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CONTROL LEVELS FOR QUANTITATIVE EVALUATION OF 
WEATHER MODIFICATION ATTAINMENTS* 

By 
Radmilo D. Markovic 

Civil Engineering Department, Colorado State University 
Fort Collins, Colorado 

l . INTRODUCT ION 
Weather modification or cloud seeding evaluation studies under­

taken in the past consisted of two major programs, qualitative and 
quantitative. The qualitative or physical evaluation program was designed 
to learn what took place in a cloud system duri ng artificial treatments 
and to study he meteorological conditions which determined under what 
circumstances could these treatments produce the most desirable results [l 

The quantitative or statistical evaluation program, based upon 
mathematical and statistical analysis of data from many seedings was con­
ducted in order to determine if these operations had actually produced an 
identifiable increase in precipitation [2]. 

The subject of this paper is to consider all possible levels of 
weather modification control at which the quantitative evaluation can 
take place, to analyze their properties, and to indicate the most promising, 
feasible and detectable level of control. 

There are three basic control levels at which the quanti t ative 
evaluation of weather modification (cloud seeding) attainments can take 
place. These are: cloud phenomena, precipitation and river flow control 
leve l s, which correspond to three particular stages in the general 
hydrologic cycle [3]. 

2. CLOUD PHENOMENA CONTROL LEVEL 
This is the level in the atmosphere or in a cloud system, the 

other two control levels refer to the ground, Fig. l. Since this level 
is in the atmosphere, it has to deal with the air as a fluid, the deter­
mination of its motion, state and forces when it is subjected to a specific 

*This paper is primarily based on research done at Colorado State University 
for the U. S. Bureau of Reclamation, Contract No. 14-O6-D-5299, Mathe­
matical methods of evaluation of results of atmospheric water resources 
programs. 
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Fig. l Schematic representation of control l evels for quantita tive 
evaluation of weather modification attainments 
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fo rce system and boundary conditions - geometry, surface cond itions and 

f i eld conditions . Any property of air, such as temperature, densi ty, vis­
cos i ty , pressure, compressibility, velocity, acceleration, internal stresses, 

and rate of deformation va ries with space and time. These properties and 
their interactions are important for cloud formation s and further pro-
cesses in the cloud which lead to precipitation, and therefore, they must 
be studi ed. In addition, some bulk properties such as moisture, cloud 
dimension s and structure, winds, storm movement, rate of storm growth, 

number and size and size distribution of nuclei must be measured and studied 
too . To measure these impor tant properties, radar facility, ai rcrafts, 

kites, mobile ground units, which are a part of the total communications 
networ k, should be used to collect data which add to a better understanding 
of a storm mechanism over a studied area. Large funds, time and intensive 
efforts have to be invested in the collection of such data . Even if it was 
done for cloud systems trea t ed by cloud seeding, there is no sufficient 
number of measurements of natural clouds to compare them with artificially 

seeded storms . Th is is particularly true regarding high variability of 
cloud proper ties . A study of a large numbe r of precipitation clouds by 

rada r has di scovered marked day-to-day variations of all cloud 

parameters [4] . 
However, even if the comparison of nonseeded and seeded clouds 

is poss ib le, the problem of evaluating the effect, if any, of artificial 

seeding on augmentation of precipi tation reaching the ground would still 

r ema i no It is obvious, therefore , that some additional relations to 

ground control levels are needed in order to evaluate any change due to 
the seed i ng . For this reason, the cloud phenomena control level is not 

self-s uffi cient . It is also not a conven ient and reliable level for 
qua nti ta i ve evaluat i on of weather modification. Because of these pro­

perti es, this level has been predominantly used for qualitative rather 
than for quantitative evaluation of cloud seeding operations. 

3. PRECIPITATION CONTROL LEVEL 

The l evel of control i s on the ground, at the network of pre­

cip i tat ion stati ons, Fig . l . It is represented by that portion of the 

total amount of precipitati on which reached the ground and was measured 

or recorded at the existing network of raingage stations . 
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This level has the advantage of being on the ground and dealing 

with precipitation fallen on the ground, part of which man can utilize for 

his needs . Its further advantage manifests of being the part of existing 

collection of precipitation data observed for many years at many raingage 

stations . This collection of historical data reflecting the natural, un­

treated conditions at particular localities, represents an excellent base 

for evaluation purposes at local i ties where new or treated conditions are 

taking place . These advantages have been the main reason why this level 

of control has been predominantly used in evaluating the weather modifica­

tion attainments i n the past. 

