphia, Pa., December 1966.

See the recommendations in the Final Report of the Task Group on Human
Iiimensions of the Atmosphere concerning this research need.

6. Bernard Udis and Gilbert W. Bonem, "Water Use and tile Colorado River Input-
Output Study," University of Colorado, Boulder, Colo., January 1966.

7. Economics of Water Quality for a Regional System, undertaken by Regional
Science Research Institute, Philadelphia, Pa., under Public Health Service
Research Grant WP-00938-01.

8. hard. Langford, Romanoff, op. cit.
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PART 3SIMULATION MODELS FOR WATER-RESOURCE SYS-
TEMS: THEIR UTILITY IN MEASURING PHYSICAL AND
ECONOMIC EFFECTS OF WEATHER FORECASTING AND
WEATHER MODIFICATION: SUMMARY REPORT

MAYNARD M. IIUFSCHMIDT, University of North Carolina, Chapel
Hill, N.C.

MYRON B. FIERING, Harvard University, Cambridge, Mass.

JABBAR K. SHERWANI, University of North Carolina, Chapel Hill, N.C.

Purpose and Scope of Report

The purpose of this report is to examine the feasibility of adapting water-
resource system simulation techniques, as developed in the research of the
Harvard Water Program, as a means for testing the physical and economic
effects of weather management and forecasting on controlled water-resource
systems. Existing simulation and hydrologic synthesis techniques, as reported
in the literature, are examined to determine the additions and changes that
would be required to adapt the models and computer programs to this pur-
pose. No new models are developed nor simulation programs written. Rather,
the report is limited to an examination of the "state-of-the-art" in simulation
and hydrologic synthesis as it relates to weather modification and forecast-
ing problems, and a statement of further research required to adapt these
techniques in order to deal effectively with such problems.

Role of Simulation in Water-Resource Planning and
Decisionmaking

The term "simulation" has no precise definition which is coaunonly
accepted by operations researchers and systems analysis. In very general
terms, simulation can be described as a process which reproduces the es-
sential elements of a system or activity without attaining reality itself. In
the spectrum of systems analysis methods, ranging from the most to the least
abstract, simul Lion occupies the middle range.

Simulation -.an be used both in the construction of didactic or teaching
models and as an aid in design and planning processes. Simulation can con-
sider microscopic as well as macroscopic phenomena. One may be interested,
for example, in simulating a path taken by a particle (e.g., a charged atomic
particle or a molecule of water), subjected to certain driving forces and
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constrained by certain boundary conditions. If decisions at the several
branches of a network consisting of all such paths are resolved on a prob-
abilistic basis, simulation is a particularly powerful tool for deriving the statis-
tical characteristics of the behavior of a group of particles. Then, by compar-
ing predicted to observed behavior, it is often possible to verify (or reject)
hypotheses concerning the fundamental causal structure of the phenomenon
under investigation. In such a case, the simulation model is said to be didactic
because it attempts to teach or explain a natural phenomenon in terms of
concepts which can be represented adequately by a series of symbolic
relationships. This approach is akin to the solution of partial differential
equations by Monte Carlo techniques, a subject on which there is abundant
literature.

Simulation takes on quite a different character when it is used as an aid
in the de§ign process, wherein we typically deal with large and complicated
systems. The components of such systems, symbolized by decision variables
to which particular numeric values are attached, are logically or physically
interconnected to form a network. The network receives inputs (informa-
tion, energy, or materials) and processes them to yield outputs (policies,
allocations, or commodities). We wish to specify some optimal set of deci-
sion variables, one which obeys the relevant constraints on system per-
formance and elicits the best possible response or set of outputs. This implies
the existence of a means for measuring system response or performance in
terms of a set of goals or objectives expressed formally as an objective func-
tion, whose value is to be maximized or minimized. Where objectives are
expressed in economic terms, the formalism for measurement is called the
benefit function; the function to be maximized h. this case is the value of
gross economic benefits less economic costs or losses.

Simple design problems of this form may be "solved" (in the sense of
obtaining an optimal design) analytically and exactly. However, most
realistic problems of resource allocation, including water-resource design
problems, involve so many social, economic and technologic fuctois in so
complex an interplay that it i: necessary to resort to simulation for approxi-
mate solutions to the optimization problem.

Structure of a Simulation Program
A digital computer simulation program for a water-resource system would

have the following major segments:

I. A set of subroutines to handle the physical laws governing system
operations. For example, in simulating the operation of a water storage
reservoir, the law of conservation of mass must be obeyed: that is, the
quantity of water in storage at the end of some time interval (day, week,
month, or year) must equal the initial storage plus the inflow less the
outflow (which includes reservoir releases, diversions, evaporation and
seepage).

2. A set of subroutines to assure pr; sical consistency. For example,
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the quantity of water in storage must neither become negative nor
exceed the storage capacity of the reservoir.

3. A set of subroutines to make the essential logical decisions based
on a predetermined or flexible system operating folic:' For example,
these subroutines would make allocations from available water sources
to serve competitive alternative uses for those sources. It might be neces-
sary to decide which of several alternative water uses receives water,
or from which of several alternative storages a unit of water is supplied
to meet some downstream demand.

4. A set of subroutines to evaluate the economic consequences of
the vector of system outputs associated with a decision or set of deci-
sion rules. In a water-resource system, this involves calculating (i) the
gross benefits associated with each system output, (ii) the capital,
operation, maintenance, and replacement costs associated with system
inputs, and (iii) the discounted values of net benefits for the system.

5. A group of subroutines to monitor the input-output process.
These subroutines tabulate the output in compact and orderly fashion,
assign and print appropriate headings, read cards and tape as pre-
scribed in the program, and exercise the several input-output options
that are generally included in a major simulation effort.

6. A group of subroutines to handle the input data, including the
values of exogenous variables, used by the simulation program. These
include administrative or program control data, trial values of design
and operating policy variables (reservoir sizes, allocation of reservoir
capacity to specific uses, parameters of economic cost, benefit and loss
functions), and exogenous variables associated with natural events
or processes.

Streamflows are important exogenous variables in all water-resource
systems. In design of a sophisticated water-resource system, we may
also be concerned with groundwater levels, precipitation, evapotrans-
piration, soil moisture levels, and other meteorological phenomena.

Streamflow data may be in the form of an historic iecord. An
alternative set of data can be produced by a recursive model which
utilizes the statistical characteristics of the short historic record to
define the statistical properties of the runoff process and then iterates
through a stochastic process to generate long srthetic Traces of stream-
flow. A model of this type preserves the re'evant n;oments (mean,
standard deviation, correlation, etc.) of the flow regime, the basic
assumption being that the obs..r.'ed hydrologic record is a sample
from a stationary stochastic proctss. The purpose of si.nulating stream-
flow is to obtain alternative san ple traces which rnl.y reveal the flow
sequences that are as likely to ..,ccur in the future as is the observed
sequence. This is particularly us 2fui in design because relatively minor
changes in the sequence of rec nled streamflows can have major in-
fluence on the results obtained.

316-125---68--9
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7. A set of subroutines to serve as c ecutive control of the entire
program and of the calling sequences for the several subprograms.

Operation of the Simulation Program
Simulating the behavior of the system proceeds(1) by assigning initial

trial values to the decision variables (size of reservoirs, power plants, aque-
ducts; allocations of reservoir capacity to uses; output requirz..nents for
water supply, energy, etc.); (2) by operating the selected system over a
selected period of time, using the exogenous variables; and (3) by observ-
ing the physical and economic response of the selected system. In effect,
water is routed through the system according to the rules of the operating
policy.

