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test and evaluation programs provide an ideal opportunity. (See Ap­

pendix A.) 

3. Given that system performance can be related to information about 

weather conditions, how may the Air Force exploit this knowledge? 

The ultimate exploitation of information about weather conditions 

has to be in tactical decisionmaking. If the field commander has al­

ternative weapons of differing weather effectiveness, he can use weather 

information and understanding of weather effects to keep both the effec­

tiveness and efficiency of his total force near a practical maximum. 

On the premise that this is highly desirable in military operations, 

it is then clear that a combat coI1DI1and should have a weather-optimized 

mix of weapon systems deployed in its theater of operations. For any 

given set of weapon systems in the inventory (for which weather sensi­

tivities are known), the force-mix tradeoffs can be compared as a func­

tion of climate. A quantitatively based rationale can be developed for 

making force deployment decisions that will tailor the force for its 

operational environment. Very likely it will be folllld that the most 

effective combinations of systems vary significantly from theater to 

theater and season to season. If such weather-optimized forces are to 

become a reality, then the total weapon inventory must have sufficient 

variety to permit flexible deployment planning. The trend toward in­

creasing cost-consciousness and weapon specialization makes awareness 

of operational weather sensitivity and its significant effects on both 

costs and utility levels an increasingly important factor in the pro­
cess of system a.aquisition. Despite the obvious difficulties in pre­

dicting the different potential theaters of combat (and, hence, oper­

ational climates) far in advance, representative (perhaps threat-weight­

ed) estimates can be made. The historical weather data for the predict­

ed theaters may then serve as statistically sound predictions of poten­

tial combat weather, and these predictions in turn serve as the basic 

weather factor for looking at cost/performance and force-mix_tradeoffs 

for future systems. 

The entire problem is cyclic. It is most important to apply our 

limited resources to purchase future systems so as to optimize military 

effectiveness across a spectrum of environments. Therefore, some key 
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III. STUDIES OF WEATHER EFFECTS ON SYSTEM 

OPERATIONS : A SAMPLE 

In the late 1950s, J, D. Sartor developed and applied a general 

statistical methodology for evaluating operational "effectiveness" and 
11efficiency115 for complex military operations, given that the weather 

effects on the component parts of the operation ("activities") are 

quantified [Sartor,, 1957, 1959]. His methodology is applicable to 

various kinds of ~omplex operations wherein the component activities 

are sequential, parallel, mutually exclusive, or combinations of these. 

It is a rigorous way of evaluating complex weather effects, per se, on 

a single, albeit complicated, operation. It allows the direct compari­

son of the effectiveness of mutually exclusive operations or systems 

(e.g., either photo reconnaissance or radar reconnaissance), but the 

effectiveness of various mixes of operations or systems can be compared 

only by inference. Therefore, for this reason and the additional rea­

son that forecast-based tactical decisions (go or no-go; use system A 

or system B) cannot enter into the calculations, Sartor's technique as 

it now stands does not lend itself to the study of cost tradeoffs. His 

basic definitions and statistical approach, however, are completely 

so\llld and have influenced other work that has followed. Figure 1 is 

an example of results of the Sartor technique applied to a reconnais­

sance problem [Sartor, 1957]. 

A major difficulty confronted by Sartor and all others in this 

business is the paucity of hard data on degrees of operational degra­

dation due to weather. One way to partially ameliorate this difficulty 

is to concede uncertainty, and to make calculations based on a variety 

of estimates of weather effects. This technique greatly reduces the 

value of pre-summarized published climatological statistics, for flex­

ibility is needed in choosing the weather variables for which statistics 

are calculated. Access to a computer file of basic data is almost a 

5He defines "effectiveness" as the rate or amount of accomplish­
ment, and "efficiency" as the ratio of the effectiveness under given 
(weather) conditions to the effectiveness under optimum conditions. 
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Fig. 10 -- Comparison of time required per kill as a functron of 
wea~~er probability for (a) good-weather system.only, 
(b)~a11Lweather system only, (c) mixed system using 
perfect weather forecasts, and (d) mixed system using 
forecasts of current accuracy. 
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IV. SUGGESTIONS FOR FUTURE WORK 

The basic problem of making quantitative determinations of weather 

effects on systems and operations should be pursued on several fronts. 

Some suggestions for planning programs to make pertinent measurements 

in the course of system test and evaluation (R&D Categories I, II, and 

III tests, and operational test and evaluation) are put forth in Appen­

dix A. Probably the most effective way to start the programs would be 

to select two or three developmental systems of differing weather sensi­

tivities and specifically design weather-effect phases into their test 

programs. In those cases where physical theory should be able to pro­

vide reasonable predictions of system performance \lllder variable atmo­

spheric conditions (such as target acquisition systems using various 

portions of the electromagnetic spectrum), increased effort should be 

devoted to interpreting standard meteorological data in terms of the 

physical parameters of the theory. For example, the practical applica­

tion of the visual target-acquisition model proposed by Bailey [1970] 

must await the day when historical records of observed visibility and 

cloud conditions can be transformed into the physically defined "meteo­

rological range" employed in the theory that \llldergirds the model. 

