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ABSTRACT 

Fundamentally the project was concerned with answering two 

questions: 

(1) How surely can weather modification be considered responsible 

for observed increases in runoff? 

(2) What makes a basin more suitable to a weather modification 

operation than another? 

Tests were devised to answer the first question. Utilizing a 

target-control concept the tests indicate that six years or less would 

be sufficient to detect a 10% increase in seasonal runoff for about one­

third of all gaged basins in the Upper Colorado River Basin. 

Suitability criteria for both large water gain and rapid evalu- . 

ation have been developed. Their application to the Upper Colorado River 

Basin point to three optimal zones of approximately 30 mile radius, 

centered around Red Mountain (half way between Silverton and Ouray,) Marble 

(or more precisely half way between Marble and Crested Butte) and Vail. 
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A. INTRODUCTION 

For convenience the Final Report to the Bureau of Reclamation has 

been divided into four parts. Part 1 is of general interest, whereas the 

other three parts report in detail some technical aspects of the work 

done. In the following, the word "report" refers to Part 1 of the Final 

Report. 

The purpose of this report is: 

1. To summarize the activities sponsored by the Bureau of 

Reclamation, Office of Atmospheric Water Resources, in the Hydrology 

Program of the Civil Engineering Department at Colorado State University, 

for the period July 1, 1966 to June 30, 1968, and 

2. To focus attention on the results that may help the Bureau 

in planning future programs. 

This report only summarizes the activities of the program. More 

complete information is available in already published papers or reports, 

or will be available in future publications. These publications are 

listed at the end of the report. 

Section B of the report states the two major objectives of the 

program and the two functions it serves. 

In order to meet the objectives it was necessary and convenient 

to divide the overall project into several main categories. Section C 

describes briefly the major divisions of the project. The reasons for 

these divisions and their relation to the objectives of the program are 

discussed. 

Each of the following seven sections correspond to one major 

division of the research effort. Within each of these Sections (D 

through J) the problems are formulated, the difficulties are assessed, 

and the solution that was applied is briefly described. (Details 

of the work done can be found in the Colorado State University publi­

cations listed at the end of this report.) 
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B. OVERALL PURPOSE OF PROGRAM 

The Colorado State University Hydrology program has two clearly 

defined objectives to serve two complementary functions. The two 

objectives are: 

1. The development of a definite technique for evaluating the 

results of atmospheric water resources programs by mathematical and 

statistical analyses of streamflow records, and 

2. The study of criteria, methods and procedures to be used in 

selecting drainage basins suitable for atmospheric water resources 

programs. 

The program is to serve two functions: 

1. To answer in theory the unsolved problems in order to meet the 

two objectives stated above, and 

2. To provide the Bureau of Reclamation with an engineering 

capability to apply the theoretical results practically and specifically 

to the Bureau's programs in the Central Mountains Region. 
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C. WORK DIVISIONS AND RELATION TO OBJECTIVES 

The first division in the project centered around the question of 

Statistical Evaluation of Weather Modification Attainments. Actually it 

is more accurate to say that this project was not so much concerned 

with the statistical evaluation of the attainment as with its statistical 

significance. In other words the effort was oriented toward the develop­

ment of a test to accept or reject the null hypothesis at a given sig­

nificance level. The null hypothesis is the hypothesis that the data 

samples, corresponding to the periods prior to seeding and during 

seedin& belong to one and the same population. 

The difficulty in this evaluation can be traced to two main 

causes: 

(a) the natural variability in the hydrologic cycle far exceeds 

the expected range of the increase induced by man, and 

(b) the inaccuracy of the measurements may be of the same order 

of magnitude as the induced change. 

It follows that a statistical technique must in some way eliminate 

the natural variability from the observed hydrol_ogic data before a posi­

tive statistical inference can be made with regard to the effect of 

weather modification. In other words, the failure of a statistical test 

to detect a gain may be due either to an actual lack of effect of the 

weather modification operation or to the insensitivity of the test 

itself. 

Because observed data upon which the tests were performed are 

somewhat in error, there is also a possibility that the statistical 

inference deduced from the data is wrong, that is, shows a statistically 

significant change when it should not and vice-versa. Therefore, the 

probability that errors in the measurement of the hydrologic data may 

lead to the wrong statistical inference must be calculated. Naturally, 

the greater the error in measurement, the greater the chance for a 

wrong statistical inference. 

For these reasons the work effort was further divided into two 
I 

research areas. One was concerned with the design of a sharp statisti­

cal test. The second consisted of a study of the type and magnitude 
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of errors potentially incurred in the measurement and assembly of 

hydrologic data. 

Next the suitability of a basin to atmospheric water reclamation 

programs was considered. In the experimental or the large-scale oper­

ational stage of the program, an operational site must be selected. 

Simply put, the question to be answered is: What makes one basin more 

suitable for a weather modification operation than another? 

This question must be immediately qualified. What makes a basin 

suitable for different purposes? From a water resources point of view 

a basin is suitable if it responds to the maximum extent to a precipi­

tation increase. From an evaluation point of view a basin is suitable 

if an increase in runoff can be detected in a minimum length of time. 

In addition meteorological suitability must also be defined. However, 

this criterion was beyond the objective and competence of the program, 

since the research effort was confined to hydrologic suitability from 

the point of view of evaluation and optimal water yield. But the cri­

teria defining such suitability from the two points of view are not 

necessarily the same. Here also the research was divided into two 

research efforts: 

(a) definition of a criterion of suitability for optimal water 

yield, and 

(b) definition of a criterion of suitability for minimum time 

evaluation. 

The simplest criteria were, respectively, a high specific yield 

and a low coefficient of variation for runoff. In practice these 

criteria have meaning only if they vary within broad limits, for 

otherwise the selection of basins for weather modification operations 

would be made solely on climatic and meteorologic considerations. Thus 

it was necessary to assess the range of variability of specific yield and 

coefficient of variation based on actual hydrologic data. This in turn 

led to the development of an exhaustive hydrologic data system for the 

Upper Colorado River Basin. The availability of this data system is 

desirable for many other reasons. It serves two functions: support 

for research, and development of a capability for systematic operational 

planning in that region. However, the first utilization of the data 
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system has been the systematic computation of specific yield and 

coefficient of variation for the entire Upper Colorado River Basin. 

Finally it is rather evident that the theoretical definition of 

a criterion is not very helpful unless it can be evaluated quanti­

tatively. It is not sufficient to state that the criterion for suita­

bility of a basin to weather modification is a high specific yield, 

that is, a high water yield per unit area of basin. One must also be 

able to determine this yield, even when the basin is not gaged. Thus 

work was done to derive, by a statistical method of prediction, equations 

for specific yield in terms of physiographic characteristics evaluated 

from maps for basins in the Upper Colorado River Basin. 

In summary the research effort was divided into several categories 

with titles as . listed below: 

1. Statistical Methods of Evaluation of Attainment 

2. Runoff Measurement Errors 

3. Suitability of Basins for Optimal Water Yield 

4. Suitability of Basins for Evaluation 

5. Hydrologic Data System 

6. Prediction of Specific Yield 

Emphasis changed somewhat in the course of time. At first items 

1 and 2 received most attention. Lately items 3 and 4 have been the 

center of interest. One reason is the fact that already a great deal is 

known about methods of evaluation of attainment. The literature is fairly 

abundant. On the other hand the question of suitability of basins has 

not been raised extensively and certainly has not been answered for use 

in the Upper Colorado River Basin. It was also clear that the initiation 

of a pilot program in this region was forthcoming. It was therefore 

decided to provide the Bureau with some rather crude but timely answers, 

helpful in the process of decision, rather than sophisticated, but 

belated, ones. It is also fairly evident that sophistication in statisti­

cal techniques reaches a point of diminishing returns which is not justi­

fied unless paralleled with judicious selection of variables to be 

tested and a thorough knowledge of the particular local hydrologic con­

ditions. Professors Neyman and Scott, known statisticians, have them­

selves emphasized this point. We quote from page 342 of the Fifth 

Berkeley Symposium (1): "Turning to the very notion of precision, we 
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wish to propose its measure, say N*, defined as the minimum number of 

experimental units which insures that, with the adopted level of signifi­

cance a, with optimal randomization n = 1/2, with the given distri­

butions of the observable variables, and with the use of the optimal 

C(a) test, the effect of seeding e that is judged important to detect 

will be detected with the preassigned probability S. 

"N* = (2,/lne) 2 
11 

t>,2 

"It will be noticed that the numerator in this formula depends only on 

a, Sande which the experimenter is at liberty to choose in conformity 

with his own opinions of the desired precision of the experiment. 

Contrary to this, the denominator t>.2 depends on the conditions prevailing 

in the target area and on the design." 

On page 337 (1) "it was suggested that the planning of a future 

experiment with weather control be preceded by an examination of histori­

cal climatological data collected for the contemplated general area of 

the experiment. This examination, covering a substantial period of time, 

perhaps as much as a decade, would have the purpose of establishing 

the most advantageous elements of the design of the prospective experi­

ment, such as the definition of the observational unit, the desirable 

predictor variables and the details of the target." 

In other words even the greatest statistical expertness cannot 

compensate for poor selection of site, test, and predictor variables of 

an experiment. 

In the following sections the achievements of each work division 

are reviewed. 
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D. STATISTICAL METHODS OF EVALUATION OF ATTAINMENTS 

One of the objectives of the program was to develop tests to 

decide whether or not seeding increased runoff in a given target area. 

One wants to ascertain with a small probability of error whether or not 

the sample of data collected under seeding operations and the sample of 

data collected under natural conditions belong to one and the same 

population. The null hypothesis is tne hypothesis that the two samples 

belong to the same population. 

Primarily because of the nature of the tested variable, e.g., 

yearly or seasonal runoff, these tests were developed for the purpose of 

evaluation of operational experiments rather than for the purpose of 

exploration to discover under which conditions seeding is or is not 

effective in increasing runoff amounts. The statistical techniques are 

not affected by the difference of purposes. However, the choice of the 

variable runoff makes the process of stratification of data less 

immediate than, say, with storm precipitation amounts. Similarly the 

fact that precipitation conducive to significant runoff falls primarily 

in the form of snow renders randomization ineffective except on a year 

to year basis. 