Besides these advantages, the fact that precipitation data is 

used in evaluating process implies several disadvantages. These are 

main ly caused by the inaccuracy of precipitation measurements and the 

unreliabi l ity of estimating the mean areal precipitation. 

Observed precipitation data is subject to measurement error 

because of the difficulty of accurately gaging precipitation. The main 

cause for inaccuracy is the wind which tends to carry the rain over and 

past the gage . Nearby obstacles may intercept or deflect the wind-swept 

rain , reducing the accuracy of the gage. Because of greater exposure to 

the wind, hillcrest locations give poor accuracy. Gages on rooftops 

usually show less rain than those on posts, and post gages show less than 

ground level gages. The error in rain gage catch varies with the height 

above the ground . As a result, the gaged rain is often 5 or 10 percent 

low and may be 50 percent low in strong winds [5] . This def ici ency may 

be as much as 60 percent for true snowfall in winds of 30 mph at the 

orifice level . Equipping gages with windshields increases the catch ap­

proxi mately 20 percent in open areas and by about 10 percent in forest 

glades [6] . 
The error of determin i ng the mean areal precipitation is the 

source of further disadvantage of this control level. The areal precipita­

t i on is estimated from the po int measurements taken from gaged precipitations. 

The error involved in this est imation depends on the accuracy and density 

of these point measurements . When the density i s considered, it has been 

shown that the absolute error caused by an inadequate density of precipita­

t i on gages increases with an in crease in the amount of precipitation and 

wi th the gaging ratio (area per gage) in dealing with storm totals [7] . 
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The error markedly decreases, however, when averages for longer periods are 

cons i dered [8], because the areal variation of precipitation decreases with 

an increase of these periods . To illustrate this error, one actual example 
wi ll be presented . For this pu rpose the average annual precipitation over 

the Kings River Watershed above Piedra, Cal i fornia for the 1951-1964 water 
year period was selected. From this and surrounding areas, data from ll 

gage sites were chosen, Fig. 2, for estimation of the 14 year mean annual 
precipitation over a 1687 square mile area . The estimated value was com­

puted by t he Thiessen method [6], which gives weight to the areal distri­

but i ons of stations . The name of stations, their positions-longitude, 

latitude and elevation - as well as the percentage of total area they re­

present, are given in Table l. 

The annual station precipitation, P .. 
J l 

j station in i year, are presented in Table 2. 
in inches per year for 

The annual weighted 

areal precipitation, pji' in inches per year over area, aj, for j station 
i n i year, are computed by 

P . . = P . . a . . 
Jl Jl J 

The annual precipitation over the whole Kings River Watershed above 

Piedra are obtained from 

ll ll 

P. = I p .. = I p .. . a . . 
l Jl Jl J 

j= l j =l 

Both the i nd i vidual and overall annual areal precipitation are presented 

in Table 3. As shown in this table, the average annual precipitation over 

the ent ire watershed for the 14 year period i s 34.99 inches per year. This 

va lue is cons i dered to be the best estimate of the average in this par­

t ·cular case, since its computation is based on the maximum number of 

avai lable precipitat i on stations in the area. However, if fewer stations 

we re ava i lable, the estimate of average annual precipitation over the 

who l e watershed for the same 14 year period, computed simply as t heir 

ari thmet i c mean, would be somewhat different. 
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Table l. Precipitation stations in the Kings River Wate rs hed above 
Piedra, California 

j Name 

1. Piedra 

2. Meadow Lake 

3. Huntington Lake 

4. Balch Power House 

5. Grant Grove 

6. Woodchuck Meadow 

7. Florence Lake 

8. Bishop Pass Snow Course 

9. Granite Basin 

10. Giant Forest 

11. Independence Onion Valley 

Long 
(deg.min) 

119°23 I 

119°26' 

119°13' 

119°06 I 

118°58' 

118°54' 

118°58' 

118°34' 

118°36' 

118°46' 

118°20' 

Lat. 
(deg.min) 

36°48' 

37°05' 

37°14' 

36°54' 

36°44' 

37°02' 

37°16' 

37°06' 

36°52' 

36°34' 

36°46' 

Elev. 
(ft.) 