Detailed analyses of many specific systems may have to wait for 

the kind of hard data and secure physical understanding discussed in 

the previous paragraph. However, generalized and parametric studies 

of cost/performance and force-mix tradeoffs can and should be made now. 

The work of Gould and Dreiss at Lulejian and Associates and of Rapp and 

Huschke at The Rand Corporation provides a good starting basis. It is 

our intention at Rand to pursue the use and improvement of our model of 

weather-influenced force-mix tradeoffs, removing some of the over­

simplifications that appear in the preliminary version (see Appendix B), 

and employing relative cost and performance figures that correspond to 

real (or more realistic) systems. The primary objective of the next 

phase of this work should be to refine the methodology so that a wide 

variety of systems and operations, potentially employed at a variety of 

locations, can be analyzed in a consistent manner. 
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Finally, attention should be focused on the problem of multiple 

environments alluded to in the Introduction. Nature is but one prin­

cipal variable, as are enemy defenses and target characteristics; 

others may also exist. Ultimately, the kind of statistic that will 

be sought is, for example, the joint probability that target type X 

(requiring system package A), protected by enemy defense type Y (re­

quiring system package B), will have to be attacked in weather type 

Z (requiring system package C). Interrelationships among many combina­

tions of requirements (targets, defenses, and weather) and solutions 

(system packages) will be extremely complex; but one of the greatest 

values of this kind of analysis would be in bringing these interrela­

tionships into sharper focus than they now are. 
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pecially during the development and operational testing phases, for 

these new aircraft and their subsystems. 

The tests that could be made, without compromise, within specific 

natural environments are too numerous to list here, but probably the 

most important would be those involving the effectiveness of sensors 

and target designators employed in the delivery of air-to-ground ord-

nance. 

The weather parameters that degrade some typical sensors' perform­

ance are outlined in Table A-1. Generally, precipitation, visibility 

restrictions, and cloud cover are the nemeses of light-sensitive seek­

ers, but radar, too, is degraded by precipitation and some clouds. This 

suggests that testing entirely in the tropical-maritime climate of Eg­

lin AFB, Florida, where high cloud bases and good visibilities prevail, 

or in the arid climate of Nellis AFB, Nevada, where it is difficult to 

find "bad" weather at any time, will not answer most of the very im­

portant questions related to weather sensitivity. On the contrary, 

it would seem more logical for this purpose to seek test sites where 

the pertinent weather parameters are highly variable. 

The primary purpose of subjecting systems to weather tests is 

to relate various performance characteristics to standard, "gross," 

atmospheric parameters. The reason for this is simple: Since the main 

use of the test data would be to predict and compare the effectiveness 

of systems in different parts of the world, then the atmospheric de­

scriptors employed in the tests should be the same as those found in the 

voluminous files of observations that describe the world's weather. It 

is almost useless to know, for example, that a laser device becomes in­

operative at a certain turbulence intensity if that critical intensity 

cannot be related to such gross variables as wind speed, sun angle, 

cloudiness, and surface roughness and albedo (all of which can be ob­

tained from climatic, astronomical, and geographical records and can 

be predicted operationally). 

Two types of weather tests are indicated: (1) a series of base­

line tests in which a sensor or target designator of each basic type 

is selected as a "standard" and is evatuated under a relevant variety 

of weather conditions; and (2) the purposeful inclusion of some weather 
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A­
Table A-2 

FACTORS AFFECTING ELECTRO-OPTICAL SENSOR PERFORMANCE 

Factor 

Target 

Background 

Environment 

Countermeasures 

Atmosphere 

Low-Light-Level Television 

Reflectance and projected 
area of each exposed sur­
f ace component. (Reflec­
tance changes with surface 
condition--dusty, rusty, 
wet, etc.) 

Target velocity 

Optical "clutter"--Ref lec­
tance distribution of back­
ground elements (trees, 
bushes, grass patches, etc.) 

Ambient Illumination 
(directional or diffused) 

Ease of shielding or de­
coying 

Signal attenuation by haze, 
fog, or clouds. Contrast 
degradation due to path 
luminance 

Forward-looking Infrared 

Temperature, emissiv­
ity, and projected 
area of each exposed 
surface component. 
(Emissivity changes 
with surf ace condi­
tion) 

Target velocity 

Thermal "clutter"-­
temperature and emis­
sivity distribution 
of background elements. 
(Water puddles, tree­
tops, patches of bare 
dirt all sometimes 
appear hot) 

Weather and weather 
history (hours of sun­
shine previous day, 
hours since precipi­
tation, wind velocity, 
percent overcast, time 
of day, of year, tem­
perature, etc.) 