The tests that were investigated fall under three main 

categories: 

1. Two-samples tests (4) 

2. Target-control tests (4) 

3. Non-parametric tests (5) 

The two-sample (historical sample prior to seeding, sample 

during seeding) tests are distressingly inefficient for runoff. This 

fact had already been well demonstrated for precipitation by several 

authors (2),(3). However, these simple tests point to the fact that the 

"size" (1) of the experiment or minimum number of years or seasons to 

detect a given increase in runoff varies like the square of the coef­

ficient of variation of the target basin runoff. In the Upper Colorado 

River Basin this coefficient varies from 10 to 100%. In the extreme 

case the size of the experiment would vary a hundred fold. Most likely 

poor choice of a target area may entail a penalty of a factor of 5-10. 
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With annual runoff as the test variable this means decades versus 

years! 

The target-control tests are much more discriminating. Roughly 

speaking the use of a control makes the target look as though it has an 

effective coefficient of variation much smaller than the actual one. 

The larger the coefficient of correlation between the target and the 

control, the smaller the apparent coefficient of variation of the 

target. As a result the detectability of a change in the target be­

havior is increased. 

Given the regression line between target and control established 

on the basis of historical data prior to seeding, one tests whether the 

observed joint samples for the target and control belong to the joint 

historical population at a given confidence level. If the period of 

record prior to seeding is long enough it can be assumed with some 

confidence that the regression parameters are the population values. 

In this case it turns out that the observed statistic: 

x2 = 
0 

(1) 

is distributed like Chi-square with two degrees of freedom. The meaning 

of the symbols appearing in the above formula is as follows: 

p = population coefficient of correlation between the target 
and the control for the historical period (i.e., prior to 
seeding) 

v = number of years during which seeding took place 

x = control mean over the historical period (assumed in this 
case equal to the population mean) 

y = target mean over the historical period 

a2 = 
X 

a2 = 
l. 

population variance of control for the historical period 

population variance of target for the historical period 

~=control mean for the seeded period 

n = target mean for the seeded period 

This test is a great improvement over the two-samples tests. 

However, this test suffers from two drawbacks. First it is valid only 

if the estimates of the regression parameters differ slightly from the 

population values. To be more concrete let us consider as a target, the 

South Fork San Joaquin River gaged near Florence Lake, and the Merced 
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River gaged at Pohono Bridge as a control, for which 29 years of 

historical record are available. The limits of confidence for the 

historical target seasonal ~ean at the 95% confidence level expressed 

in percent of the sample mean arc 86 and 114. For the control they are 

86 and 114 also. The sample coefficient of correlation has the value 

0.96. The limits of confidence (using Fisher's Z transform (6)) are 

0.90 and 0.98. The possible error for the mean is not too seri ous. 

However, the error on the coefficient of correlation could be disastrous 

as p 

form 

appears in the denominator of the expression for x~ in the 

l-p2. The values of x2 calculated on the basis of the sample 
0 

estimate and of the lower limit of confidence are essentially in the 

ratio 2 to 1. 

As the number of years of record increase, the limits of confi­

dence narrow, but it is better not to count on it. There are only 93 · 

stations presently operating in the Upper Colorado River Basin, out of 

820, that have 30 or more years of record. 

The second drawback is that the abnormality of the seeded joint 

sample may be due to the abnormal behavior of the control rather than 

that of the target. 

Both difficulties can be eliminated by the use of another test, 

the target-control conditional Student's t-test. This test does not 

assume that the population regression parameters for the historical 

records are known, and it tests the normality or abnormality of the 

target, given the behavior of the control, normal or otherwise. 

By application of the. generalized maximum-likelihood ratio method (7) it 

turns out that the observed statistic: 

C[-x) n \) 

✓n+v-3 { cn-r) - ( 1: a.t:,.y. + 1: a. !::,.n.)} 
!::,. i=l 1 1 j=l J J 

1/2 (2) 
1 1 c~-x) 21 [- + - + 

t = n v !::,. 
0 n \) n \) 1/2 

[ 1: !::,.y.2 + 1: t::,.n~ - ( 1: a.t:,.y. + 1: a.t::,.n.) 2] 
i=l 1 

j=l J 1 1 J J i=l j=l 
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is distributed like Student's t with n+v-3 degrees of freedom. The 

meaning of the symbols is as follows: 

X = 

t::.x. 
l. 

a. = 
l. 

t::.2 = 

n = years of historical record 

1 

V 

x. 
l. 

E, • 
J 

y. 
l. 

n. 
J 

n 
E 

= 

= 

= 

= 

= 

n i=l 

= x. -x 
l. 

t::.x. 
l. 

t::. 

n 

years of seeding 

control data point 

control data point 

target 

target 

x. 
l. 

data point 

data point 

1 V 
E,= EE,. 

V • 1 J J= 

t::.y. = yi-y 
l. 

t::.E, • 
J a . = -1:::.-

J 

V 

E t::.x. 2 + E t::. E, • 
i=l l. j=l J 

prior to seeding 

during seeding 

prior to seeding 

during seeding 

1 n 
y = E y. 

n i=l 1 

t::. E, . = E,. -"f 
J J 

1 \) 
n = E n. 

V • 1 J 
J= 

t::.n. = n .- n 
J J 

The expression for t
0 

appears rather formidable but is really easily 

calculated by simple arithmetic operations on the data, which have 

been programmed for the computer. (See subroutine TARCOT description 

in Part 4.) 

The power (in the statistical sense, i.e., 1 - probability of 

error of type II) of the above test was not calculated. However, numeri 

cal experiments performed on the data for the South Fork San Joaquin 

and Mono Creek as targets, and the Merced River as control, show that th 

test is effective in detecting an increase in runoff in a relatively few 

years. Table 1 summarizes the results of various calculations. The 

runoff data are listed in Appendix B, Table 13. 

In particular Table 1 shows that the runoff data must be cor­

rected for engineered modifications of the natural flow. This is well 

demonstrated by the results of lines 1 and 7. The test fails to detect 



Line 
number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

11 

TABLE 1 

RESULTS OF TARGET-CONTROL STUDENT'S t-TEST 

TARGET: South Fork San Joaquin - near Florence Lake 
(GS 11-2300) 

Used years 
of seeding 

15 

15 

8 

15 

4 

5 

5 

8 

10 

15 

15 

16 

16 

CONTROL: Merced River at Pohono Bridge 
(GS 11-2665) 

Corrected for 
Runoff Variable storage 

Yearly Seasonal and diversion t Significance 

IR No 1.53 No 

IR No 1.98 No 

R Yes 1.45 No 

R Yes 1.87 No 

R Yes 1. 76 No 

R Yes 2.34 95% 

IR Yes 2.60 98% 

R Yes 3.02 99% 

R Yes 2.61 99% 

R Yes 3.53 99% 

IR Yes 3.71 99% 

R Yes 3.74 99% 

IR Yes 3.96 99% 

Most Maximum 
likely probable 

increase increase 
in% at 95% 

9.7 17 

10.7 15 

8.2 14 

10.1 16 

10.5 16 

Legend: IR means that test is based on the square root of runoff data. 

Calculations are based on the data as published by the U. S. Geological 

Survey in their water supply papers 1315A, 1735 and yearly water supply papers for 
the years 1961-1966. Part of the flow is diverted from the river above the gaging 
point through the Ward tunnel (GS 11-2295). The flow is regulated above t _he gaging 
point by the presence of the Florence Lake dam (GS 11-2296). 

Station number Old G.S. number New G.S. number 
South Fork San Joaquin 11-064 11-2300 
Florence Lake 11-062 11-2296 
Ward Tunnel 11-063 11-2295 
Merced River 11-124 11-2665 
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a significant increase in runoff after 15 years of operation, when un­

corrected seasonal runoff is used (line 1 of Table 1). The same test on 

the other hand shows a highly significant increase after only five 

years of operation, when corrected seasonal runoff is used as the test 

variable (line 7 of Table 1). It also shows the importance of selecting 

the proper variable to be tested. Seasonal (March-August) runoff is 

much more representative of the effect of seeding than yearly runoff. 

With seasonal runoff the size of the experiment is reduced from more 

than 15, to 5 years, as is shown by comparison of lines 4 and 6 of Table 

1. 

The table also gives the most likely increase in percent. It is 

obtained by taking the difference between the mean historical target 

value calculated from the historical regression line, and the mean 

seeded period target value calculated from the new regression line, i.e., 

defined over the years of seeding only. Both quantities are evaluated 

at the control mean value over both the historical and the seeded 

periods. Because the new regression line is based on relatively few 

years of record, the estimate of the new population target mean can be 

seriously in error. Substituting for the estimate of the target mean 

an upper limit of confidence at 95% level in the previously mentioned 

difference, one obtains the "maximum probable increase." In the respec­

tive columns, line 12 of Table 1 gives the values 10.5 and 16%. This 

means that after 16 years of seeding the best estimate of how much 

seeding increases runoff on the average, based on observed data, is 

10.5%. Because of the variability of the increase from year to year, 

this estim~te could be in error. The interpretation of the figure 16% 

in the last column is as follows: there is only a 5% chance that the 

actual long-term average increase will be larger than 16%, given that 

it was observed to be 10.5% over a period of 16 years. Of course it 

could be smaller. It must also be kept in mind that the 10.5% and 16% 

figures apply to the drainage basin of the South Fork San Joaquin above 

Florence Lake under the chosen rules of operations and the state of 

technological knowledge prevailing during these sixteen years. For a 

different basin, different rules of operation, and an improved state of 

the art, the results may be quite different. The percentage increase 

also depends on the size of the basin and particularly upon the fraction 
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of it that lies above the 9000-10,000 feet elevation. The purpose of 

the numerical experiments summarized in Table 1 is not to demonstrate 

the effectiveness of seeding, but rather to illustrate the effectiveness 

of the target-control conditional Student's t-test at detecting it. 