The use of simulation in the design process proceeds by selecting other
combinations of decision variables and operating the system for each trial
combination. Tlet: responses associated with the trial decisions are then
ranked in terms of the adopted measure of responsetypically, net economic
benefits.

In all but the simplest systems, the number of designs which are signifi-
cantly different in terms of the values of decision variables is astronomically
large. Therefore, only a small sample of all such possible cornbinations of
design variables can be tested with reasonable expenditure of computer
time. The means by which such sampling can best be done comprise a
considerable body of research, involving random and systematic sampling
techniques and various optimum-seeking methods. Sampling and search
techniques are not discussed in this report, but appropriate references to
the relevant literature on this subject (and others discussed in this paper)
can be found in the bibliography which appears in the basic report of which
this is a summary.

Adapting the River-System Simulation Model To Handle Effects
of Weather Phenomena

The simulation progra:A outlined in the preceding section of this report
accepts strearnilnw as an input. However, it contains no model or sub-
routine for deriving streamflows from precipitation records. The system
operating policy is not specifica''y adapted to handle streamflow fore-
casts with varying degree of reliability. Furthermore, tht ,,enefit evaluas
tion subroutines are not deigned to assess effectively the gains obtained
from forecasting and weather modification.

In order to adapt a simulation program of the type , scribed above so
that it can handle weather modification and forecasting situations, the fol-
lowing additions and changes are required:

1. Exogeneu., data: essenellly the historic precipitation and cli-
matologic record.

2. Synthetic precipitation generator, using historic precipitation
records as inputs.
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3. New exogenous data: information on the nature of modifications
of precipitation (supplied by meteorologists concerned with the weather
modification problem to be examined).

4. Precipitation-runoff model, translating precipitation data into
runoff data.

5. Streamflow-forecast model.
6. Revised operating policy model, adapted to handle streamflow.
7. Revised economic evaluation sub-model, adapted to handle def-

icits under conditions of natural and modified precipitation, and con-
ditior.s of streamflow forecasting and absence of forecasting.

In most cases, it will be necessary to develop completely new models of
0-: kinds listed above. (These are discussed in greater detail in the following
sec: on.) The structure of the Lehigh-type water-resource Limulation pro-
gram can accommodate such revisions and additions. However, it will prob-
ably be necessary to make substantial revisions in this simulation program
in order to obtain an over-all model which can readily accommodate weather
modification and forecasting parameters and variables.

System Subroutines

The system subroutines required to adapt existing water-resource simula-
tion programs to deal effectively with weather modification and forecasting
can be classified as follows:

1. Subroutines dealing with precipitation and with precipitation-
runoff relationships. These include the synthetic precipitation genera-
tor, and the precipitation-runoff and streamflow-forecast sub-models.

2. Subroutines dealing with operation of the ..eater-resource system,
given the information provided by the precipitation and runoff subrou-
tines. These include t ne flood-flow, low-flow, and general operating
policy subroutines.

3. Sub-models assessing the economic effects of system operation,
using the subroutines of 1 and 2 above.

Synthetic Precipitation Generator
If simulation analyses are not to be restricted to the relatively brief time-

span of the historic precipitation record, some means must be found to
synthesize long traces of precipitation data Precipitation records arc gen-
erally longer than streamflow records, and the moments of precipitation
distributions tend to be better defined than those of their flow counterparts.
In addition, precipitation records, more so than flow records, are subject
to periodic or spectral analysis, from which trends and cycles may be more
readily identified. On the other hand, precipitation records are temporally
and spatially much more variable than corresponding flow records, primarily
because flows represent an integration effect over relatively large areas and
are less influenced by local climatological perturbations and irregularities.

Several procedures have been used for the synthesis of rainfall sequences.
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Annual rainfall depths frequently show little or no persistence or serial cor-
relation; accordingly, sequences of annual rainfall can be generated through
random sampling. Time intervals short enough for use in small drainage
basins or in forecasting models (e.g., hours) present several problems. For
such short time periods, it has been shown that single-lag Markov models
and linear autoregressive schemes fail to reproduce the characteristics of the
historic record. Generation of rainfall series by using probability distribu-
tions for storm durations and the intervals between such storms, by the
number of runs of given length, and by the modification of some well known
probability distributions has been successful to varying degrees. Another
approach involves application of multiva.iable, multilag models which con-
sider antecedent, current, and forecast precipitation records, and use of
other weather data which will become available from weather satellites.
Although promising beginnings have been made in developing and testing
such approaches and models, much further research is required before we
will be able to generate synthetic traces of precipitation which meet the
required tests of adequacy and reliability.

Precipitation -Runoff f Models

Much work has been and is being done to develop reliable procedures for
predicting runoff from precipitation and other meteorological phenomena.
The problem is difficult because the physiographic features of a natural
'Watershed which affect runoff vary within wide limits, even within a single
watershed, and give rise to pronounced differences in response. Engineers,
hydrologists, and soil scientists have evolved special techniques to suit
their particular data and problems. Many of these formulations are remark-
ably ingenious. Included arnon,4 the independent variables are measures of
orographic features, stream bifurcation, hydraulic slope, vegetative cover,
land use, farming practice, thunderstorm frequency, storm duration, snow
pack, thermal gradient, lapse rate, antecedent precipitation and soil mois-
ture. However, there appears to be no general analytical approach which
is equally applicable under diverse climatological and hydrologic regimes.
This arises because the combined effects of climatic pattern, vegetation,
topography, and soil profiles on runoff pattern are not clear.

The lack of a general analytical approach has led to a search for methods
and models weighted heavily toward the empirical. Most of they' fall into
one or more of the following classes:

1. Empirical methods.
a. Rational formulae.
b. Regression and correlation models.
c. Unit graph methods.

( 1 ) Graphical.
(2) "Black box" models.

2. Analytical routing techniques.
3. Moisture accounting procedures.
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a. Evaportranspiration.
b. Multi-level models.
c. Multi-capacity models.
cl. Multi-lag filter models.

4. Ccunponent models.

Basically, the empirical methods fit curves to actual observations of rain-
fall, runoff and characteristics of drainage areas. The precise form of the
fuctional relationship between rainfall and runofflogarithmic, exponen-
tial, polynomial or other formdepends upon the combination of charac-
teristics unique to the Mrptershed. No single ft.nctional form is equally
applicable to all water regimes.

A basic criticism of the regression and correlation models is that the so-
called independent variables are not necessarily independent at all. Thus,
while least-squares or other appropriate curve-fitting techniques may produce
excellent agreement with the observations, the fitted function may be totally
inapplicable outside the range of observation, and some extreme combina-
tions of independent variables may produce estimates of runoff with ex-
tremely high sampling variances.

The development of unit hydrogr.alili procedures has progressed from
Sherman's graphical method to the present-day conceptual models of in-
stantaneous unit hydrographs. Modern expositions of unit hydrograph theory
treat the watershed as a "black box" which operates on rainfall input to
produce runoff. The most common model applied to catchment behavior
is that of a linear, time-invariant, lumped system. There is no explicit con-
sideration cf topography, geology, soils, vegetation, or the areal distribution
of rainfall; time is the only independent variable. Some distributed linear
models have been proposed, but they are too complicated for general appli-
cation. A valuable advance would be made if physical significance could be
imputed to the parameters of the new models. Extension of the models to
take account of areal variability of rainfall would be a decided advantage.