Ease of shielding or 
decoying 

Signal attenuation by 
molecular absorption 
and scattering from 
haze, fog, or clouds . 
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Appendix B 

A PRELIMINARY MODEL FOR COMPARING THE EFFECTIVENESS 

OF HOMOGENEOUS VS. MIXED FORCES AS A FUNCTION 

OF THEIR WEATHER SENSITIVITIES 

R. R. Rapp and R. E. Huschke 
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Consider two systems for attacking targets. One is designed to 

operate on the basis of visual acquisition, and to attack with a minimum 

of complex avionics. The other is designed to carry out attacks with 

a minimum reliance on the pilot's vision. We will call the first sys­

tem the "good-weather system" and the second, the "all-weather system." 

Because of the added complexity of the all-weather system, it will, 

in general, be more expensive to procure, more difficult and more 

expensive to maintain, and somewhat less effective in bad weather than 

the good-weather system is in good weat~~r. What we propose is a mix 

of the two systems, and the following analysis is presented as a pos­

sible methodology for determining the proper mix of the two systems. 

The parameters we have used are ball-park estimates, and we have not 

yet tried any systematic variation-of-parameter studies to investigate 

the effect of such changes on the outcome of the analysis. 

First, consider the case of an omniscient Air Weather Service that 

can predict the weather over the target with perfect accuracy. Let p 

be the probability of good weather (weather in which the good-weather 

system is effective) and 1 - p be the probability of bad weather. The 

parameters of the problem are defined with the subscript i for the sys­

tem and the subscript j for the weather, where i,j = 1 refers to the 

good-weather system and good weather, while i,j = 2 refers to the all­

weather system and bad weather. As a measure of utility, we chose a 

rather simple cost/effectiveness ratio. Effectiveness is measured by 

the kill rate of the combined systems and cost is a combination of 

operating costs, attrition, and basic maintenance of the force. 

Let: 

.lij 

kij 

ui 

= sortie rate of the ith system in the jth weather 
(sorties/unit time) 

= attrition rate of the ith system in the jth weather 
(planes lost/sortie) 

= kill probability with the ith system in the jth weather 
(kills I sortie) 

= unit cost of the ith system (dollars/plane) 
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n = i 
operating cost per sortie of the ith system 
(dollars/sortie) 

Mii = support costs of the mixed system (dollars) 

The effectiveness or kill rate is simply defined as 

The costs, which are a function of sortie rate, arP dependent on both 

the operating costs per sortie and the attrition: 

Attrition enters only as a cost; it does not affect subsequent sortie 

rates. Support costs, Mii' are not proportional to sortie rates but 

simply to the complexity of the two systems. They should be propor­

tional to the mix of systems, but we will, for now, simply assume a 

single number for each system separately and another number for a mix 

of any proportion. 

For the proposed perfect-forecast case the pertinent factors can 

be summarized in the following matrix: 

Good-weather All-weather Weather 
System (1) System (2) Probability 

Good Weather (1) Ell c11 E21 c21 p 

Bad Weather (2) El2 c12 E22 c22 1 - p 

Support Costs Mll ~2 

~2 

From these data it is possible to determine the cost/effectiveness ratio 

for using either good-weather system (1) or all-weather system (2) exclu­

sively, as well as the ratio for a mixed system if it is assumed that the 

proper mix is always available for the given climatology. This cost/ 
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effectiveness ratio is represented by Rii' where ii = 11 represents a 

purely good-weather system, ii = 12 represents a mix, and ii • 22 repre­

sents a purely all-weather system. From this we obtain 

(1) 

pC21 + (l - p)C22 + ~2 
Rz2 a pE21 + (1 - p)E22 ' 

(2) 

and 

pCll + (l - p)C22 + ~2 
~2 = pEll + (1 - p)E22 . • 

(3) 

For convenience assume that the ratio of sortie costs to unit costs 

(ni to ui) is a definable function of the system. Let fi • ni/ui; then 

If we eliminate dimensions by the ratios rij = rij/r11 , Ui • ui/u1 , 

kij • kij/k
11 

(i.e., by normalizing these quantities to their value for 

the good-weather system in good weather), then 

In order to compare the two individual systems with the mixed sys­

tem, we estimate the following factors: 
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rll = 1 r' = 1 r' "" 0.8 1 = 0.8 
12 21 r22 

kll = o.s k' = 
12 0 k' = 21 1.1 k' a: 