The question is sometimes raised that the tests may not be valid 

because the joint bivariate distribution of the target and control popu­

lations is not normal. For runoff the distribution that best fits the 

observed frequencies is usually the normal one (9). Sometimes the 

normal distribution more closely approximates the frequencies when the 

data have been first subjected to a square root transformation or a 

logarithmic one. Table 2 shows that in practice the outcome is hardiy 

affected. In statistical terms one can say that the test is "robust." 

Tables 3, 4, and 5 summarize a few more calculations that 

illustrate the inefficiency of the two-sample tests and the possible 

danger involved in using the chi-square test. However, when the sample 

estimates are used (1st line of tabulated data) the results parallel 

those of the t-test very closely. 

A non-parametric test was also developed (5) based on the theory 

of runs (7), (10). It appears promising. However, its power was not 

calculated and when applied to a set of data it showed no significance. 

The value of that particular test remains an open question. 



14 

TABLE 2 

INFLUENCE OF DATA TRANSFORMATION ON THE 
RESULSTS OF THE TARGET-CONTROL CONDITIONAL STUDENTS' t-TEST 

TARGET: South Fork San Joaquin 

CONTROL: Merced River at Pohono Bridge 

Years of seeding: 15 
Years of record prior to seeding: 29 
Data: Various transformations of seasonal runoff from reference 8 

Target-control conditional t-test results 

Type of Transformation t-statistic Significance 

Square 3.22 99% 
None 3.80 99% 
Square root 4.06 99% 
Fourth root 4.16 99% 
Logarithmic 4.23 99% 

TARGET: Mono Creek 

CONTROL: Merced River at Pohono ~ridge 

TyEe of Transformation · t-statistic 

Square 1. 78 
None 2.08 
Square root 2.20 
Fourth root 2.25 
Logarithmic 2.29 

Values of t for significance at 95% = 2.02 
98% = 2.42 
99% = 2.71 

Significance 

No significance 
95% 
95% 
95% 
95% 
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TABLE 3 

RESULTS OF TWO-SAMPLE AND CHI-SQUARE TEST USING SEASONAL RUNOFF DATA 

TARGET: South Fork San Joaquin 

Years of seeding: 15 
Years of record prior to seeding: 29 
Data: Seasonal runoff as given in reference 8 

Target sample mean before seeding= 194 
Limits of confidence of mean at 95% level: 168-220 
Unbiased standard deviation= 67 
Coefficient ' f variation= 0.34 

Observed u-statistic: 
Observed t-statistic: 

1.20 
0.89 

no significance 
no significance 

CONTROL: Merced River at Pohono Bridge 

Regression sample coefficient of correlation= 0.964 
Limits of confidence at 95% level: 0.92-0.98 
Control sample mean before seeding: 375 
Limits of confidence at 95% lev~l: 326-423 

x2 Test Results Based on Various Combinations of Parameters 

Coefficient of Significance 
Target Mean Control Mean Correlation x2 Level 

Sample 194 375 0.964 22.2 99% 
220 423 0.92 11.2 99% 
220 326 0.92 19.7 99% 
168 423 0.98 542 99% 

Value of x2 for significance at 99% level of confidence= 9.2 

Most probable% increase= 214-194 
---- = 10.3% 194 
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TABLE 4 

RESULTS OF TWO-SAMPLE AND CHI-SQUARE TEST 
USING SQUARE ROOT OF SEASONAL RUNOFF DATA 

TARGET: South Fork San Joaquin 

Years of seeding: 15 
Years of record prior to seeding: 29 
Data: Square root of seasonal runoff as given in reference 8 

Target sample mean before seeding= 13 . 7 
Limits of confidence at 95% level: 12.7-14.7 
Unbiased standard deviation: 2.5 
Coefficient of variation= 0.18 

Observed u-statistic = 1.08 
Observed t-statistic = 0.82 

no significance 
no significance 

CONTROL: Merced River at Pohono Bridge 

Regression sample coefficient of correlation= 0.970 
Limits of confidence at 95% level: 0.93-0.99 
Control sample mean before seeding= 19.1 
Limits of confidence at 95% level: 17.7-20.4 

x2 Test Results Based on Various Combinations of 

Coefficient of 
Target Mean Control Mean Correlation x2 

Sample 13.7 19.1 0.97 24.5 
14.7 20.4 0.93 12.4 
12.7 20.4 0.99 637 

Parameters 

Significance 
Level 

99% 
99% 
99% 

Value of x2 for significance at 99% level of confidence= 9.2 
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TABLE 5 

RESULTS OF TWO-SAMPLE AND CIII-SQUARE TESTS USING SEASONAL RUNOFF DATA 

TARGET: Mono Creek 

Years of record prior to seeding= 29 
Years of seeding= 15 
Data: Seasonal runoff as given in reference 8 

Target sample mean before seeding= 94 
Limits of confidence at 95% level: 81-108 
Unbiased standard deviation= 35 
Coefficient of variation= 0.37 

Observed u-statistic: 0.48 
Observed t-statistic: 0.37 

no significance 
no significance 

CONTROL: Merced River at Pohono Bridge 

Regression sample coefficient of correlation= 0.955 
Limits of confidence at 95% level: 0.90-0.98 
Control sample mean before seeding= 382 
Limits of confidence at 95% level: 327-438 

x2 Test Results Based on Various Combinations of Parameters 

Target Mean Control Mean 

Sample 94 382 
108 438 
108 327 

81 438 

Most probable % increase= 99-94 
94 

Coefficient of 
Correlation 

0.955 
0.90 
0.90 
0.98 

= 5.3% 

x2 

6.6 
5.2 

25.9 
341 

Significance 
Level 

95% 
No 
99% 
99% 
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E. SUITABILITY OF BASINS FOR EVALUATION 

For statistical evaluation of a highly localized cloud seeding 

experiment probably the most important consideration in the selection 

of a basin is the number of years, on the average, that will be required 

to detect a significant change, say in runoff, at a given confidence 

level. The criterion depends, among other things, on the choice of the 

variable selected to test the hypothesis, on the type of statistical 

test, and on the design of the experiment. One can define some marginal 

criteria to determine the relative suitability of many potential basins 

if the type of statistical test and the design of the experiment are 

not known a priori or, in other words, the criterion of suitability for 

the selected hydrologic variable, e .g., yearly runoff, everything else 

being the same. In this particular instance the most suitable basins 

are the ones that have the lowest coefficient of variation. 

This criterion is derived from the two-sample u-test, assuming 

that the effect of seeding is to increase the natural mean by a certain 

percentage K. Significance is achieved by the u-test if the observed 

statistic: 

KµIN u
0 

= 1000 > ua(= 1.96 at the 95% level) 

where K is the expected percentage increase, N is the number of 

years of seeding,µ is the natural mean,and cr the standard deviation . 

From the above expression the minimum value of N for significance 

is obtained. Everything else being the same (i.e., confidence level, 

expected percentage increase by seeding, etc.) this number increases as 

the square of the coefficient of variation (ratio of standard deviation 

over mean). 

This criterion is simple enough that it can be calculated for all 

gaged basins in the Upper Colorado River Basin, thereby providing the 

means of eliminating a great number of basins from further consideration, 

since the number of years increases as the square of this coefficient. 

This calculation has been carried for yearly runoff and two seasonal 

runoffs corresponding to the months March through August and April 

through July. 
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Figure 1 is a map of the Upper Colorado River Basin showing the 

areas for which the coefficient of variation of yearly runoff does not 

exceed the value 30% (shaded zones). More detailed maps showing contour 

lines of 10, 20, ... , 60% values of coefficients of variation are given 

in Part 2 (Figures Pl through P4). Lists of stations in order of 

increasing coefficient of variation are given in Part 3 (Tables 5, 6, 

and 7). Naturally the drawing of contour lines implies the existence 

of a hydrologic pattern, which is assumed, but which was not proven. 

The coefficient of variation ranks the various basins as to their 

quality of being naturally well or poorly regulated. If nothing else 

is known this criterion should be considered in the selection of a 

target. On the other hand if the design of the experiment calls 

for a target and a control, a likely case, since the need for 

predictor variables is well recognized, the criterion must reflect the 

favorable hydrologic characteristics of the pair rather than the target 

alone. The criterion is deduced from the chi-square test discussed in 

the previous section. The favorable pairs of basins are the ones for 

which the quantity (l-p 2 ) c2 T is lowest, where p is the historical 
. v, 

sample coefficient of correlation, and C T is the target coefficient v, 
of correlation. In other words the criterion is the apparent coef-

ficient of variation of the tifrget given the control. At the 95% 

confidence level this gives: 

(3) 

For ranking of pairs of basins the coefficient 4 is irrelevant and 

similarly the denominator. However, the formula is useful to obtain 

an estimate of N. For example let us calculate the value of N for 

the basin pair South Fork San Joaquin - Merced River for which data 

are given in Table 3. From that table the value of C T is 34%. v, 
The coefficient of correlation is 0.964. The percentage increase 

is 10.3%. Substitution of these numerical values in the above expres­

sion for N yields: 

2 34 2 
N = 4(1 - (0.964) ] (10 _3) 
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or N = 4 because N must be an integer. 

Carrying the same calculations for the pair Mono Creek - Merced 

River (data in Table 5) one obtains a value for N of 17. The actual 

application of the target control conditional Student's t-test required 

5 and 15 years respectively. These two sample calculations indicate 

that under actual seeding conditions equation (3) provides a good 

estimate of the number of years needed for significance. Figure 2 

illustrates the variations of N with the coefficient of correlation 

and the coefficient of variation for an assumed 10% increase due to 

seeding. The use of the chart is straightforward. Suppose the coef­

ficient of correlation between target and control is 0.948 and the 

target coefficient of variation has the value 22%. For these values 

of the abscissa (0.948) and of the parameter (22%) the chart reads N = 2. 

Suppose the percentage increase for the basins considered is expected 

to be about 5%. Because the chart was calculated for an expected in­

crease of 10% the value N read from the chart must be modified. 