There is considerable evidence that the rainfall-runoff process is nonlinear.
The unit hydrograph is not a fixed property of the watershed; rather, the
response varies with the intensity of rainfall. New analytical techniques are
needed to handle variable watershed response. This is now possible only for
very simple rainfall distributions.

The routing model of a basin system is used to transform the rainfall ex-
cess to direct runoff. The problem of modeling overland flow and routing

su cams can be approached analytically. The only rigorous methods for
simulating unsteady flows are the finite difference technique; for the nu-
merical solution of the governing partial differential equations. The basic
nature of overland flow is not well established. The formidable data require-
ments and computing techniques are the major obstacles to use of these
methods. The accuracy to be obtained by use of these techniques is also
open to question because of the limited accuracy of the basic data.

Recently, digital models with discrete component subsystems have been
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developed to simulate the overall catchment behavior in physical terms.
The Stanford Watershed Model developed by Crawford and Linsley belongs
to this category. The land phase of the hydrologic cycle is represented by a
network of interrelated storage elements. The individual storages are de-
pleted and refilled deterministically according to the physical processes in-
volved. The model is programmed to tr-,e 15-minute or hourly rainfall, daily
potential evapotranspiration and a rm mber of physical parameters charac-
terizing the watershed. From these data, continuous actual evapotranspira-
don, infiltration, overland flow, interflow, and groundwater outflow are
found. Provision is made for routing overland flow with additions from in-
terfiow and groundwater flow components to obtain hourly runoff values.

Since the statistical treatment of the model parameters (which are neither
independent nor mutually exclusive) is unreliable, a functional relationship
must be established for each flow component. The behavior of components
is approximated by empirical relationships. Estimates of the parameters that
fit the general model to the given catchment are obtained from rainfall and
runoff records for the catchment, covering a 5- to 6-year period. Initial
values of some model parameters are selected on the basis of experience and
judgment. A second period of record is used as a control, to check the suit-
ability of the parameters obtained from the first period. The parameters are
adjusted until anticipated responses, within an acceptable tolerance, are
achieved from known inputs.

The Stanford Model requires a substantial amount of data and comput-
ing time to produce a suitable set of coefficients. It uses a combination of
heuristic and algorithmic approaches. Dawdy and O'Donnell investigated the
feasibility and efficiency of a digital model for the automatic calculation of
model parameters. For the practical purpose of estimating catchment runoff
from precipitation, the use of hourly data limits the application of this model
to those areas which have recording rainfall gauges.

Between the extremes of empirical formulae and anlytical solutions lies
the fruitful area of scientific hydrology. Some of the special models and ap-
proaches listed earlier may be useful for deriving runoff from precipitation
in the form required for an overall water-resource simulation program. But
each must be analyzed for its utility in a specific case.

A more general approach is suggested in a recent study by Fiering. He
observes that time-dependent relations between elements of streamflow and
precipitation records are not consistent with simple rainfall-runoff functions.
If such simple functions governed, the correlograms of both series would
be strikingly similar; but in fact, for many sites they are remarkably different.
The Fiering model demonstrates the plausibility of such differences and pre-
sents a technique for bringing the correlograms into harmony. While the
model is not necessarily correct simply because it explains the differences be-
tween correlograms, it does point a way to a realistic transformation between
precipitation records and streamflow events. The Fiering model uses the
relevant statistical parameters of recorded precipitation sequences to derive
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a transformed set of dependencies among the streamflows which preserves
the observed time-clepcndenies. This property is not guaranteed in any
other TainfalI-.Amoff model currently avaLable. Although the tiering model
has been developed conceptually, further work is required to adapt it for
use in a water-resource simulation program of the type discussed in this
report.

Streamflow-Forecast Models

These models differ more in purpose than in concept from those discussed
in the previous section. A precipitation-runoff model for an overall water-
resource system simulation program provides an estimate of current runoff,
for a given current and antecedent precipitation. A streamflow-forecast
model, however, must provide estimates of future runoff, given info, _nation
on the historic record of rainfall and runoff, current and antecedent rainfall
and runoff, and available predictions of precipitation.

Models for forecasting river stage and discharge have the following
components:

1. Quantitative precipitation forecasts issued by the Weather Bureau;
2. A graphical correlation technique for computing rainfall excess;
3. A unit graph computation subroutine to give distribution of

runoff;
4. A streamflow routing subroutine; and
5. Where applicable, a reservoir routing subroutin e.

The procedures now in use rely on an integrated index of moisture defi-
ciency computed from antecedent precipitation and time of the year. In the
standard forecast procedures now in use, rainfall intensity is not considered;
only differences in store deviations are taken into account. Adjustment for
exceptional conditions is achieved through subjective judgment. For im-
proved accuracy, more complex methods of moisture accounting must be
used.

The general conclusion of the research conducted by the Weather Bureau
is that the multi-capacity basin accounting techniques is superior to that
now used in dredicting runoff from rainfall and other meteorological factors.
However, a balance nta.A be achieved between adequate representation of
the physical process alto timeliness of forecasts. The inclusion of a digital
computer throughout river forecasting systems, as projected in the long-
range plans of the Weather Bureau, will provide an opportunity to incorpo-
rate more complex hydrological techniques in the analysis. Although it has
not been feasible in the past to collect detailed information on rainfall
intensity on a synoptic basis, radar and improved communication and data
handling facilities should permit the inclusion of intensity as one of the
parameters in the analysis.

Streamflow-forecast models are available for some U.S. watersheds. Usu-
ally, these cover short periodsdays, or 1 or 2 weeks at the most. Where
snowmelt is a significant factor, periods of as long as a month or two are
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covered. Such forecasts are more reliable for downstream segments of large
watersheds in humid regions than for small basins subject to extreme varia-
tions in precipitation (caused, for example, by summer thunderstorms).

Although much further research is required to develop streamflow-
forecast models for use in water-resource system simulation models, ap-
proaches and techniques for making reasonably successfu4 adaptations
already exist. As large amounts of meteorological data from orbiting weather
satellites become available, this capability will increase.

System Operation Models
If a water-resource simulation program is used to test the effects of

weather modification, precipitation inputs must be substituted for runoff
inputs. This in itself stow, not require modification of system operating sub-
routines. However, if the water-resource simulation program is to be used to
test the effects of various levels of streamflow forecasting, subst changes
in operating policy subroutines are necessary.

In general, a key problem in constructing a water-resource system simula-
tion program is the development of a good operating policy. Conceptually,
the goal is to achieve an optimal operating policy, so that for any selected
system design, maximum net values or benefits can be derived. In practice,
this goal is not currently attainable, and a sub-optimal but flexible policy is
the more realistic objective.

A system operating policy involves at least three kinds of storage, release
and allocation decisions:

1. How to allocate storage or releases among purposese.g., for
water supply, hydroelectric power, navigation, recreation, and flood
control.

2. How to allocate storage or releases among storage reservoirse.g.,
among reservoirs in parallel and reservoirs in series.

3. How to allocate storage or releases among time periods. This may
involve withholding releases in a current time period in order to make
releases in subsequent time periods.

Allocation by Purpose.In the absence of an optimal operating policy
which can define the best combination of purposes, the general rule is to
assign priorities to purposes, and attempt to meet the storage and release
requirements of each purpose in terms of these priorities. The operating
policy is made flexible so that, at input option, the priority sequences can be
changed. No modifications of this general approach are necessary to handle
weather modifications and forecasting problems.