22 
0.7 

R.11 = o.os R.12 = 0 R.21 = a.ass 122 
• a.025 

ul = 1 u2 = 2 

fl = o.os f2 = 0.07 

Mll = 0.1 M22 "" a.2 M
12 

.,. O.lS 

Hence: 

c
11 

.. o.1a c22 "" 0.1S2 

c12 = o.os c21 = 0.20 

Ell • o.s E22 • 0.28 

El2 - a E21 "" 0.44 

Using these values in Eqs. (1) to (3), we obtain cost/effectiveness 

ratios as a function of p: 

R_l "" a.05p + a.lS 
-1. O.Sp 

.. O.lp + 0. 3 
p 

= 0.048p + a.352 
0.16p + 0.28 

-0.052p + 0.302 
~2 = a.22p-+ a.28 

(4) 

(S) 

(6) 

\ Figure 9 (p. 2a in the body of the Report) shows the cost/effective-

\ ness ratio for these three cases as a function of the probability of bad 
\__ ~--------- -

weather. The mixed system shows a clear advantage over the purely all-

weather system, although, with very high frequencies of either good 

or bad weather, our assumption of a fixed-support cost causes an un­

realistic departure of the mixed-system curve from the purely good­

weather-system curve at the left and the purely all-weather-system 
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curve at the right. The purely good-weather system shows an advantage 

over the mix when the probability of bad weather is low, (1 - p) < 0.4, 

but the advantage is small and could be exploited in areas only where 

there was a high assurance of good weather conditions. 

The possibility of having perfect knowledge of the weather condi­

tions is remote, but a positive and increasing skill in weather pre­

diction does exist. Assume, therefore, that the choice of system for 

a given sortie is dependent solely on the weather forecast and that 

the categorical forecast is always believed. The frequencies (ajk) of 

correct (j • k) and incorrect (j ~ k) forecasts can be displayed in 

the matrix below. Here j refers to the observed weather and k to the 

forecast. 

k'--

j 1 2 

1 p 

t 2 1 - p 

Assuming a mixed force, with system (1) used when the weather is ' 

forecast to be good and system (2) when the weather is forecast to be 

bad, the C/E ratio becomes: 

Rl2(F) = 
allcll + al2c21 + a2lcl2 + a22c22 + ~2 

allEll + al2E21 + a21El2 + a22E22 
(7) 

The verification studies of Wayne Hering, AFCRL,
8 

provide a means 

of expressing the values of the ajk in terms of p. From Hering's 

graphs a series of 3 matrices have been prepared (Table B-1) for values 

of p • 0.1, 0.5, and 0.9, which give the values of ajk for current 

_ operational forecasts in the United States. Using these values in 

8 
Letter dated 29 October 1969 from Mr. Wayne S. Hering to Captain 

Vaughn McDonald, SAMSO. 



-39-

Table B-1 

FREQUENCIES OF CORRECT AND INCORRECT FORECASTS (ajk) 

FOR THREE FREQUENCIES OF WEATHER-EVENT OCCURRENCE (p). 

j 

i 

j 

! 

j 

i 

p - 0.1 

~t s 

1 

2 

p - 0.5 

1 

2 

p - 0.9 

1 

2 

k-

1 2 

.04 .06 .10 

.05 .85 .90 

1.0 

k-

1 2 

.10 .40 50 

1.0 

k-

1 2 

.85 .OS .90 

06 0 

1.0 
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Eq. (7), the cost/effectiveness for these values of p are: 

_p_ ~2(F) 

0.1 1.034 

0.5 o. 775 

0.9 0.555 

As plotted in Fig. 9 (p. 20), these data indicate only a slight increase 

in the cost/effectiveness ratio as the result of using realistically im­

perfect forecasts in lieu of perfect forecasts. 

Because time may be more important than cost/effectiveness in some 

military operations, it is useful to estimate an expected time (number 

of potential flying periods) needed to kill a specified number of targets. 

The time required will be simply the inverse of the weighted effective­

ness figures. If this inverse is multiplied by the kill probability 

for the good-weather system in good weather (in this example, 0.5), the 

time for the good-weather system in a climate with 100 percent good 

weather will be unity. The time-to-completion equations are: 

T 0.5 
11 = pEll + (1 - p)E12 

0.5 
pE21 + (l - p)E22 

T = 0.5 
12 pEll + (1 - p)E22 

_ 
1 

The results of these calculations are plotted in Fig. 10 (p. _21 of the 
\ , body of the Report). They show that the time penalty associa~ed with a 

purely"good-weather system increases rapidly as the probability of 

bad weather exceeds about 0.3, and that there is very little differ­

ence between the time penalties associated with a purely;all-weather 

system and a mixed system. 
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