Specifically it must be multiplied by (1~)
2 

= 4. Thus in this example 

the number of years for significance would be 2 x 4 = 8. In summary 

the chart provides means of estimating the value of N given the coef­

ficient of correlation between target and control and the coefficient 

of variation for the target. Previous calculations based on actual 

seeding operational data from the Southern Sierra Nevada have demon­

strated the value of the estimate of N from the chart. However our 

primary interest is in the Upper Colora~o River Basin. Therefore 

calculations were performed for a few stations in this basin to have 

an idea of what could be expected if seeding operations were conducted 

in the area. In particular the expected number of years to detect a 

10% increase at the 95% level of significance was calculated. The 

results are shown in Table 6. 

It may happen that several pairs of basins will have the same 

coefficient of correlation, though based in some instances on very few 

years of historical record and in other cases on many. The reliability 

of the estimate of the coefficient of correlation decreases with the 

decrease in the number of years of record. It therefore appears meaning­

ful t o differentiate among gaging stations on the additional basis •of 
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TABLE 6 

EXPECTED NUMBER OF YEARS TO DETECT A 10% INCREASE AT THE 95% LEVEL OF SIGNIFICANCE FOR A 
FEW PAIRS OF TARGET-CONTROL STATIONS IN THE UPPER COLORADO RIVER BASIN 

TARGET-CONTROL 
TARGET CONTROL PAIR 

Years 
Coef- Coef- Needed for 

ficient fident Signifi-
of Years of cance at 

USGS Drain- Ele- Yaria- of Correia- 95% conf1-
CSU Station age vation tion CSU Station Drain- Common tion denc9 

Number Name (sq mi) (ft) (%) Number Name age Record t%) level 

1073440 Junction 26 7045 36 1073448 Hermosa 172 5 85 14 
Creek near Creel( 
Durango, near 
Colorado Hermosa, 

Co1oraao 

1073480 Animas 56 9617 27 1073448 Hermosa 172 25 90 6 
River at Creek 
Howards- near 
ville, Hermosa, 
Colorado Colorado 

1278800 Dolores 105 8422 45 1073448 Hermosa 172 13 98 4 
River Creek 
below near 
Rico, Hermosa, 
Colorado Colorado 

1590000 Roaring 1460 5720 33 1600000 Colorado 4560 58 89 9 
Fork at River at 
Glenwood Glenwood 
Springs, Springs, 
Colorado Colorado 

1594236 North 41 8400 30 1594260 Fryingpan 90 2~ 91 7 
Fork River at 
Frying- Norrie, 
pan near Colorado 
Norrie, 
Colorado 

··-
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the available number of years of record. This can be done by intro­

ducing a criterion number 

Ne= D(l - p 2 ) c2 
L v,T 

where D is any suitable scale constant. The criterion number is 

deduced from equation (3) by substituting for the sample coefficient 

of correlation p its lower limit of confidence at 95% level, PL, 

which depends on the number of years of record. Figure 3 illustrates 

the variation of this quantity Ne as a function of p and n, 

(number of years of historical record, assuming a coefficient of vari­

ation of 30% and an increase of 10%). 
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F. SUITABILITY OF BASINS FOR OPTIMAL WATER YIELD 

Following the discovery by Schaefer (11) in 1946 of the potenti­

ality of inducing the Bergeron ice-crystal process in naturally sub­

cooled clouds (12) ,. great hopes of weather control have developed. 

However, for various technol.ogical reasons (12), particular 

attention has been given to seeding of clouds in air masses subjected to 

an orographic lift . The Rocky Mountains form an admirable natural 

barrier in the path of the air masses, which makes the region an excel­

lent ground for experimentation (13), not withstanding the fact that 

within the area lie the headwaters of rivers that supply the water­

short West. 

Whether in the experimental or the large-scale operational 

stage of the program, a site for operation must be selected. Again, 

simply put, the question to be answered at the time of decision is: 

What makes one basin more suitable for a weather modification operation 

than another? 

Clearly, one needs a yardstick or criterion by which to measure 

the suitability of one basin relative to others. Ideally, the criterion 

should be objective and simple. It should also be meaningfully amenable 

to ·some simple arithmetic operations. For example, let us suppose the 

choice is restricted to three basins A, Band C. If, according to the 

criterion, A is more suitable than either B or C, then A gets rank 1. 

If Bis more suitable than C, it gets rank 2, and C, the least suitable, 

gets rank 3. One can test the relative merit of two basins by comparing 

their ranking index. However, one cannot test whether A is more suitable 

than the combination of Band C. If the numerical value derived from 

the criterion and attached to a basin does not permit comparison of 

this basin with a combination of others, the ranking variable is called 

ordinal (14) . If it does, it is called cardinal. To the extent that the 

original question: "What makes one basin more suitable than another?" 

may be modified into the following: "What makes one group of basins 

more suitable than another group?", it is important that the ranking 

variable should be cardinal or that another ranking variable be easily 

deduced from it and have the cardinal property. 



27 

In summary , the criterion should be objective and simple. The 

ranking variable deri ved from the criterion and associated with the 

basin can be made cardinal by a simple transformation. 

In addition, the variable should be readily available or of easy 

calculation. It is not sufficient to state that the criterion for 

suitability of a basin to weather modification is a high specific yield, 

that is,a high water yield per unit area of basin. One must also be able 

to determine this yield even when the basin is not gar 

But can one identify the specific yield with tl e r , .1king variable 

of suitability? This cannot be proven at present, but there are indi­

cations that the specific yield may be a reasonable approximation. It 

seems that among atmospheric scientists working in the field of weather 

modification there exists a consensus that the present technology is 

not sufficiently developed to induce precipitation above a small per­

centage (10 - 20%) of the natural occurrence . This figure however is 

meant as an average because increases of the order of 100% for par­

ticularly suitable individual storms have been reported as well as 

decreases under unfavorable conditions. 

It is a well accepted and physically understood fact that cor­

responding to a given precipitation percentage increase should be an 

even larger percentage increase in runoff. Based on data analyzed in 

this report it appears that a 5-10% increase of runoff over the natural 

occurrence is actually observed. This could be misinterpreted as a 

contradiction of the previous statement: However, it must be remembered 

that the target area and the drainage basin do not coincide, the latter 

being much larger. For example the elevation of the gage site for the 

South Fork San Joaquin near Florence Lake is only 7200 feet. Neverthe­

less the observations indicate that for mountainous watersheds of moder­

ate drainage area (100-200 square miles) the runoff is increased by a 

small percentage over the natural occurrence of the order of 5-10%. 

Naturally, integrated over large areas the small increase is of tremen ­

dous economic significance. 

The consensus seems also to be that the perturbation introduced 

by man does not propagate beyond_ the narrowly localized region of 

operations. In other words, it can be assumed that operations in a 

basin will hardly affect the natural process in the neighborhood. Based 
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on these opinions, one can formulate as a first approximation the 

followi_ng postulates: 

(a) The specific water yield of a basin is not affected by 

operations of weather modification over an adjoining basin (assuming, 

of course, that the operations of seeding can be accurately controlled 

in space), and 

(b) The increase in precipitation by cloud seeding is directly 

proportional to the basin's natural yield. Inasmuch as statements (a) 

and (b) are reasonably true, specific yield is a reasonable approximation 

for the ranking variable. It does not have the previously described 

cardinal property that yield has. 

Again the discussion would be academic if specific yield was 

essentially uniform throughout the basin. However, this is far from 

being the case. Specific yield varies from practically zero to a 

maximum around 40 inches. 

Specific yield (in inches) has been calculated for all gages in 

the Upper Colorado River Basin. Figure 4 is a map of the Basin 

showing the areas for which the annual specific yield exceeds 10 inches 

(shaded zones). More detailed maps showing contour lines of equal 

specific yield are given in Part 2 for annual, semi-annual and 4 months 

specific yield (Figures PS through PS). 

Specific yield in all these maps does not correspond to a local 

value except for regions of high elevation, rather it is an average 

value for the entire drainage area upstream of the gage. 

By overlay of the contour lines of specific yield and coefficient 

of variation of a given hydrologic test variable one can delineate 

regions that are optimally suited for evaluation and yield augmentation. 

Figure 5 shows such regions (shaded zones), optimality being defined in 

this instance as the combination of an annual specific yield in excess 

of 10 inches and a coefficient of variation less than 30%. 

overlays showing the superposition of the specific yield and coefficient 

of variation contour lines are given in Part 2 (Figures pg through Pl3). 

It was stated earlier that criteria of suitability for maximum 

water gain and minimum time evaluation were not necessarily the same. 

The selected criteria in this report are indeed different. It was 

tacitly implied then that the criteria might not be compatible. The 
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presence of shaded zones in Figure 5 eliminates this fear. There are 

regions for which the two goals are compatible. By comparison of 

Figures 1 and 4 one may wonder whether the two criteria are actually 

independent, whether one does not imply the other to a large degree. 

From a practical point of view it is not very important to know for sure 

to what degree the two criteria are dependent. It is important to find 

that they are compatible in many places. 

The hydrologic criteria discussed here are not the ultimate nor 

the only ones. Meteorologic and climatic criteria must also be developed. 

The question of compatibility or dependence will be raised again. For 

instance one may wonder if regions of high specific yield and low coef­

ficient of variation are susceptible to improvement by cloud seeding in 

spite of their own tendency at regulation. Criteria developed in this 

report were termed marginal. They apply to distinguishing between basins 

with respect to a given objective, everything else being the same. It 

may happen that within the regions of high specific yield to low values 

of the coefficient of variation, will correspond low values of increase 

in precipitation and therefore runoff. In other words the factors 

C T and K in Equation 3 may not be independent but actually vary v, 
in the same direction so that for the purpose of evaluation the 

advantage of a low coefficient of variation may be entirely lost due to 

the inherently associated low increase in precipitation. This question 

of interdependence is interesting but once more the important one is that 

of compatibility. A marginal climatic criterion should be developed and 

contours drawn. Whether or not triple compatibility is possible will 

be seen. The meteorologic criterion may include the frequency of 

occurrence of seedable storms and their relative contribution to the 

snowpack, etc. 