Allocation by Reservoir.There are two sub-problems: allocations for
reservoirs in series, and allocations for reservoirs in parallel. For reservoirs in
series, a sensible general guide is first to release from lower reservoirs, and
then successively to release from the next-upst cam reservoirs as required.
This rule takes account of uncertainty of flows. It provides a "second chance"
to capture unanticipated large inflows in excess of the storage capacity of
upper reservoirs by storing them in lower reservoirs wherein space has first
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been provided. To the extent that flow forecasting reduces the uncertainty
of inflows, this general guide is less applicable. Of course, many other factors
supervene to modify this general guide: differential location of hydropower
sites at reservoirs and intervening release requirements are examples.

For reservoirs in parallel, a general rule for allocating releases is known as
the Space Rule. It is so named because it attempts to equate the ratio of the
vacant storage spare in each reservoir to total system storage space with the
ratio of expected future inflows to each reservoir to total system inflows. In
this way, the probabilities of spill in the next period, however defined, are
equalized for each reservoir.

The Space Rule requires that some estimate of future inflows be made. Ir.
the absence of anything better, mean flows derived from the historic record
can be used. Obviously, flow forecasting based upon current meteorological
information can provide better estimates and hence better results. A statisti-
cal problem arises, however, because of correlation between the expected
flows in the numerator and denominator of the ratio: the expectation of
the ratio is no tqaal to the ratio of expectations. Fiering is currently working
on a method of accounting for this correlation in the context of the Space

ale, and results arc expected to be available in February 19611. The Space
Rule is limited to allocating volume (or rate) of flow requirements, and
suffers from a number of operational problems. However, when the adapta-
tions being developed by Fiering arc made, this general rule will provide a
meaningful algorithm for allocating flow requirements from reservoirs.

Allocation by Time Period.Under perfect certainty of flows and require-
ments, allocation by time period is a theoretically trivial but computationally
formidable problem of assigning available flows in accordance with the
optimal time pattern. Uncertainty, however, renders this allocation problem
more difficult. Where there is a possibility of water shortage or floods, allo-
cations by time period are necessary.

Economic losses are associated with water shortages; and this concept is
introduced operationally in the simulation by silvans of an economic loss
function, which may or may not be linear throughout or in segments of the
function. For linear loss functions, the so-called normal operating policy is
optimal: that is, requirements are met as they arise, and no water is held
back to meet future requirements if it is needed in the current period.

For nonlinear loss functions, say quadratic, the normal operating policy
is no longer optimal and some form of hedging is indicated. Young, of the
Harvard Water Program, studied a wide variety of loss functions (including
discontinuous, piecewise linear, and quadratic functions), using a dynamic
programming model to derive optimal or near-optimal policies. He included
in his models the capacity to forecast flows for the next period, attaching a
given level of reliability to each forecast. His sensitivity analysis of the value
of flow forecasting indicated that, for the particular set of loss functions
analyzed, the gains in net benefits with increase in forecast reliability were
modest. A few studies combining the Young algorithm with the Space Rule
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allocation procedure have shown that optimal policies are relatively more
profitable in the operation of multiple-reservoir systems; but at this time
this research is not sufficiently advanced to justify more specific inferences.

Problem of Extreme Flows.The analysis of and operation for extreme
flows offer prospects of incorporating weather forecasting and modifications
into the framework of water-resource simulation programs. Existing simula-
tion programs contain sub-programs for routing floods, predicting flood
crests, operating irrigation, a..1 power networks under conditions of water
shortage, and the like. It appears possible to construct a subroutine package,
to be added to a simulation program of the Lehigh-Delaware type. This
subroutine would scan the state variables in each period, detect extreme
conditions, and decide whether to implement weather modification. If modi-
fication were indicated, another subroutine would be entered, and appro-
priate calculations would be made to estimate the effect of the modification
attempt on current and future hydrologic inputs to the system. Identical
studies could then be run using the same design variables, with and without
modification; and the economic performance could be determined for each
alternative. With this approach, effective use would be made of the rainfall-
runoff models discussed earlier in this paper.
Economic Effects of System Operation

The key concept (and technique) used to analyze short-term economic
effects of system operation is the economic loss function. Typically, simula-
tion of the operation of a water-resource system is carried on to meet speci-
fied resource product or service requirements, or "target outputs." Target
outputs arc evaluated by means of a long-run benefit-output function, with
outputs assumed to be fully met at all times. When deficits are encountered in
the course of simulation analysis, penalties are assigned to them in pccordance
with some estimated functional relationship betweer ...mount or degree of
deficit and economic loss.

Conceptually the notion is straightforward; but implement ing the con-
cept can raise difficult problems of measurement. For such purposes as meet-
ing hydroelectric power needs, measurement problems are manageable:
electric utility systems have long employed the concepts of dump and re-
placement energy. Similarly, in irrigation practice, losses associated with
water shortages have been measured. In flood control analysis; the flood
damage- discharge function is a special form of the economic loss function,
and there is extensive experience in constructing such flood damage-discharge
functions. On the other hand, little or no work has been done in measuring
economic losses from deficits in domestic and industrial water supply, from
reductions in water quality, or from drawdowns below target reservoir levels
established for recreation use.

Adopting a single-valued long-run benefit function and short-range
economic loss function may be too simplistic an approach to measuring eco-
nomic benefits and losses by computer simulation. Jacoby, of the Harvard
Water Program, points out that in attempting to define the long-tem.
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benefit function some level or frequency of system failure is tacitly or ex-
plicitly denied. Yet, it is futile for a planner to guarantee a target output,
however small, without admitting the possibility that the system may be
unable to provide it. Consequently, some measure of unreliability should
be associated with the long-term benefit function, but this unreliability
need not be accounted for separately in a short-range loss function.

Jacoby also argues that even if a long-run benefit function can be
uniquely defined, a small number of shortage experiences will move pro-
ducers off the function. For example, a company which has suffered a
major loss because of a water deficit may install emergency wells or some
form of standby processing, so that if such a deficit recurs, it will be less
damaging. This form of hazard insurance, with well-defined premiums, is
not reflected in long-run benefit functions. Finally, Jacoby suggests that the
use of least-cost alternative means of providing the output deficit to define
the loss function is frequently inappropriate: it often happens that when
the original resource is in short supply, the alternative is also in short supply;
and the price of the alternative supply is therefore subject to sharp
fluctuation.

His critique leads to the conclusion that short- and long-term benefit func-
tions, vaaid at the start of a project, are subject to changes arising from
human adjustment to adverse hydrologic experience. An expedient solution
may be the development of a family of benefit and loss functions, with the
choice of which member is to be applied being determined by asking the
simulation program to examine the recent past for shortage occurrences.

A more general observation, derived from the work of White and Kates
on human adjustment to floods, holds that short-run economic loss functions
cannot meaningfully be developed without specific research on human
reaction and adjustment to such crises as water shortages or floods. Reactions
and adjustments are influenced by many factors: nature and type of or-
ganization or community involved, i.e., small business, large business, farmers,
householders; intensity and persistence of shortage or flood; frequency of
shortage or flood; and institutional means for counteracting or alleviating
adverse effects.

If water-resource system simulation is to be used effectively to measure
effects of weather modification and forecasting, economic loss functions
which are conceptually valid and operationally useful are essential. The
serious problems involved in devising operational functions present a chal-
lenge to model builders which research can help to meet.