580 

4485 

7020 

1750 

6580 

9200 

7355 

11040 

10000 

6360 

9175 

Area 
a. (%) 

5.5 

3.8 

2.9 

14 .7 

10.9 

18.8 

3.3 

7. l 

20.7 

6.8 

5.5 

100.0 

To il lustrate these differences, several possible combinations of stations 

ar e appl ied to compute the estima te of a 14 year areal average, P (···) 
wi th numbers in the parentheses indicating the order numbers of stations 

used: 

p ( l' 2, 3, ... 11) = 34.99 in/yr . p ( 4' 5' 9) = 36.92 in/yr. 
' 

p ( 4' 5, 6, 8, 9) = 35.61 in/yr. p ( 4' 6, 9) = 37. 15 in/yr. 

p ( 4' 5' 6, 8) = 34 . 52 in/yr. P (4, 9) = 34.20 in/yr. 

p (4, 5, 6, 9) = 38.45 in/yr. P (5, 6) = 42.69 in/yr . 

The variability of results is obvious. The density of stations, though 

inadequate for such a watershed size, is not solely responsible for the 

instabil i ty of the estimate of average areal precipitation. The areal 

and elevation distribution of stations are also contributive factors . The 

accuracy of the estimate of areal precipitation in a watershed is, therefore, 
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Table z. Annual station precipitation in the Kings River Watershed above Piedra, California 

i Year 
ANNUAL PRECIPITATION, P . . (inches /year) Jl AT THE STATION 

j = 1 2 3 4 5 6 7 8 9 10 11 

1 1951 15. 35 33. 01 39.85 33. 45 44.47 46.50* 26. 13 22. 52 47. 25 52. 37 27. 30* 

2 2 22. 07 42.91 43.95 39.68 73. 66 62.60* 32. 38 32. 05 57. 78 71. 38 38.50* 

3 3 15. 86 21. 37 23.54 21. 32 34. 77 39. 10* 20.81 21. 96 34. 82 35. 37 12. 70 

4 4 14. 15 25. 96 27.74 27.08 41. 25 43.20* 21. 18 20. 82 39.48 38. 81 23. 40 

5 1955 16. 18 24. 13 Zn. 36 22. 95 38. 00 40.50* 19.86 27. 13 34. 32 38.04 17.62 

6 6 21. 96 38. 21 55.22 41. 37 58. 31 52.67 40.03 27.80 58. 78 59.43 37. 28 

7 7 13. 19 26. 76 28. 64 25. 14 36.90 39. 42 17. 67 23.42 35. 33 40.47 25 . 46 

8 8 25.86 42.71 53. 37 43. 77 63. 75 61. 83 31. 76 33. 93 55.42 68.23 31. 10 

9 9 8.67 24. 81 27.25 17.67 26. 74 33. 71 21. 95 15. 75 29.29 23. 19 19. 53 

10 1960 8.53 18. 39 20. 29 18.79 27. 11 27.63 14.08 19.05 23.25 28. 24 12. 41 

11 1 9.42 36. 03 22. 12 18.64 24. 27 26.59 19.46 18.50 24. 27 21. 25 17. 10 

12 2 17. 02 28. 07 47.66 33. 83 48.57 49.68 35.69* 31. 10 42. 22 41,91 29. 86 

13 3 16. 33 31. 76 42. 67 32.33 42.86 48.29 36. 59 28. 30 48.48 47.63 33.30* 

14 1964 1Za48 22.89 30. 88 21. 69 32. 27 30.87 20.81 17.42 29.22 30. 19 18.59* 

l: 14 
1 217.07 417.01 489.54 397.71 592.93 602.59 358.40 339.75 559.91 596.51 344. 35 

P. 15. 51 29.79 34.97 28.41 42. 35 43.04 25.60 24. 27 39.99 42. 61 24.60 
J 

* Missing data from 1 to 12 months filled out by data from nearby stations. 