Figure Pl4 illustrates a measure of flow variability with 

seasons. It shows contour lines of ratio of spring runoff (April 

through July, a measure of the accumulated snowpack) to the remainder 

of the water year. If flow were uniformly distributed throughout the 

year this ratio should have the constant value of 0.5. On the contrary, 

this quantity is usually large and can be as high as 30. In other words, 

most of the annual water flow comes fro~ the melt of the high eleva­

tion snowpacks during the spring and early summer months. 
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G. PREDICTION OF SPECIFIC YIELD 

For reasons explained in a previous section, a tentative answer 

to the question of "what makes one basin more suitable than another" is: 

"a naturally high specific yield." However, for many basins which are 

ungaged one cannot determine the value of the specific yield from past 

records. Therefore an alternative must be devised to remedy this 

absence of data. Such an alternative was developed and was described 

in an earlier report (15). The present section describes to a large 

degree an extension of this former procedure. There are a few major 

differences: 

(1) Equations were developed to predict both the specific yield 

and the yield, and 

(2) The equations were developed for different subregions within 

the Upper Colorado River Basin. 

From a physical point of view it should make no difference 

whether an equation estimates specific yield directly or estimates 

yield from which the specific yield is then deduced by dividing by the 

basin area. However this is not true when approximations to the physical 

situation are derived by statistical techniques, because most statistical 

techniques proceed from a priori postulated mathematical models of the 

physical reality. The hypothesis may then be tested and accepted or 

rejected. For example let us assume that the "true" relation between 

yield and area of a basin is of the form: 

(4) 

and consequently 

Q n-1 
q=A=A • (5) 

Suppose now that one chooses to approximate the true relation, which is 

usually unknown, by a simple linear regression model of the form: · 

Q = A (6) , or q = A (7) 

The coefficient of determination (the square of the coefficient of 

correlation) for Equations 6 and 7 will be different depending on 

the actual value of n. If the value of n is close to 1 then the 
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coefficient of determination for Equation 6 will be very high, that for 

Equation 7 will be low, and vice-versa if the value of n is close to 

2. Because the value of n is unknown, then one has to try both 

Equations 6 and 7 and, based on the calculated value of the coefficient 

of determination, one then decides which of the two equations is a better 

estimator of the physical reality. 

The second main difference lies in the regions that were studied. 

The stations that were utilized for the development of the correlations 

were located in the White River drainage basin and the Grand Mesa area. 

Altogether 63 basins were studied. Figure 6 shows the areas for which 

prediction equations were developed. 

Fundamentally linear multiple regression analysis was carried for 

yield or its logarithm (base 10) versus various physiographic predictor 

variables in the form of either 

or 

Q =constant+ Ea. X. 
i 1 1 

log Q =constant+ Ea. log x .. 
i 1 1 

The same procedure was carried for specific yield, but the 

coefficients of determination were so much smaller that the results 

are not reported. Of course the prediction equation for specific yield 

is obtained from the prediction equation for Q and by dividing by the 

basin area, A. 

A variety of predictor variables were used. Only those that 

turned out to be significant are defined in Table 7. The results are 

summarized in Tables 8 through 12. Table 12 shows the improvement over 

the results of references 15 or 16, in which coefficients of determina­

tion varied between SO and 77%. The prediction equation of Table 12 

corresponds to the region shown in Figure 7. 
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TABLE 7 

VARIABLES USED IN THE REGRESSION ANALYSIS FOR PREDICTION OF WATER YIELD 

A= Area of the basin (a measure of "size effect") in square miles 

B = Boundary length (not used as such but in the combination IA/B, 
a measure of "shape effect") 

L9000 = Length of boundary above 9000 feet (a "moisture catching 
effect") in miles 

L ;IA= 
p 

L is the projected length of orographic barrier with eleva-
p 

tions exceeding 80% of the elevation difference between the 
largest elevation and the lowest elevation (a measure of the 
"orographic zone effect"). Points c and dare referred to as 
"cut-off points." 

H = Mean basin elevation (obtained from hypsometric curves on log µ 
probability paper, an elevation i.e. "temperature effect") 
in feet. 

H0 _05 = Heights above which lies only 5% of the total basin area in 
feet. 

H0 _10 , H0 _25 , H0 _75 , H0 _90 , H0 _95 "Similar definitions (a "distribu­

tion of area vs. elevation effect"). 

A9000 =%of area of basin above 9000 feet, a number between O and 100. 

A9500 =%of area of basin above 9500 feet. 

L 
s 

=Mainstream length in miles 

Lat. = Latitude minus 36°. 

L = Length of basin in miles, longest horizontal distance from 
the major drainage divide to the stream gage at the basin 
mouth. 

tH1/L = (H_ 05 - H_ 95)/length of basin (ft/mi). 

o2 = Orientation of basin numerically equal to 1, 2, 3, 4 if 
orientation is respectively N, E, W, S. 

Q = Yield in cfs . 



TABLE 8 - PREDICTION EQUATION PARAMETERS FOR THE GUNNISON RIVER REGION 

Coeffident Coefficient of Estimated , 
of Correlation Determination Variable 

R R2 (i:_ield) Constant 

0.956 

0.960 

0.934 

0.961 

0.91 

0.92 

0.87 

0.92 

Q 

Q 

logQ 

logQ 

10.2 

-120 

0.016 

-0.573 

Coefficients of Predictor Variables 

A H 
µ 

0.79 

0.79 0.013 

logA logAlOOOO 

0.97 

0.89 0.29 

Confidence 
Limits for R 
at 95% Level 

0.92 0.98 

0.92 0.98 

TABLE 9 ~ PREDICTION EQUATION PARAMETERS FOR THE COLORADO RIVER REGION ABOVE THE CONFLUENCE OF THE GUNNISON 
- --· . - -coerricients or Predictor Variables 

Coefficient Coefficient of Estimated L Confidence 
of Correlation Determination Variable 1 L lo&~ logA logH

0 25 logA9500 Limits for R 
R R2 (yield) Constant og 9000 IA · .. ~~ ~ ~~·~ . ..at 95% Level 

0.894 0.80 logQ -0.56 1.54 

0.917 0.84 logQ -0.54 1.56 0.45 

0.930 0.87 logQ -0.44 1.12 0.51 0.32 

0.943 0.89 logQ -11.1 0.55 0.24 0.59 2.73 

0.951 0.905 logQ -20.3 0.57 0.22 0.52 5.23 -0.27 0.89 0.98 

vi 
Q\ 



TABLE 10 - PREDICTION EQUATION PARAMETERS FOR THE WHITE RIVER REGION 

Coefficient ' Coefficient of Estimated : Coefficients of Predictor Variables Confidence 
of Correlation Determination Variable Constant 

A L9000 
Limits for R 

R R2 (yield) at 95% Level 

0.99 0.98 Q -15.9 1.42 

0.998 0.997 Q -29.1 0.94 1. 74 0.99 1 

L 
logL

9000 
log___.£__ 

0.995 0.99 logQ -1.05 1. 91 IA 
0.998 0.996 logQ -0.81 1.80 O.i79 0.99 1 

TABLE 11 - PREDICTION EQUATION PARAMETERS FOR THE GUNNISON-COLORADO-WHITE RIVERS COMBINEDREGION v.J 
-...J 

Coefficient Coefficient of Estimated ·· · Coefficients of Predictor Variables Confidence 
of Correlation Determination Variable Constant 

logL9000 log 1K logL Limits for R 
R R2 (yield) if s at 95% level 

0.936 0.876 logQ -0.75 1.67 

0.948 0.899 logQ 0.16 1. 77 1.54 

0.954 0.910 logQ 0.35 1.46 1.84 0.42 0.92 0.97 



TABLE 12 - PREDICTION EQUATION PARAMETERS FOR THE REGION SHOWN IN FIGURE 7 

Coefficient Coefficient of Estimated Coefficients of Prealctor Variables Confidence 
of Correlation Determination Variable Constant A L9000 02 Lat Aff1 Limits for R 

R R2 Crield) L at 95% Level 

0. 784 0.614 Q 8.36 0.84 

0.861 0.741 Q -22.7 0.52 1.81 

0.879 0.773 Q -65.7 0.50 2.08 13.1 
vi 
00 

0.889 0.79 Q -96 0.46 2.45 12.4 4.97 

0.900 0.81 Q -154 0.59 2.59 10 7.49 0.18 0.84 0.94 
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H. HYDROLOGIC DATA SYSTEM 

To achieve the objectives of the program, the development of an 

efficient hydrologic data system is imperative. It is essential to the 

engineering applications following the findings of research and it is 

essential to research itself since the availability of large quantities 

of actual observations is a prerequisite to the reliable application of 

the methods of statistics. 

The hydrologic data are of two kinds: 

1. Streamflow, and 

2. Precipitation. 

Within each category there are several possible choices for the 

basic unit of time for which a single observation applies on the average. 

Streamflow data are qualified as yearly, monthly, or daily. Precipitation 

data are in addition available on an hourly basis wherever continuous 

recording gages exist. 

The development of a hydrologic data system does not consist 

merely of collecting data from books and transferring them onto magnetic 

tapes. It also involves the transfer of additional information relevant 

for the purpose of analysis such as a measure of some sort of the quality 

of the data. It involves a proper organization of the data on the tapes 

to permit an efficient retrieval and utilization of the data, as a whole 

or tn part. 

Principles of Development of the System 

The long-range goal for the system is to provide in a convenient 

form on magnetic tapes: 

1. yearly discharges 

2. monthly discharges 

3. daily discharges 

for every streamgage in the Upper Colorado River Basin, and 

4. yearly precipitations 

5. monthly precipitations 

6. daily precipitations 

7. hourly precipitations, 

for every precipitation gage in the same region. 
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Such an exhaustive system may not be desirable in the end, but if 

it is actually wanted it is good strategy to lay down a general program 

of development that is comprehensive and minjmizes the work requirements. 

Priorities in the development were assessed. They were: 

1. Development of a data tape for all monthly flows on record 

for every station in the Upper Colorado River Basin, 

2. Development of a data tape for all monthly precipitations on 

record for every station, 

3. Development of a data tape for all daily flows on record 

for a few selected stations (31 stations). 