Conclusions and Recommendations

It appears feasible to adapt water-resource system simulation programs
of the Lehigh-Delaware type, developed by the Harvard Water Program,
for use in testing the effectiveness of weather modification and streamflow
forecasting measures. Such an adaptation could be accomplished by a
moderate-sized research project, similar in scale and scope to the Harvard
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Water Program's simulation work during the years 1562-196. Such a project
might suitibly be under :n by ore of the water-resource research institutes
or cent(' i

Before such adaptation is attempted, or at 1. ,oncurrent with such an
effort, research should be undertaken on major problc.ns identified earlier
in this report.

Gemeration of Synthetic Precipitation Records for Input to Simulation
Models

Development of models for synthesis of precipitation is still in its early
stage. There has been little application of synthetic precipitation sequences
as inputs to water-resource simulation models. Work on synthetic precipita-
tion models must be extended 'to make them suitable for use in water-re-
source system simulation.

Extension of Precipitation-Runoff Models

Both systems-oriented and component models of catchment toehavio
perform the function of producing runoff sequences from various precipita-
tion patterns. Soil Conservation Service studies might be particularly enlight-
ening in this regard.

For systems-oriented models, furher research is needed to take adequate
account of areal distribution of rainfall and of variable watershed response
to difforent rainfall inputs.

For component models, further research is needed to generalize their use
in at4,d and semi-arid hydrologic regimes and to extend their capability of
using effectively these kinds of meteorological and hydrologic data routinely
collected on most watersheds.

Also, further investigation is needed on the sensitivity of the system re-
sponse to the component sub-systems variables, in order to simplify the
models and to provide valuable guides in planning data collection programs.

Amplification and Testing of the Fiering Multi-lag Correlogram Model,
Using Precipitation Data as well as Runoff Data

This model uses the statistical characteristics of both runoff and precipita-
tion events to account for discrepancies noted in flow correlograms. Resolu-
tion is obtained by including the effects on current flows of the flows of a
number of earlier periods (instead of only the previous period, as in a simple
Markov model). The goal here is to develop the equivalence of a generat-
ing model (based on the statistical parameters of both rainfall and runoff)
to that of a model based on several antecedent Low events. Thus, when
rainfall modification is assumed, by changing the actual or synthetic precipita-
tion data, the statistical parameters of the rainfall can be changed accord-
ingly, and the model will then yield the synthetic sequences of runoff which
are appropriate for the modified precipitation.
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Research on Testing the Applicability of Reservole Release Allocation
14 as le.g., the Space Rule)

,'-'erfect allocations can be achieved only with perfect foreknowledge,
which is, of course, unattainable. As rainfall and runoff forecasting improves
in reliability, allocation rules become more effective, if the rules are ap-
propriate to the degree of renability of the forecasts. Further research is re-
quired n these areas.

Research on the Utility of Hedging Rules for Complex Systems

Young has shown that for the single-reservoir, single-purpose case, hedg-
ing rules contribute little to improving net benefits for a wide range of eco-
nomic loss func Hedging becomes more mcan;ngfull in operating a
system when Torena- sting is more reliable. Further research is needed on the
utility of hedging for multi-unit, mold-purpose systems, under various
assumed degrees of forecasting reliability, along the lines f research car-
/ ently being carried on by Fiering.

Research on Economic Loss Functions Under Various As.,umed Conditions

Further study is also neededl on economic loss functions associated with
floods, droughts, deficits in .rget outputs for energy, recreation, and water
supply. In particular, there is need to investigate the nature k rid shape of
such functions under various assumed conditions: with no weather modifi-
cation or forecasting; with weather modification; with forecasting. The
behavioral relations and actions of farmers, industrial concerns, and house-
holders also have to be investigated to detemiin how such groups react to
various water management measures.

Research on Special Applications of Simulation Techniques

Special applications of simulation techniques to weather modification and
weather forecasting problems, of different scope and scale than the Lehigh-
Delaware type, would be desirable. An example would be development of
stochastic-physical and stochastic-ccozlomic models to test the efficacy of
cloud seeding (along the lines of the models developed at Harvard for in-
vestigating waterlogging and salinity in West Pakistan)

Although simulation techniques, when combined with rational-decision
models, show promise in helping to assess the effectiveness of weather modi-
fication and forecasting, the problems of using and adapting these techniques
and models to this purpose would not be underestimated. Much research is
required before operational models will be available. But the potentional
importance of weather modification and forecasting as instruments in re-

source management which can serve the economic and social needs of man
points to the worthwhile nature of such research.
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PART 4A SIMULATION MODEL FOR THE STUDY OF SURFACE
TEMPERATURE MODIFICATION

JAMES MCQUIGG, Soils Department, University of Missouri,
Columbia, Mo., and ESSA, State Climatologist

introduction

If one has an observed time series of temperature observations, say,
T=--T2, T2, 7.35 , T,,, it is a simple matter to generate a modified series,
T*, such tLat

T*4 =-- -Fcg,

where c has a known distribution. If c is sampled from a normally distributed
population with mean u and standard deviation s, and if a sufficiently large
sample is drawn, T4 will tend to equal T u. Such a modified time series,
however, may not be at all useful in studying the economic impact of weather
modification because it will not produce "observations" consistent with the
physical properties of the atmosphere.

If a simulation model approach is to be useful in a study of the economic
(social) impact of weather modification, it must meet certain requirements.
Work done at the University of Missouri 1 during the past year has proceeded
under the following restrictions:

1. The simulation model should be consistent with physical knowledge
of the atmosphere.

2. The model should be consistent with known statistical properties of
atmospheric events.

3. The model should be consistent with known relationships between
atmospheric events and economic (social) events.

A model has been developed 2 which, it is believed, meets these three basic
requirements. It is described here as a specific example of a simulation model
that can be useful in studying the economic impact of weather madifica-
tion. Further refinements are planned for this particular model; and other
models (involving rainfall modification) are being prepared at the Univer-
sity of Missouri.

The Model in Schematic Form

The physical process chosen for the model is the deliberate creation of
contrail cirrus clouds. The model is presented in schematic form in Fig. I.
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BEGIN

[.._Is there a need for modification?
(Surface temperature ?:. critical value ---)1

or soil moisture . critical value.)

No modification "Today."
Yes-Proceed to "Tomorrow."

No

T*=T. (No change in
surface temperature.)

-N

Go to "Tomorrow."

Is per cent possible sunshine
already .< critical value?

No

Are upper air temperatures
suitable for contrail formation?

Is attempt to create contrail
cirrus cloud cover successful?

Yes

Compute resulting change in max-
imum temperature for"Today."
Modified temperature=observed
temperature+f (change in cloud

cover)+ random term.

Fig. 1 Block Diagram at Conceptual Model
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The Model in Detail
The initial question in the block diagram of Fig. 1, "Is there a need for

modification?" is answered by first asking two other questions:
1. Is maximum temperature today expected to exceed a certain c.i*de.7.1

value?
2. Is available soil moisture' today estimated to be below a certain

critical value?
If the answer to both questions is "no," the decision for "Today" is to make
no attempt to modify.

These two questions seem appropriate for the economic (social) activities
that are believed to be temperature-sensitive timing the summer months in
central Missouri. They may not be appropriate for other seasons of the year,
or for other geographical locations. Choice of the critical values to use and of
the elements to be considered will have an important influence on the final
results of applying the model.