Table 3. Annual weighted areal precipitation in the Kings River Watershed above Piedra, California 

ANNUAL WEIGHTED AREAL PRECIPITATION, p . . = P . . a . (inches/year) 
i Year Jl Jl J 11 

P . = l: p . . 

j = 1 6 
1 1 Jl 

2 3 4 5 7 8 9 10 11 in, [yr, 

1 1951 0.84 1. 26 1. 15 4.92 4.85 8. 75 0.86 1. 60 9. 78 3. 56 1. 50 39.07 

2 2 1. 25 1. 63 1. 27 5.84 8.04 11. 75 1. 07 2. 28 11. 96 4. 85 2. 12 52. 06 

3 3 0.87 o. 81 0.68 3. 14 3. 79 7. 35 0.69 1. 56 7. 21 2.40 o. 70 29. 20 

4 4 o. 78 o. 99 0.80 3. 98 4.50 8. 13 o. 70 1. 48 8. 18 2.64 1. 29 33.47 

5 1955 0. 8 9 0. 92 0. 76 3. 37 4. 14 7 . 62 0. 66 1. 9 2 7 . 11 2. 59 0. 97 30.95 

6 6 1. 21 1. 45 1. 60 6.08 6. 36 9.90 1. 32 1. 97 12. 18 4.04 2.05 48. 16 

7 7 0.72 1. 02 o. 83 3. 70 4.02 7. 42 0.58 1. 66 7. 32 2. 75 1. 40 31. 42 I.O 

8 8 1. 42 1. 62 1. 55 6.45 6.95 11. 62 1. 05 2. 41 11. 46 4.64 1. 72 50. 89 

9 9 0 . 48 0.94 0.79 2. 60 2. 92 6. 34 o. 73 1. 12 6.07 1. 57 1. 08 24. 64 

10 1960 0.47 0.70 0.59 2. 76 2. 96 5. 20 0.46 1. 35 4.83 1. 92 0.68 21. 92 

11 1 0.52 1. 37 0.64 2. 74 2. 64 5.00 0.64 1. 31 5. 03 1. 44 0.94 22. 28 

12 2 0.94 1. 06 1. 38 4.98 5. 30 9.34 1. 18 2. 21 8.75 2. 85 1. 64 39.63 

13 3 o. 90 1. 21 1. 24 4. 75 4.67 9.08 1. 21 2. 01 10.03 3. 24 1. 83 40. 17 

14 1964 0.69 0 . 87 0.90 3. 19 3. 52 5.80 0.69 1. 24 6.06 2. 05 1. 02 26.03 

l:14 
1 

11. 98 15.85 14. 18 58.50 64.67 113. 30 11. 84 24. 12 115 . 97 40.54 18.94 489.89 

p. 0.86 1. 13 
J 

1. 01 4. 18 4.62 8.09 o. 85 1. 72 8. 28 2. 90 1. 35 34.99 
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a fu nction of the accuracy of si ngle measurements, the adequacy of density 

of precipitation stations, an d t he uniformity of areal and elevat ion dis­
tribution of stations. 

Referring to the problem of evaluating weather modification when 
the target-contro l concept is used, the same problem of accuracy and 
rel iability of precipitation data exists equally in both target and control 

areas . However, when these two different accuracies are coupled in an 
evaluation process, the resulting effect might be either negligible or very 

significant. It might show an 11 evident 11 change where it did not exist or 
11 mas k11 a change where it did exist . This effect is obviously uncertain. 

The above examples indicate that the precipitation control level 
as presently used, is not an accurate or reliable level of control as far 

as the quantitative evaluation of weather modificati on is concerned. The 
main reasons are large single measurements and large areal sampling errors 

involved . Some of the reasons menti oned above were probably partially re­
sponsible for various and often contradictory conclusions about cloud 

seed i ng effects in the past . The future of this control level depends on 

the progress in decreasing substantially the above two types or errors . 

4. RIVER FLOW CONTROL LEVEL 
Weather modification attainments, if any, are controlled at the 

network of river gaging stations , Fig . l . This level of control is on the 
ground and is represented ei ther by flow rate (discharge) or by volume of 

flow dra i ned from an area . 
The principal advantage of this control level, bes i des that of 

be ing on the ground, lies in the fact that it directly deals with water 

man can use for its needs . The water produced out of a river basin i s 
the main goa l and the final product of the majority of weather modification 
pro jects that were underta ken in the past . Thus, this control level 
measures directly the availability of water resources for man's use. 