Naturally from a monthly discharge tape a yearly discharge tape 

can be obtained by simple arithmetic operations and computer programming. 

Thus the collection of yearly discharge data is thereby avoided. Also 

the monthly discharges are of easy availability in a few water supply 

papers of the U. S. Geological Survey. This is not true for daily dis-

charge. Also in the case of daily discharge the amount of data collec-

tion is of course greatly increased. The only unfortunate drawback in 

the development of the monthly discharge tape from the water supply 

papers reporting monthly flows is that in these books no information is 

available regarding the quality of the data, amounts of diversion, etc. 

This information is available only in the water supply papers reporting 

daily discharges. Therefore in the end these books will have to be 

scanned if a quality index and relevant additional information are to be 

attached to the monthly discharge tape. If this has to be done, one may 

in the process record the daily discharge as well as their quality index 

on the data coding sheets. The Geological Survey has proceeded to put 

on magnetic tapes daily discharge for some stations in the Upper Colorado 

River Basin, but no additional information is available, which restricts 

their usefulness for the specialized needs of this research program. 

Similar considerations dictated the priorities for the precipitation data 

collection. In this case however there was, until the recent period, no 

tampering with precipitation and there is no need for correction of the 

data due to man's activities. A daily precipitation tape in this context 

appears of relatively little value. For refined analyses an hourly 

precipitation tape, including storm durations, would be more meaningful 

and its development would require little more effort. 
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In summary the corner stones of the development of the complete 

system are the development of: 

1. A monthly discharge tape for all stations, but without 

additional information pertaining to accuracy of data or extent of 

man's activities through diversion, reservoir storage, etc. (i.e. 

without the so-called "quality indices"), 

2. A monthly precipitation tape for all stations, 

3. A daily discharge tape for all stations and with the quality 

indices, 

4. A new monthly discharge tape obtained from the daily flows 

tape and therefore with quality indices for all stations, and 

5. An hourly precipitation tape for all stations. 

Present Stage of Development 

A monthly discharge tape for all stations in the Upper Colorado 

River Basin is now available. A check of the proper organization of the 

tape and of the correctness of the information was carried by selective 

printing of monthly flows for several stations located throughout the 

tape. Table 4 of Part 3 illustrates a typical print-out of monthly flow 

records for a given station from the tape. Figures 1, 4, 5, and Pl through 

Pl4 in Part 2 were drawn on the basis of statistics computed from the 

monthly flow tape. Tables S through 11 in Part 3 illustrate the use of 

the system to sort in the strea_mgages and rank them with respect to 

coefficient of variation, specific yield, and ratio of 4 months (April­

July) runoff, to the remainder of the water year. 

It appeared necessary in the development of the system to have an 

immediate reference to a list of all stations in the Upper Colorado River 

Basin. A master chart for all streamgages in the region has been 

developed . This list is available in Part 3. 

For the purpose of analysis it appeared useful to develop a new 

numbering system for the streamgages and precipitation gages in the 

region. This new numbering system is described in the next section. 

Stations' New Numbering System 

The basic assumption behind the numbering philosophy is that most 

subregions under study will correspond to a natural drainage area. The 

numbering system is such that all stations within a drainage area and 
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only them have a number intermediate between two limiting numbers that 

characterize the downstream and upstream reach of the drainage area. As 

stations on the tape are ordered sequentially, data pertaining to a 

given drainage area are located on a contiguous section of the tape which 

guarantees the fastest accessibiiity to the data. 

For many regions in the Upper Colorado River Basin it will be 

essential to characterize accurately the relation between precipitation 

and runoff. As the numbering system of the Geological Survey and that 

of the Weather Bureau are unrelated, it is impossible to bring together 

systematically a streamgage and a precipitation gage pertaining to the 

same drainage area. The new numbering system for precipitation gages 

is geared specifically to remedy this inconvenience. The new number 

of the precipitation gage is that of the streamgage that is nearest 

within the same drainage area. 

The numbers for the streamgages were assigned in an upstream 

order along the main stem of the Colorado River. The compact point, 

which is at the lower extremity of the basin, was assigned the number 

1,000,000. Grant River Ditch at La Poudre Pass, which is at the upper 

extremity of the basin was assigned the number 1,980,000. All other 

station numbers fall between these two numbers. All stations on a 

tributary whose confluence with the main river lies between two main 

river stations, e.g., numbered N and N+n, have numbers between N and 

N+n. This numbering procedure was applied to all tributaries of all 

ranks. The general procedure is illustrated in Figure 8. Worki_ng maps 

of the Upper Colorado River Basin displaying the station number are 

given in Part 2, (maps 1 through 5). In Part 3, the correspondence 

between the G. S. number and the CSU number is given in table form. 

The format of the tape is also given there. 



Fig. 8 

l,04Q205 

1,070,000 

Note : The numbers are not consecutive to allow for 

inclusion of future stations. 

Illustration of Numbering System 

.... .,. 
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I • RUNOFF MEASUREMENT ERRORS 

The purpose of the study was to analyze the errors that may be 

incurred in discharge determinations made on mountain streams. The 

possible sources of error have been considered and a classification of 

these sourc'es has been prepared (18), (19) . A mathematical error 

model for a si_ngle discharge measurement was developed (18) , (20) . 

Based on a limited sample of data it appears unlikely that the relative 

error will . exceed 4% for more than 5% of the time. For an annual esti­

mate of discharge the relative error will remain within 3% in most 

instances. No studies have yet been made to decide whether this magni­

tude of error may lead to wrong statistical inferences and, if so, 

with which frequency. Because the magnitude of the error seemed small, 

the study was not giv.en priority. However, an annual 3% error may not 

be altogether n_egligible, relative to a 15-year mean increase of the 

order of 5% (re: Table 5). 
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J. INCOMPLETE RESEARCH EFFORTS 

Several efforts have not reached fruition in the sense that their 

practical value is yet to be established. A thorough discussion of these 

efforts would seem premature. They are therefore discussed only briefly 

here. 

There are drawbacks in usi_ng annual runoff as the basic variable 

for detection of weather modification attainments. Inevitably the 

choice of that variable reduces the sample size, for the period of 

seeding, to less than twenty. One of the reasons for the choice of the 

annual runoff is that runoffs from year to year can be regarded as inde­

pendent random variables from the same (and assumed stationary) distri­

bution, and therefore most statistical tests are applicable. In order 

to increase the sample size, and thereby reduce the actual duration of 

an experiment poised to establish the statistical significance of cloud 

seeding, consideration should be given to monthly or daily runoff. In 

this case the assumption of independence is incorrect. Prior to de­

signing a statistical test it becomes necessary to investigate the 

stochastic structure of monthly or daily runoff. But the stochastic 

models also involve assumptions, . and it is not apparent for runoff which 

assumptions are physically pertinent. On the other hand, realistic 

assumptions can be made regarding the stochastic structure of precipi­

tation. For this reason it was decided to develop a stochastic model 

for precipitation first and then deduce from it a stochastic model for 

runoff. 

The model is based on the reasonable assumption that the occur­

rence of two or more separate storms within a short interval of time 

is unlikely, and even more unlikely if the time interval is extremely 

small. Based on this assumption the probability laws governing the 

frequency of storms within a period of time and the total precipitation 

amount for a storm were derived. A few results are now outlined. 

Symbolically if one denotes by 

P(Ekt,t+~t/Ejo,t) 

the probability of occurrence of k ends of separate storms in the 

time interval (t, t+M) ,. given that j storms ended in the time interva 

(o,t), the above mentioned assumptions take the form: 
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(8) 

and 

for i > 1. (9) 

If one assumes that the probability in Equation 8 is independent 

of time and of antecedent conditions, that is does not depend upon 

whether the previous days or months were wet or dry, one obtains the 

result: 

0 t - 't '\) 
P (E ' ) = e /\ /\ 

\) 

which says that the probability of occurrence of exactly v complete 

storms in the interval of time (o,t) equals the explicit expression on 

the right-hand side. The above result has been obtained for various 

stochastic processes, but only one application of this result to pre­

cipitation is known to us. 

If >. does not depend upon antecedent conditions but depends on 

time (which is a fact, as there are seasons in the year) an equation is 

obtained of the form 

t 
where A(t) = J . >.(t) dt. 

0 

= e-A(t) [A(t)]v 
v! 

Even in the case of dependence of the probability of occurrence of one 

storm in a short interval of time upon antecedent conditions, an ex­

pression for P(Eo,t) was obtained. These results are new and the 
\) 

corresponding stochastic models correspond more closely to reality. 

Even though the assumptions of the model appear realistic, the 

model must be checked. Besides, parameters of the distribution such as 

>.(t) must be evaluated on the basis of actual data. The physical meaning 

of parameter >.(t) is simple: it is the average number of storms 

during a season of the year. 

For this reason precipitation data over 54 years (1914-1967) were 

collected for a station (Austin, Texas). Based on these data a compari­

son could be made between the theory and the observation. A comparison 

is illustrated graphically in Figure 9. The rigorous mathematical 

treatment of the theory is presented in reference 21. 
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Once the model is proven to fit reality satisfactorily, it can be 

used to develop a statistical test based on precipitation data before 

and after seeding operations. But it can also be used to obtain a 

stochastic model of runoff for a particular basin using the actual 

hydrograph of the basin. The resulting model for runoff can then 

serve as a basis for a statistical test. 

Another area of research was an effort of developing a statistical 

relation between precipitation amounts and meteorological parameters. 

The precipitation amounts will depend on meteorological parameters 

beyond modification, and on others that are most directly affected by 

cloud seeding. From the correlation one would obtain a statistical 

meteorologic criterion of suitability of a basin to weather modification. 

However up to now the attempt has not been very successful. 
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K. CONCLUSIONS AND RECOMMENDATIONS 

Statistical tests were developed to detect significance in 

attainment of increased runoff. One test, the target control condi­

tional Student's t-test, seems particularly valuable. It appears 

rather insensitive to even large deviations from normality. It is a 

"robust" test. Though its power was not theoretically calculated, it 

was verified using actual data. 