The kind of modification being simulated in the model is the creation of
contrail cirrus clouds. If natural cloudiness is already abundant on the day
in question, little effect can be gained from adding more cloudiness. Thus,
it is pertinent to ask: "Is the percent possible sunshine less than some critical
value?"

Given the need for modification and the lack of sufficient natural cloudi-
ness, the next question is: "Are upper air temperatures suitable for contrail
formation?" This question is answered by using an array of probability values
developed by the U.S. Air Force Air Weather Service.* For a given pressure
level in the atmosphere, the probability of contrail formation is

p (contrails) = f (T),

where T is the ambient temperature.
To get some idea of the feasibility of contrail formation during the sum-

mer months over central Missouri, a frequency distribution of observed
upper air temperatures was prepared, based on a 20-year sample from Co-
lumbia, Mo. The probability values obtained from the frequency distribu-
tion were then combined with the probability array developed by the Air
Force study 5 to obtain the values shown in Table 1. These values indi-
cated that suitable -ipper air temperatures do exist over central Missouri
with sufficient frequency to allow use of the simulation model.

Table I.The Expected Probability of Contrail Formation Over
Columbia, Mo.

Month 350 mb 300 mb 250 nib 200 nib 150 mb

June *0.00 *0.00 0.06 0.45 0.86
July *0.00 *0.00 0.03 0.31 0.93
August '0.00 *0.00 0.03 0.55 0.91

*Probability <0.01.
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The 20-year record of cbserved upper air temperatures for Columbia,
Missouri, together with Teem* of daily maximum and minimum surface
temperatures,' precipitation and percent possible sunshine, provided the
basic input data for applying the model. As an example, suppose the prob-
ability of contrail formation at the 200 millibar level "Today" way 0.70,
and suppose further that the initial question concerning the need to modify
could be answered in the affirmative. A uniformly distributed random
number, U, would be generated such that 0.0 < U < 1.0. If U > 0.70,
it is assumed that an attempt to modify would be made, and that it would
fail. If U < 0.70, success would be claimed. If the attempt to modify failed,
the model would proceed to the next day, arAl the questions would begin
anew. If success was claimed, then the effect on surface- temperature would
be compu'xd.

A method for estimating the effe,..t of increased amounts al cirrus was
developed, based on observations of naturally occurring cirrusat Columbia,
Missouri. Using the statistic "percent possible sunshine," a relationship
was fitted of the form

where AT equals the diurnal rise in temperature from the overnight low
A

TX, to the afternoon high, TX. A and BA are regression coefficients; S
is the percent possible sunshine; and e is a random, normally distributed
number with mean zero and standard deviations.

If AT* is the rise in temperature resulting from a day during which
enough contrail cirrus was created to reduce percent sunshine from the
observed value, .9, to a lower value, SMOD, then

AT*=:11-73 (SMOD)+e, and

TX *.TN-FAT*

A A
The sample of data used to estimate A, B and s produced regression co-
efficients that were different from zero at the 5 percent level of significance,
and estimates of s that were rather large. It seems unlikely that a functional
relationship can be found which will relate increases in cloudiness exactly
to changes in surface air temperature.

Results of Applying the Model
The model was applied using different estimates of important param-

eters. The results are still being analyzed, but some preliminary conclusions
are discussed here.

One interesting statistic concerns the estimated effect of modification on
seasonal maximum temperatures. Table 2 shows modified extremes for
three typical applications, as well as unmodified temperatures recorded at
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Columbia, Mo. It should be noted that for some years, the modified seasonal
extreme is the same as the unmodified.

Tob le 2.--Estimated Effect on Summer Maximum Temperatures on Days
When Modification is a Success

Year No
modifica-

tion

Average decrease in Sunshine
(percent)

.15 .25 .35

1946 104 102 103 110
1947 104 104 103 104
1943 98 98 98 96
1949 96 96 96 96
!95() 95 95 95 94

1951 97 97 97 97
1952 105 105 105 105
1953 102 100 101 100
1954 113 104 106 103
1955 100 100 100 97

1956 101 99 99 99
1957 101 101 101 101
1958 97 95 94 95
1959 97 96 97 96
1960 100 99 99 99

1961 94 94 94 94
1962 103 99 97 97
1963 98 98 97 96
1964 103 100 101 100
1965 95 95 95 95

On days when no cirrus cloud modification is claimed, no resulting
change in temperatures is expected. When the amount of cirrus clouds
is increased in the model, however, temperatures decrease. Table 3 shows
the estimated average decrease in temperatures for each summer when
modification is a success.

Analysis of Variance

Meteordogical data from a 20-year period were used in each application
of the mock'. Six different variables were computed on each run and used
to summarize the results, which were then sulvected to analysis of variance.
The variables considered were: (1) difference in amount of irrigation
water required for modified and unmodified models; (2) difference in
mean temperatures for modified and unmodified models; (3) average of
difference between modified and unmodified maximum temperatures over
days when modification occurred ; (4) average of difference between modi.
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Table 3.-Average Decrease in Maximum Temperatures on Days When
Modification is a Success

Year
Average decrease in sunshine

(percent)

.15 .25 .35

1946 2. 5 3.2 4. 1
1947 3.3 4.0 4.6
1948. 3.3 4. 1 4.0
1949 I.3 1.9 3.2
1950 I.7 2.4 3.0

1951 2.5 3.0 2.6
1952 4.5 5.3 G.2
1953 4.3 5.2 5.6
1954 4.8 5.8 6.9
1955 3.0 3.9 4.5

1956 4. I 5.0 6.5
1957 4. 1 5.0 5. 7
1958 2. 7 3.2 4.7
1959 3.0 5.5 6. I
1960 2.0 5.5 5.5

1961 4.0 3.1 2.6
1962 3.5 4, 7 5.6
1963 3.3 5. 7 4.7
1964 3.0 4.7 5.0
1965 2.0 1.8 2.6

fled and unmodified maximum temperatures over days when modification
was needed; (5) difference between modified and unmodified extreme
temperatures during summer months; and (6) difference between modified
and unmodified models in amount of soil moisture left at the end of the
growing season.

One factor left to the choice of investigators was the average decrease in
percent sunshine on days when modification was to occur. In our applica-
tions, values of 0.15, 0.25, and 0.35 were used. Another factor left to choke
was the threshold value of maximum temperature to be used in defining the
need for modification. In our case, values of 85 and 90°F were selected.
Other combinations are surely possible if sufficient computer time is
available.

Details of the results of the analysis are too numerous to present here. In
brief, however, the results indicated that the model was producing a modi-
fied temperature series with components of variance that could reasonably
be attributed to changes in the amount of cloudiness claimed. The model,
in its present form, however, does not produce significant components of
variance in soil moisture.
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Conclusions

The simulation model described can produce a useful modified series
of temperature values. These in turn can be used as reasonable estimates
of what one would expect if summer cirrus clouds over Missouri were modi-
fied by creation of a sufficient number of contrails. The model requires
further physical verification under carefully designed experimental
procedures.

Work is now in progress to apply this model to simulation experiments
involving the effect of temperature modification on electric power demand,
dairy production, crop production and other weather- sensitive operations.

FOOTNOTES

1. Supported by National Science Foundation Grant No. GA 557.
2. More complete details about this model are contained in Murray L. Nicodemus,

"A Simulation Technique for Modification of Surface Temperature," M.S.
thesis, University of Missouri, August 1967.