Another important advantage of this level manifests itself in 
the property of r iver flow of being an integrated representative of the 

whole area under consideration . The discharge is not a point-measurement 
i n t he space, but rather an i ntegrated measurement of the entire area 
above the gage site . If a waters hed is considered as a catching area of 

mo is ture from the atmosphere, _then the r iver flow measured at the out l et 
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of such an area represents the total water collected at that watershed. 

The ri ver flow measures at the same time, the yield of the watershed and 

i ts capability as a source of water supply. 

The main disadvantages of this control level are: (a) the in­

accu racy of discharge measurement; (b) the relatively high variability of 

natu ra l river flows; and (c) the time dependence of successive river 

flows due to carryover effect . The accuracy of discharge measurement 

depends mainly on the local physical conditions of gage site, the type and 

adequacy of the stage-measuring equipment and the frequency of measure­
ments . Very low flows at gaging stations, lacking a permanent and well 

def i ned control, may be subject to a high percentage error because of the 

diff iculties to measure these flows during dangerous flood conditions. 

Flow rates or volumes accumulated over long periods, a year for example, 

are more reliable than those for short periods because of the possibility 
for compensation of errors [6] . 

According to the U. S. Geological Survey classification regardin 

its me asurements and published records, the accuracy of single discharge 
measurements is within 2 percent for excellent and within 5 percent for 

good measurements. The probable error of published river flow records is 

est imated to be between less than 5 to 10 percent [6]. The excellent and 

good ri ver flow data are supposed to be used exclusively for evaluation 

purposes of weather modification . As it can be seen, the relative probable 

erro rs of individual measurements are not as small as would be desired, 

but they are still within tolerable limits. However, these errors decrease 

ra pid ly with the increase of time units over which the river flows are 

averaged . 
Significant errors may be encountered when dealing with dif­

ferences in river flow between two watersheds. This is because of the 

opportun i ty of combining the errors which may be of opposite sign. Diver­

si on for irrigat i on or water supply, pumping of ground water, storage in 

reservoirs and natural lakes may present problems because the data may not 

be homogeneous i n t ime. However, the uncertainty of these types of 

errors can be considerably reduced by proper analysis of data, adequate 

selection of ri ver flow records and by detailed analysis of station and 

river bas i n history, and field notes of the hydrographer maintaining the 

stat i on i n question. 
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Considering the variability of river flow, it greatly affects the 
evaluation process . For a large variability, long historical records and 

periods of cloud seeding experiments are required to detect any change 

caused by the weather modification . Little can be done to avoid this, 

since the variability of river flow is practically the reflection of the 

variability of natural factors producing and affecting runoff. Neverthe­

less, some speculations are still possible through statistical evaluation 

by proper selection of variable and time over which it is averaged, as 

well as the sample size of records. 

The time dependence of successive river flows due to the carry­

over effect, implies the use of large time units (season, year) for the 

flow variable used in an evaluation process. This can represent a dis­

advantage in some cases. 

The river flow control level, though not ideal, can be valuable 

in quantitative evaluation of weather modification. For unexplainable 

reasons , it has not been used extensively for evaluation purposes in the 

past . 

5. COMPARISON OF CONTROL LEVELS 
According to the properties of control levels described earlier, 

it can be seen that not all the control levels are equally suitable for 

quantitative evaluation of weather modification experiments. The lack of 

sufficient and reliable data at the cloud phenomena control level makes 

its use less feasible for evaluation purposes at the present time. Its 

use has also to be coupled with one of the ground control levels. The 

cho ice is thus limited to one or two other levels which should be closely 

ana lyzed and compared. 
The precipitation control level deals with the total precipitation 

fa llen on the ground, part of which becomes useful water, while the river 

flow control level directly measures the available water for man's use. 

The precipitation measurements re present the point measurements in an area, 

while the river flow measurements represent the integrated measure of 

whole water drained from an area above the gage site. The accuracy of a 

single precipitation measurement is in general inferior to the accuracy of 

a single discharge measurement, particularly in areas where snow is the 

predominante type of precipitat i on . The estimate of me an areal precipitation 
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i s usually unrel ia ble and represents the most serious disadvantage of the 

prec ipi tation control level . 