It seems that more attention should be given to proper choice 

of the variable to be tested in order to maintain proper balance with 

further refinements in the tests. Also attention should refocus from 

the early insistence in proving · significance to the problem of esti­

mation of the increase and its confidence limits. 

Simple criteria of suitability of basins to weather modification 

were developed and applied to the Upper Colorado River Basin. The applica­

tion points to three main regions within the basin where optimal condi­

tions obtain for both increased water resources and evaluation purposes. 

These areas center around Vail (upper portions and tributaries of the 

Williams and Blue Rivers), around Marble (upper Crystal River), Roaring 

Fork and tributaries of the Gunnison River), and around Red Mountain. 

The location of these areas should be further supported by 

repeating the procedures on streamflow data, thoroughly corrected back 

to the natural values that would have prevailed without man's intervention. 

They should also be supported by studies involving more refined criteria. 



51 

ACKNOWLEDGMENTS 

The work described in this report was sponsored by the Bureau 

of Reclamation, Office of Atmospheric Water Resources as part of its 

program to develop a practical technology to beneficially augment 

precipitation and thereby increase water supply. 



52 

SUPPLEMENTARY COLORADO STATE UNIVERSITY PUBLICATIONS 

Markovic, R. D., "Statistical Evaluation of Weather Modification 
Attainments." Hydrology Paper No. 16, Colorado State University, 
November 1966, 44 pages. 

Markovic, R. D., "Statistical Evaluation of Weather Modification: 
Target Two-Sample Run Method." CER66-67RDM57, Engineering 
Research Center, Colorado State University, June 1967, 18 pages. 

Julian, R. W., "Water Yield-Physiographic Relationship in Colorado 
Headwaters," M. S. Thesis, Department of Civil Engineering, 
Colorado State University, December 1966, 83 pages. 

Julian, R. W., Yevjevich, V. and Morel-Seytoux, H.J., "Prediction of 
Water Yield in High Mountain Watersheds Based on Physiography." 
Hydrology Paper No. 22, Colorado State University, August 1967, 
20 pages. 

Dickinson, W. T., "Accuracy of Discharge Determinations." Hydrology 
Paper No. 20, Colorado State University, June 1967, 54 pages. 

Todorovic, P., "A Mathematical Study of Precipitation Phenomena," 
Hydrology Program, Engineering Research Center, Colorado State 
University, May 1968, 123 pages CET67-68PT65. 



53 

REFERENCES 

1. Neyman, J. and Scott, E. L., "Planning on Experiment with 
Cloud Seeding." Proceedings of the Fifth Berkeley Symposium on Mathe­
mati cal Stati s tics and Probability, Volume V: Weather Modification Experi­
ments, 1967, pages 327-350. 

2. Thom, H.C.S., "A Statistical Method of Evaluating Augmentation 
of Precipitation by Cloud Seeding." Technical Report No. 1, Final Report 
of the Advisory Committee on Weather Control, Volume II, 1957, pages 5-25. 

3. Neyman, J. and Scott, E. L., "Some Outstanding Problems Relating 
t o Rain Modification." Proceedings of the Fifth Berkeley Symposium on 
Mathematical Statistics and Probability, Volume V: Weather Modification 
Experiments, 1967, pages 293-326. 

4. Markovic, R. D., "Statistical Evaluation of Weather Modification 
Attainments." Hydrology Paper No. 16, Colorado State University, Fort 
Collins, Colorado, November 1966, 44 pages. 

5. Markovic, R. D., "Statisticai Evaluation of Weather Modification: 
Target Two-Sample Run Method" CER66-67RDM57, Engineering Research Center, 
Colorado State University, June 1967, 18 pages. 

6. Weatherburn, C. E., "A First Course in Mathematical Statistics." 
"Cambridge University Press, 1962, 277 pages. 

7. Mood, A. M. and Graybill, "Introduction to the Theory of 
Statistics." McGraw-Hill, 1963, 443 pages. 

8. Elliott, R. D. and Lang, W. A., "Weather Modification in the 
Southern Sierras." Journal of the Irrigation and Drainage Division, 
ASCE, Vol. 93, No. IR4, Proc. Paper 5644, December 1967, pp. 45-59. 

9. Markovic, R. D., "Probability Functions of Best Fit to Distributions 
of Annual Precipitation and Runoff." Hydrology Paper No. 8, Colorado State 
University, Fort Collins, Colorado, August 1965. 

10. Wilk, S.S. "Mathematical Statistics." John Wiley and Sons, 
New York, 1962. 

11. Schaefer, V. J., "The Production of Ice Crystals in a Cloud of 
Supercooled Water Droplets: Science 104, pp. 457-459, 1946. 

12 . McDonald, J.E., "Physics of Cloud Modification: Advances in 
Geophysics, Vol. 5, pp. 223-303, Academic Press, 1958. 

13 . Bollay, E. and Associates, "Park Range Atmospheric Water Resources 
Program, Phase· l." A Water Resources Technical Publication, Research 
Report No. 5, United States Department of the Interior, Bureau of 
Reclamation. 

14. Schlaifer, R., "Probability and Statistics for Business Decisions." 
McGraw Hill, 1959. 



54 

15. Julian, R. W., Yevjevich, V. and Morel-Seytoux, H.J., 
"Prediction of Water Yield in High Mountain Watersheds Based on Physiog­
raphy." Hydrology Paper No. 22, Colorado State University, Fort Collins, 
Colorado, August 1967, 20 pages. 

16. Julian, R. W., "Water Yield Physiographic Relationship in 
Colorado Headwaters." M. S. Thesis, Department of Civil Engineering, 
Colorado State University, December 1966, 83 pages. 

17. Bagley, J.M., Jeppsonn, R. W. and Milligan, C.H., "Water 
Yields in Utah." Special Report No. 18, Utah Agricultural Experiment 
Station, Utah State University, Logan, Utah. 

18. Dickinson, W. T., "Accuracy of Discharge Determinations." 
Hydrology Paper No. 20, Colorado State University, Fort Collins, Colorado, 
June 1967, 54 pages. 

19. Dickinson, W. T., "Errors in Discharge Estimation on Mountain 
Streams." Fort Collins, Colorado, U.S.A. September 6-8, 1967, Pre­
Symposium Vol. 1 of Proceedings, (June 1967), pages 573-580. 

20. Dickinson, W. T., "An Error Model for a Single Discharge 
Measurement." International Hydrology Symposium, Fort Collins, Colorado, 
U.S.A., September 6-8, 1967, Pre-Symposium Vol. 1 of Proceedings (June 
1967) pages 244-251. 

21. Todorovic, P., "A Mathematical Study of Precipitation 
Phenomena." Hydrology Program, Engineering Research Center, Colorado 
State University, May 1968, 123 pages, CET67-68PT65. 



55 

PART 1 

ADDITIONAL LITERATURE 

"Plan to develop technology for increasing water yield from atmospheric 
sources - An atmospheric water resources program." United 
States Department of the Interior, Bureau of Reclamation, 
Office of Atmospheric Water Resources, November 1966, 56 pages. 

Stinson, Robert J., "Project Skywater--the Bureau of Reclamation's 
Atmospheric Water Resources Program," Paper presented at the 
35th Annual Meeting of the Western Snow Conference, Boise, 
Idaho, April 20, 1967, 25 pages. 

"Project Skywater - 1967 Annual Report" Volume 1: Summary and Volume 2: 
Contractor Reports, U.S. Dept. of the Interior, Bureau of 
Reclamation, Office of Atmospheric Water Resources, January 1968. 

Schleusener, Richard A. and Crow, Loren W., "Analysis of Precipitation 
Data in the Upper Colorado River Basin," Civil Engineering 
Section, Colorado State University, Fort Collins, Colorado, 
October 1961, CER61RAS52, 34 pages, 34 figures. 

Washichek, Jack N. and McAndrew, Donald W., "Snow Survey Measurements, 
Colorado and New Mexico," U.S. Department of Agriculture, Soil 
Cons.ervation Service, Fall 1962. 

Crow, Loren W., "Report on major sub-basin target areas for weather 
modification in Upper Colorado River Basin," Report 53, March 
24, 1967, 27 pages, for Bureau of Reclamation, P.0.-7-D-2499. 

Hurley, Patrick A., "Augmenting Upper Colorado River Basin Water Supply 
by Weather Modification," Paper presented at ASCE Annual and 
National Meeting on Water Resources Engineering, New York, N.Y., 
October 18, 1967, 36 pages. 

Notes on the First Meeting of the Subcommittee on Statistical Design of 
the Weather Modification Commission, sponsored by the National 
Science Foundation, January 9, 1965, University of Chicago. 

"Report by the Committee for Evaluation of Bonneville Power Administration 
Cloud-Seeding Operations," United States Department of the · 
Interior, July 1952. 

Dennis, Arnett S., "Cloud Seeding on the Kings River, California," 
Final Report on the 1959-1960 operations and review of results 
of water years 1955-1960, Weather Modification Company, San 
Jose, California, March 10, 1961. 

Dennis, A. S., Schock, M. R., Kogcielski, A. and Mielke, P. M., 
"Evaluation of Cloud Seeding Experiments in South Dakota during 
1965-1966," Report to the Bureau of Reclamation, Institute of 
Atmospheric Sciences, South Dakota School of Mines and Technology, 
Rapid City, South Dakota, June 1967, 71 pages. 



56 

Bagley, J. M., Jeppson, R. W., and Milligan, C. H., "Water Yields in 
Utah - Developing a State Water Plan," Special Report 18, Agri­
cultural Experiment Station, Utah State University, Logan, 
September 1964, 65 pages. 

Veron, R., "Recherch sur les precipitations provoqu~es et les lois de 
distribution des precipitations," Centre de Recherches et 
d' Essais de Chatou, Electricite' de France, Hyd. 62, No. 5, 
June 6, 1962. 

Shumway, S. E., "Cascades Atmospheric Water Resources Program," Report 
Number 1, Weather Modification Board, State of Washington, 
August 1966. 