3. Computed by a method developed by Thornthwaite. See C. W. Thomthwaite
and J. B.. Mather, The Water Balance, Publications in Climatology, vol. VIII,
No. 1, Drexel Institute of Technology, Laboratory of Climatology, Centerton,
N.J., 1955.

4. U.S. Air Force, Forecasting Condensation Trails, Air Weather Service Manual,
1960, pp. 105-110.

5. Ibid.
6. Surface temperature is the temperature observed in a Standard Weather Bureau

Instrument Shelter.
7. The following estimates were obtained from sample data: A=13.3, 8 =.l2,

3=-3.95.
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Appendix XI

REMARKS ON CLIMATE ENVIRONMENTAL DESIGNS

A. E. PARR, Senior Scientist, The American Museum of Natural History,
New York, N.Y.

Now that man is capable of passing beyond the domain of the earth al.
together, "The Human Dimensions of the Atmosphere" would seem to have
become an all-inclusive tenn for all measures and magnitudes contained
within the gaseous envelope of our planet. But I assume that the adjective
is intended to refer to the dimensions of man's earthbound existenze. Per -
sonally I am most interested in the role that climate does, or should play
in the life and design of our cities.

Man's total response to any set of weather conditions usually has many
apparently independent and very often contradictory aspects. The tempta-
tions of the warm Florida climate are made even more irresistible by air-
conditioning of homes and hotels. Since the emphasis upon the component
parts differ from one case to another, it may help to have a Iist of the more
obvious tactical elements of man's strategy in attempting to deal with the
problems of climate.

1.Ve may simply take advantage of beneficial features of climate in a more
or less passive manner; literally or figuratively basking in the sun or the
snow, as it were. Modern advertising combined with increased leisure and
longevity have tremendously boosted the importance of this primitive modus
operandi. Secondly, we may make adjustments in our ways of living to make
unfavorable conditions easier to bear, for example, adopting the siesta habit
when temperatures rise too high. Thirdly, we may take protective measures
against the climate by housing, clothing, and in many other ways. Adjust-
ment and protection are not necessarily the same, either in method or results.
Many of the adjustments people from cold climates are wont to make in the
tropics may help them achieve a more comfortable life from day to day,
but not a longer one. Fourthly, we may attempt to modify the physical
characteristics of the weather itself, and, fifthly, we may seek psychosomatic
compensations for unpleasant attributes, and reinforcements for enjoyable
features of the climate in the design of our man-made environment. My
thoughts, for whatever they may be worth, are mostly concerned with the
possibilities or fourth, and, particularly of the fifth line of attack.

Efforts to exploit or abate the physical effects of sun, wind, heat or cold,
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moisture, and other aspects of climate by the design and orientation of build-
ings and the layout of towns and villages go far back into antiquity. A good
review of the subject was published by Aronin 1 more than a dozer. , ors ago.
But, in spite of the long history of our endeavors in the field, it does not seem
unfair to say that our advances lag far behind our technica' progress in
other areas of enterprise. Perhaps indoor air-conditioning and our enclosure
in automotive containers during so much of the time nominally spent out-
doors have made us indifferk nt to the possibilities of climatic modifications
by environmental design. Even the knowledge that has been gained has
found disappointingly little application.

It is well known that the climate of cities differs from that of the sur-
rounding countryside. But the proven ability of urban forms and functions
to modify atmospheric conditions has rarely been used in any significant
or systematic manner to improve upon the circumstances of life in our cities.
Instead we simply accept the blessings of miseries of our urban climates as
fortuitous byproducts of other designs or developments. Some of the pos-
sibilities are crudely obvious such as the projection of a street plan that will
lessen instead of augmenting the strength and discomforts of prevailing
winter winds. We still have cities where many of the streets seem arranged
to act as reinforcing tunnels or, at least, as easy access lanes for almost every
blizzard of the wintry season. But most of the possibilities will rest on far
more subtle relationships between city and atmosphere, that will require
intensive study before their potential benefits can be realized. One of my
recommendations is therefore the creation of an adequate program of re-
search on the relationships between urban patterns of forms and functions
and atmospheric activity, with the definite purpose of seeking ways to in-
fluence the relationships to urban advantage. But the comforts we may
achieve by psychosomatic means may, in the end, prove even more important
for the pleasures of urbanism than anything we can do about the weather
itself, other than defense against its assaults upon our persons and our homes.

It is amusing to speculate upon the possible relationships between climate
and the patterns of thoughts, feelings, and behavior we encounter in various
parts of the world. Is it pure coincidence that, at least within western civiliza-
tion, the gaudiness, scale, and intensity of seasonal fiestas seem inversely
proportional to the differences of the natural seasons. Does carnival in Nice
and springtime in Norway fulfill the same human need for a periodic sense
of renewal or catharsis, by the grace of nature or by the design of man when
nature is ungracious? Could the development of visually dramatic styles
of personal behavior possibly be favored by a lack of visually dramatic
changes in the environment? Even such questions as these may some day
become important in trying to determine how far we should push the
cumulative standardization of all the elements comprising our non-human
surroundings. In the meantime it may be well to remember that in all of
man's history ours is the first century in which "roughing it" has come to
mean a pleasing and popular form of diversion, and not disagreeable state
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of discomfort. But there are also simpler and more immediate problems of
modern existence calling for joint efforts from the students of the atmosphere
and the designers of our habitat.

It is an old and trite saying that what you don't know can't hurt you. The
statement contains a large grain of truth in regard to our reactions to the
conditions of the air, within wide li:nits of tolerance. It is particularly true
with reference to temperature. We can bear a great deal of cold weather with
equanimity and little ill effect so long as we do not feel cold, or we can suffer
excessively from a rather slight exposure if our sense of misery is reinforced
by features of the milieu that have nothing to do with tem9erature except
in their psychological effects. We all speak of persons, buildings or entire
scenes looking cold or warm, and are attracted or repelled according to
whether we ourselves feel chilly or hot at the moment There is more to this
than i.rnpty words. Many years ago when the early, still experimental fluores-
cent tubes, with their "cold" bluish white light were introduced during
the cold season in some of the halls of a museum under my responsibility,
the guards immediately began to report complaints from the public about
the chilly temperatures of these halls in comparison with the others, al-
though the thermometers registered the same temperature everywhere. The
existence of such psychosomatic relationships is too well known to require
any elaboration here. The point to be made is that the beneficial possibilities
offered by these effects for the design of enjoyable surroundings, have gen-
erally been neglected and are often even contravened in the creation of our
man-made entourage. A few architects have made valiant, and sometimes
brilliant, but isolated, ,ttempts to make the mood of our shelter fit the
prevailing disposition of the climate it is in. But most of our modern archi-
tecture seems primarily aimed at looking handsome in a sunny rendering
or, better still, in a sunny photography on the pages of the Architectural
Record, regardless of whether there are 60 or 360 days of sunshine, or
whether the summer lasts two months or all year round, where the building
stands. But perhaps the architects are not too much to blame for the way
things are. They have had little or no help or encouragement from the
student- of weather,, or of psychology for that matter.

Weathyr modification should be thought of as an overall strategy combin-
ing two tactical operations; direct improvement of actual atmospheric liv-
ing conditions, and psychosomatic compensations for unfavorable, or rein-
forcements of feebly favorable aspects of climate that are not amenable to
change by reasonable effort. In urban precincts the possibilities of psycho-
somatic amelioration are probably much greater than the potential benefits
of trying to amend the weather itself but to succeed in the tactical mission
of the psychosomatic approach we must first secure the close cooperation
of climatologists, psychologists, sociologists and environmental designers.
It is my second recommendation that an adequate team be organized to make
a pilot study of some existing situations, a survey of psychological responses
to atmospheric conditions and to environmental forms, and a search for
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methods of investigation that might yield further insights into our needs
and the means of their fulfillment.