Certa i n stat is t ical properties of precipitation and river flow, 

which are very important in the process of quantitative evaluation, also 

deserve attention. The most us eful and applied statistics are the mean, 

var i ance and coefficient of variation . The precipitation mean, as a rule, 

i s greate r than the river flow mean when expressed in the same units and 

ove r the same area . The absolute value of variance is generally higher 

for precipitation than for river flow, while the variability as expressed 

i n the coefficient of variation is usually lower for precipitation than 

fo r ri ver flow . These statements are very well illustrated in the example 

of the Kings River Watershed above Piedra . These three statistics, the 

mean areal precipitation, P, the variance, s2, and the coefficient of 

vari ation, Cv, are computed for 14 water years 1951-1964, as 

14 

P = 1 I P. 1 489.89 = 34.99 in ./yr. T4 = 14 l 
i = 1 

14 
2 1 

I ( p . -)2 1 97.66 (in./yr.) 2 
s = 14 - p = l4 1367. 30 = 

l 
i = 1 

C = ~ = ✓97 . 66 = 0.282. 
V p 34 . 99 

Similarly, the same statistics are computed for river flow, Si' which are 

f irst der i ved f rom the annual runoff, R;, in ac re-feet per year, by con­

vert i ng them into inches per year over the watershed area of 1687 square 

mi les: 

12 R. 
s. l 

= 1687 X 640 ' l 

1 14 1 s = T4 I Si = 14 238.20 = 17. 01 in./yr. 

i = 1 

s2 1 14 - 2 1 (in./yr.) 2 
= T4 I ( s. - S) = T4 922. 13 = 65 .87 

l 

1 



= ✓65 . 87 
17. 01 = 

14 

0.477. 

The hi gher the mean, the smaller the variance and the coefficient of varia­

t i on, the better it is to discriminate any change in precipiation or river 

flow mean. The above results alternatively favor the river flow and pre­
cipitation control level. 

Let us now consider the detectability of precipitati on and river 

flow, one of the important properties for the evaluation of cloud seeding 

experi ments . In the absence of informati on from existing literature, the 

detectability will be analyzed and discussed on an actual example. For 

this purpose, the Kings River Watershed above Piedra is selected again. 

The ann ual areal precipitation, Pi, for 14 water year period are related 

to the corresponding annual river flow of the Kings River at Piedra, Si. 
Both P. and S., expressed in the same units as P., are given i 

l l l 
Table 4. The data is graphically presented in Fig . 3, with the river flow 

being the dependent variable . Despite the scattering of points, which 

indicates that some effect of other variables is present, the trend of 

prec i pitation and river flow relationship is fairly definite. Drawing a 

stra i ght line through the plotted points seems to be very acceptable for 

the observed range of variables . Therefore, the linear relation is defined 

mathematically as the least square line with river flow as a dependent 

vari able where: 

S = b + cP p . < p < p min max· 

Formi ng the normal equations with the data from Table 4, 

238 . 20 = 14b + 489 .89c 

9446 . 60 = 489.89b + 18509.63c, 

the coeffic i ents b and c, the S-intercept and the slope of the line 

r espectively, are found to be: 

b = -11.47 

C = 0.814 . 

Hence, the l i near precipitation and river flow relationship for the 

observed range is defined numerically as: 



Table 4. Annual areal precipitation and annual streamflow of the Kings River at Piedra, California 

P . pi - p (P. - P) 2 R s. S . - S (S. - 8) 2 P. S. p_z 
l l l l l l l l 

Year (103 ac-ft./yr) (in. /yr.) 
(in. yr.) 

