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Appendix X
MODELING PAPERS

PART 1—MEASURING 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. I;ATES Department of Geography, Clark University,
Worcester, Mass.

W. J. MAUNDER, Department of Geography, University of Victoria,
Victoria, British 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.® Large losses also result from lightning
and hail—aid ficem lcss extrétme weather variations.

Part of these losses might be eliminated if improvements were made to
existing weather information and forecasting systems.? Costly delays in air

; Lransportation which result from adverse weather might be reduced if better

- orher economlc activities mwht also beneﬁt from advanccs 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-
pertation ® 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 agriculture, 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 production in JTowa, but estimates of
the overall impact on the Iowa economy are fairly crude. Estimates of
impacts of particular weather events on the national economy border on
guesswork. ,

Now that weather modification secms 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 helpful 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 harvesting) —or try to insulate against weather effects {as in
using air conditioning or drought-resistant crops O womhd i be morg” - -
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
Model® 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 wil
facilitate the identification and measurement of weather impacts in various
sectors of the economy.

The Symposium group considered several techniques that have beep
developed in recent years for analyzing economic systems, both at the 1€
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gional level 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,” known also as interindustry
economics. This method is concerned with quantitative analysis of the inter-
dependence of producing and consuming units in 2 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 seilers 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 en other industries in an economy. .

A number of sophisticated models based on input-output concepts have
been developed for analyzing economic changes in particular regions.**
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
- model.*® 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. sudrﬁlns:g_i_ng_,“ '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 for 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 of that change on other activities too. An increase of precipitation ata
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, docs 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 g}_ven weather

variations,” -~ - - - - — o

Simulation

If it were possible to have a scale model of the economy, complete in
every detail, one could alter one” variable in the system afid then observe
what chariges ivok place in other parts 6t it. Unfortunately, such scale
models are 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 systern 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={(W,N,A) +u,
where E = economic outcome; W= (w;, W;, . . . , Wa), some actual weather
events; N=(n;, ny ..., ng), some actual non-weather events;
A=(aj a, . . . ,a:),asubset 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 enterprise—the 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, srovided 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 depend on a much more detailed knowledge of weather impacts on
weather-sensitive activities than is available at the 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 environmental 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.

Linear 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.?> 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 any economic trans-
formation ih 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 relationships among

- relevant variablez be.gxpressed in linear mathematical form. These expies-
sions, together with appropriate constraints, 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
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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 10, 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.agriculturalproductiop in other - -
countries as well. Regression techniques could also be used to trace impacts
of weather changes on other aspects of the economy.*

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 # % % 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.” ¢
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-mnodels for providing informa-
tion on streamflow-runoff relationships, flood probabilities, and the economic
impacts of changes 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 chosen 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_cirrys clouds over Missouri were modificd by creation of a suffi- _

cient rumber 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.

TREEUhETS 0T thcte papers seem”to agree fhat~the various methods-re-
viewed can be applied to the evaluation of weather modification prograimns.
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 noaction? We need to know
how people perceive the weather, and alternative adjustments to it. We need
to know how much weather change is required before 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 nceds to
be accompanied, {or examp . by studies of the weather requirements of
various 'industries and rcglons, and by studies of the factors which seem
to condition human responses to the weather.
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