It would seem desirable to select for such a first examination two or more
separate regions sharing wide differences of climate, architectural styles,
and urban forms. The following areas may suggest themselves as good proto-
type locations to choose from: the north .eastern urban belt from Phila-
delphia to Boston. The South Florida con arbation centered around Miami.
The shores of Lake Michigan from Gary to Milwaukee, including Chicago.
And the San Francisco Bay region. From the meteorologists one would want
an intensive and detailed analysis of climate and micro-climates within each
of the selected territories. The data should be gathered and classified with
due consideration of the findings of the psychologists in regard to scales of
significance for our sense of comfort or discomfort. A fine distinction in one
part of the spectrum may be as important as a large difference in another
portion. From psychologists and sociologists we would get further evalua-
tions of the impact of climate and weather upon the h anan condition.
Simple statistics, even with variably adjusted precision of recording, will not
suffice as a basis for rational planning. It will be a long time before we can
create cityscapes that we will be able to change as we change our underwear
with the seasons, and, until we learn to do so, we need to know whether it is
more important to mitigate two weeks of blistering cold or two days of
broiling heat, or vice versa, to mention only a simple and crudely obvious
illustration. Psychologists and sociologists, working in conjunction with
architects and urban planners would examine the relationship between
environmental design features and human responses to weather and climate.
From such investigations, and from subsequent research stimulated by the
pilot project, it should ultimately become possible to establish goals of en-
vironmental design for any location in any climate, for proper integration
with the answers to other demands upon the milieu. Such clarification of
purposes and methods would in no way restrict the creative scope of our
environmental designers, any more than a knowledge of pigments and an
understanding of composition limit the painter at his easel.

FOOTNOTE

1. Jeffrey Ellis Aronin: Climate & Architecture, Reinhold Publishing Co., New York,
1953.
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Appendix XII

BIBLIOGRAPY ON HUMAN DIMENSIONS OF THE
ATMOSPHERE

W. R. DERRICK SEWEi.L and MICHAEL J. BROWN, University of
Victoria, Victoria, British Columbia

It:troduction

During the past few years, interest in the human use and modification of
the atmosphere has increased. This ;nterest has stemmed in part from the
problems posed by mounting losses from pollution and extreme weather
events, and in part from man's increasing ability to manipulate particular
atmospheric variables. Until now, however, it has been difficult to gauge
both the magnitude of the interest in such problems, and the extent of con-
tributions to solve them. Although comprehensive bibliographies have been
prepared on the physical dimensions of the atmosphere and its modification,1
no up-to-date, extensive bibliography has beers prepared on the human
dimensions of the atmosphere. The present report 13 an attempt to overcome
this deficiency. While its coverage is broad, it does not contain a complete
list of references. This would have required much more time than the present
compilers had available, and in any event some kind If selection seemed
desirable. A number of the entries included contain usefui bibliographies on
the topics discussed in them.2

For present purposes it was decided to include items on the following
topics:-

1. General works covering matters of broad interest rtlating to
human uses of the atmosphere.

2. Physical aspects of the atmosphere, its uses, and its modification.
3. Economic evaluation of alternative adjustments to weather and

climate, particularly the techniques of identification and measurement
required for this purpose.

4. Economic impacts of weather or weather modification on partic-
ular activities.

5. Impacts of weather or weather modification on particular regions.
6. Institutional aspects of the management of atmospheric resources,

including law. administrative arrangements, and public policies.
7. Human ,ehavior, including discussions of reactions to variations
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in weather and climate in different areas, effects on physiology, psy-
chology, etc., and the role of perceptions of and attitudes to weather
modification.

8. Information and research, including discussions of the use of
weather information, and evaluations of research on weather, on the
use of weather information, and on weather modification.

Coverage

The entries in this bibliography arc drawn mainly from ikerature that
'ems appeared since 1957. This date was sele:ted because the first major
bibliography on economic and social aspects ,ef weather modification ap-
peared in that year.' Most of the literature on this tub ject in any case has
been published since that date. This bibliography expands considerably on
the coverage of two other bibliographies that appeared in the intervening
period.*

The problem of selecting items for any bibliography is always a difficult
one, and so also is the matter of classification. ::n the present bibliography,
a number of items are included which do not relate directly to C.,: weather
or human adjustment to it; but they do have rele trance to problems that need
to be solved. For example, in the section on economic evaluation, some
entries deal with techniques of measurement developed for the evaluation
and development of water resources or agriculture; and these techniques may
have useful applications to weather problems.

Trends

The present bibliography reveals a number of important trends in the
literature. Contributions relating to physical aspects of the use and modifica-
tion of the atmosphere continue to mount (onl-, selected items are included
here). Contributions relating to economic aspet :ts are now increasing fairly
rapidly, but only minor interest is indicated in sociological and psychological
aspects. The literature on legal problems is incre.tsing, but interest in political
and admir istrative problems still lags behind.

These trends, of course, reflect the perceived importance of problems of
managing atmospheric resources. Until recently the atmosphere was re-
garded as a free good, available to anyone to we in whatever way he wished,
where and when he wanted to do so; and the. main problems perceived re-
lated to determining the composition and dynamics of the atmosphere.
However, man's increasing ability to manipulate the atmosphere, the grow-
ing losses resulting from severe weather events, and the impacts of atmos-
pheric pollution have now aroused the interest of social scientists, especial-
ly those roncerned with public policy aspects of resource management. To
some extent, social scientists have been able to bring to bear concepts and
techniques developed in studies of other resources, particularly water re-
sources. A number of other contributions have provided valuable insights
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into the management of atmospheric resources and have also added to de-
velopments in theory in the disciplines involved. As more funds are made
available for social science research relating to the atmosphere, and as more
training programs in this field are initiated, the present imbalance between
literature on physical aspects of uses of the atmosphere and contributions
on the human dimensions of these uses should be redressed.

FOOTNOTES

1. See especially American Meteorological Society, Meteorological and Geophysical
Abstracts: Bibliographies on Weather Modification, vol. 6, No. 10, October
1955; vol. 11, No. 12, Decemhtr 1960; and vol. 15, No. 7, July 1964. See also
Donald L. Gilman et al., Weather and Climate Modification, U.S. Government
Printing Office, Washington, D.C., 1961.

2. See, for example, the following chapters in W. R. D. Sewell, ed., Human Dimensions
of Weather Modification, University of Chicago, Department of Geography
Research Paper No. 105, Chicago, III., 1966; Marston Bates, "The Role of
Weather in Human Behaviour," pp. 393-407; Edward A. Ackerman, "Economic
Analysis of Weather," pp. 61-76; and Evon Z. Vogt, "Some Implications of
Weather Modification for Tribal Societies," pp. 373-392. See also William L.
Thomas, ed., Man's Role in Changing the Face of the Earth, University of
Chicago Press, Chicago, Ill., 1956; Howard J. Critc.hfield, General Climatology,
Prentice-Hall, Englewood Cliffs, N.J., 1960; and Jack C. Oppenheimer, "The
Legal Situation," in U.S. Advisory Committee on Weather Control, Final Report,
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