1951 39. 07 4.08 16.65 1601. 0 17. 76 o. 75 0.56 693.88 1526.46 

2 52.06 17. 07 291. 38 2856.0 31. 80 14. 79 218. 74 1655.51 2710.24 

3 29. 20 - 5. 79 33. 52 1155. 0 12. 84 - 4. 17 17. 39 374 . 93 852.64 

4 33. 47 - 1. 52 2. 31 1339. 0 14.88 - 2. 13 4.54 498.03 1120. 24 

1955 30. 95 - 4.04 16. 32 1143. 0 12. 72 - 4.29 18.40 393. 68 957.90 

6 48. 16 13. 17 173.45 2695.0 30.00 12. 99 168. 74 1444.80 2319. 39 

7 31. 42 - 3.57 12. 74 1259. 0 14.04 - 2. 97 8.82 441. 14 987.22 
__, 
(J1 

8 50.89 15. 90 252.81 2615.0 29.04 12. 03 144. 72 1477.85 2589. 79 

9 24.64 -10.35 107.12 823. 7 9. 12 - 7. 89 62. 25 224. 72 607. 13 

1960 21. 92 -13. 07 170.82 718.9 8.04 - 8.97 80.46 176. 24 480.49 

1 22. 28 -12. 71 161. 54 571. 5 6. 36 -10. 65 113. 42 141. 70 496.40 

2 39. 63 4.64 21. 53 18 71. 8 20. 76 3. 75 14.06 822. 72 1570; 54 

3 40. 17 5. 18 26.83 1902. 0 21. 12 4. 11 16. 89 848.39 1613. 63 

1964 26. 03 - 8. 96 80.28 877 . 9 9.72 - 7. 29 53. 14 25 3. 01 677.56 

:E 14 
1 

489. 89 1367. 30 21428. 8 238. 20 922. 13 9446.60 18509.63 

:E 14 / 14 
1 

34. 99 97.66 1530.6 17. 01 65.87 



s (in/yr) 

35 

30 

25 

/ 
I 

16 

I 
I 

S:P-\i 

I 
I 

I 

ii S =-11 .47 + 0.814 P 

I 
I 20 _______________ ,~-r----------

15 

10 

5 

s :17.01 in/yr 

I 
I 

I 

I 

I 
I 

I 

. 
I 

I 

I 

I 
I 

I 

I 
I 

1 16.750/o 

'­>, 

' C 

II 

• 

I 
ICl. P (in/yr) 

0 5 10 15 20 25 30 35 40 45 50 

Fig. 3 Annual area l precipitation and streamfl ow rel ~ti onsh i p 
fo r the Kings River Wa t 0rshed above Pi edrn , Californi a 

55 



17 

S = 11 . 47 + 0.814 P 22 < P < 52 

Now, suppose that the Kings River Watershed has been seeded and that the 

average an nual areal precipitation was increased by 10 percent, from 

34 . 99 to 38. 49 in . /yr . due to the cloud seeding operations. Then, according 

to the above relationship, the average annual river flow would be: 

S = -11 . 47 + 0.814 x 38.49 = 19.86 in./yr. 

or it would be i ncreased by 

~S = (19.86 - 17 .01) 100 = 16.75 percent. 
17 . 01 

These two hypothetical i ncrements are shown graphically in Fig. 3. This 

example well illustrates the superior sensitivity of river flow to that of 

precipi tation . Thinking of river flow as a res idual or the difference 

between the total precipita ti on over, and the total evapotranspiration 

f r om a watershed in a given time, any change in either of these wo uld be 

magn ifi ed i n the river flow . Thus, the detectability of the river flow 

control level i s expected to be considerably higher than that of the pre­

ci pita tion control level . 

To summarize, the river flow control level refers to the ground 

and measu res directly and completely the water from a catching area 

available for man's use . I t i s a more accurate, reliable and detectable 

way of control than the precip ita t i on control level. 

A joint use of two or three control levels though possible, is 

not treated here . Th is is because of the unfavorable properties o the 

cloud phenomena and precipitation levels of control with respect to 

quanti ta tive evaluat i on of weather modification experiments. A joint use 

of prec i p ' tat i on and river flow control levels in evaluating the weather 

mod ifi cat i on atta i nments, with proper statistical techniques that may be 

deve l oped and used, is an att racti ve idea which needs further research. 

That app roach i s beyond the ob jecti ves of this paper. 
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6. CONCLUSIONS 
Three possible control levels for quantitative evaluation of 

weather modification attainments were considered . As a result of this con­

side ration, the following conclusions have been drawn: 

(1 ) The cloud phenomena level of con t rol is suitable for 

qual i tative (physical) rather than for quantitative (statistical) evalua­

tion of weather modification attainments. 

(2) The precipitation level of control may be used for both 

qual i tative and quantitative evaluations. However, the inaccuracy in­

volved i n single measurements of precipitation under different environ­

mental conditions and in the determination of mean areal precipitation 

ma kes th i s level of control unreliable for the quantitati ve evaluation 

of weather modificat ion attainments at the present time . 

(3) The river flow control level has been shown suitable and 

promising, accurate and reliable for practical purposes, superior to 

the other two levels of control, and is, therefore, highly recommended 

for use in the quantitative evaluation of weather modification 

atta i nments . 
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