Hannaford, J. F., and Williams, M. C., "Summer Hydrology of the High 
Sierra," Fresno State College Foundation, Fresno State College, 
Fresno, California, April 1, 1967, 26 pages. 

Hannaford, J. F., and Williams, M. C., "Regional Hydrologic Area Study 
as an Analysis Tool in Weather Modification," Fresno State 
College Foundation, Atmospheric Water Resources Research, 
April 1968. 



57 

APPENDIX A -- PERSONNEL 

From July 1, 1966 to August 1967, the research described in 

this report was carried out under the direction of Dr. V. Yevjevich, 

Professor-In-Charge of the Hydrology Program and Principal Investigator. 
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Much of the work done on devising statistical tests of 

evaluation of weather modification attainments was contributed by 

Dr. R. D. Markovic, former graduate student at Colorado State University. 

Another former graduate student, Dr. W. T. Dickinson, is responsible for 
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TABLE 13 

LIST OF DATA USED TO TEST VALUE OF 

VARIOUS STATISTICAL TESTS 

TEST OF SlGr-.,lF1CA •1C E ON SfAS()N ~J~OFF Of SOUTl-4 F:>-tK,SA"" J0Ai1\J l"I 

CO•TROL IS •ERCEO RIVER 

LIST OF DAU AS READ 

11,06•1422 31.00 21..00 37.on ss.9o 6S.qi, e1,1O 2JJ,oo 1O9O,on 2070,00 1orn.oo 317,oo 102.00 

11.0621922 o. o. 0, o. u. o. o. o. o. o, o. 0, 

ll,Of.31922 o. n. n. n. n, o, o, o, o, o. o, O, 

ll,06ll923 Q. I) , o, n, o, o, o, 0, o, 0, O, 0, 

11,0631923 o. ,., o, n, o. o. o. o, o, o. o, o, 

11,064\924 56,60 2~.10 \ ♦ ,So lf'l,6O 1e,3., 1O.so 1•e.,oo SS6,oo 152,\)\1 •1.20 ••.20 11,10 

11,062192• o. o, n, n. o. o. o, o, o, o, o, o, 

ll,O631924 o. n. O, n. 0, o. 0, o. 0, 0, o. o. 

11,0641925 16.20 25,JQ 29,llO 30,90 68,8n 1,•.00 \90,00 776,0n 292,00 ll,40 ,20 ,01· 

ll,06Zi925 o. rt , o, t\, O, O, O, 0, 0, 0, . 0, 0, 

11,0631925 o. n, o. n. o, o, J96o,oo 11100,00 5Jttoo.@o •n6on.oo 11000.00 3210.00 

11.0&•1•26 .2, .Jo .19 .35 2.39 2.66 56.60 76.on 1.~1 1.10 1.02 i.to 

11.o,21t26 o. 160.00 ••a.on 562.00 4Jo.oo 12.--9.oo &1J•.oo 100,1.on 35029.oo llooz.oo ,,,1.00 11.00 

11.0631126 ZJ6n.oo J8Zn.oo 20•0.on 1osn.no Z!Bo.on 1to10.oo Jnsoo.oo •1.400.on JJJoo.ou 11•00.00 z••oo.oo •100.00 

11.0,,1,21 9.73 1.11 1.90 1.,, 12.2n 20.20 94.oO 601.00 935.00 ••.oo 10.00 •••• 

11.0,21•21 1•.00 611.00 ,1s.on ,,s.oo 667.o" 7ns.oo 894.no e,e.on •uos.oo 6•579.no ••o••.oo 2,,,1,00 

11,obJl927 so2.oo >.Ho,oo ♦690,00 JSon.oo •zzo.on 1750,00 12•00,00 22Joo.oo J6•o,oo Jo9oo.oo zeooo,oo 22100,10 

11.0641«.ZH 6.J• .12.io 9.bJ 1.9t. 1.T8 1.16 .zo .J" 131.ou 5.45 .4. ., • . 

11.0621928 18702.00 n. ss1,oo s,1.00 551,on 51'9.oo 1369.oo 5o9o•.ot> ,,.1s1.ou 5237•.o~ Z531Z,oo 521,00 

11.o,;11ca2H 1z•no.on z~oon.oo Z29n,on z6tto.00 2••n•on 1010.on 11000,00 1,soo.on 21100,00 215on.oo lo4oo.oo 21soo,oo 

11.0641929 z,46 2.29 2.2, 2.11 1.i,9 1,88 .26 ,1, z.57 2.11 2,15 2,t'l 

11.0•21929 589,oo 524,00 sz9,no 55~.oo 55J,oo 554,oo 678,oo zsrzo,on 6JSJ2,oo 59941,00 J6J♦♦ ,oo ns,,oo 
u.o6Jt929 H61.oo 99•.oo ll4n.oo 112n.oo 1~00,00 401110.011 1110.00 19700,00 ,a•o.oo 23400.00 lo400.00 Jo•oo,oo 

tl,06419Jo 2.11 2.10 1.•• 1.10 2.01 1.96 1.so 1.s1 2.1, 1.01 2.as z,,o 

11.0621930 ••b.oo 542.00 533,nn 5tB.oo 509.oo SnJ,oo 594,oo \9&50.ot1 64002,00 54564.oo z9sa1,o·o 11zJ.oo 

11.0611•10 IJ6o.oo 451,00 1,,.00 1~sn.oo 1•40,l)n ,,,01,0.on 15400.00 10000,00 13000.00 2~100,00 z••oo.oo z•zoo.oo 

ll,06♦ 19JI 2,56 1,49 1,J♦ 1,55 1.s5 2,0J 1,15 ,9• 1,5♦ 1,93 2,19 1,ZI· 

11to6Z1931 519,oo s1e,oo s29.no 56&.oo 590•on 5so-oo 799.oo 11•Qt,on 788.uu 629,oO 593,oo stt,oo 

11,06Jt931 2600.00 9ee.oo s♦s,oo 744.oo 1010.ot1 2180,00 1osoo.oo 25400.on 2s100,oo s5•o.oo 5TTo.oo 3060,10 

u.~641932 1.10 1 ■ 19 i.oo .ao ,91'1 1.36 1.s1 2.s-. 601.00 600.00 11.10 2,111 

ll,0621932 551,00 551.00 s11.oo 604.oo 534,oo s-,s,oo sHo,oo 65Jo.on 62611.00 65052.no s,r2t,oo ll40l,OO 

11.0631932 1590.00 121i10,oo 2100,no ~!nn.oo 5900,00 9Zt10.oo 1,000,00 46000,on 7loo.uu 21000.no z2Joo.00 25500,00 

ll,06♦ 1933 Z,37 3,28 1,5A .10 .10 .ao ,47 .1.-- ,51 1.42 1,00 1,01' 

ll,o6Zt9Jl sa,.oo 572.00 sos.no ss1.oo 551,on s1,.nn s•te•,oo 4060.nn 01s12,oo 64060,00 sotlt,oo 22•••••• 

11,o6Jl9JJ Jl7oo.oo e1s.oo e12,on 11en.oo zuo.on 11-.0.00 11soo,oo 11800.on u•oo.oo 11100.no 1,200,00 z•eoo,oo 

11.064193 ♦ ,95 1.os .en .21 ,1n .21 11,Ao .1~ .•z ,Jl .az ,,,. 

11.0621934 599.oo e1.oo 111,00 121.00 134.on 116.oo llb4J,oo •z6•b.on 110•1.oo s11.oo s11,oo 110,00 

11.01i111t1• i2Soo.on ,1,n.00 Zo6n.nn 2!40.00 2~10.on Rl'-n,011 11100,no z56o,on "lloo,oo 247011.00 4ato,oo 2110,00 

tl.0641935 . e t .83 .74 ,26 .3-, , :llS ,11 ,01'1 Z•l,00 99.70 1.41 1,01 

II .o•z1•Js 49, 00 cn.oo 149. 00 

11.0631935 12eo.oo 1..,zn .00 1981'1,0n 3610.00 •Joo.on ';75o.on 211•0,oo 11110.no Jo54to.uu 2&610,00 21010,00 21410.00 

11.064t'U6 1.no 1.11 .11 .•o , 57 ,68 .21 .11 11,.uo 211.00 1.11 1.1,. 

11.06Z1936 1059.oo 96,00 ,a.on 10Q.OO i12.on ~lnM.oo 1\142,no J95CJt.ot'I 64621.00 64213.oo szs11.oo 24233,0I 

11,0631936 Jt76o.on :,'i!Jn,oo 1450.on 25en.uo S.:?Jo.on S5Qn .o,, 2•100,110 31181\0,on ,.5390,00 121St1,oo 2♦•10.00 Jos•o,o• 
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TABLE 13 - Continued: 

11.06•1937 1.21 t.lS .,n •"2 1.3,, 1.2~ .,11 .,.. 1111.ou 22•.00 1.i1 .si 
11.O6Zl9J7 &11.no 1,CJ.fJn 1s•.on 11•.011 ~'ts.,,,, lo7.o,, 6Jt.,,o .r.••6•.n"I -.4339.Ju ••0911,,,0 s11O0.no 5z1••••• 
11.0631937 lS•lo.oo ;:,zfln.uo 201n.nn J♦ 7n.uu rutt.on 1J1n .on 176bn.no 11191n.on .. O21O.ou l2oln.no us10.oo 1110.11 

11.0••1•1• .~o .JZ 1.1• .ft!\ 1.11;:, 1.s1. 100.no 111.1111 111•.u" 121~.no 219.flD 1.11 

ll.of,Zt9Jtt SZH'H.oo ..,-;n,.ou lb?. •> n '"~-ou c?o~.nn 21•.Qo woJ.no 1-n•s•.nn S62r,i.uu 64377.oo 64271.00 59JZ1.ol 

11.0631938 dr.no ••1•~-00 t7l•n.on Jo2n.oo botn.ott '-JS;:,n.nn li•ln.no J52Sn.nn 119.tJO 226ln.no zzz•o.oo 1,110.11 

ll.U"'419l9 I.lb 1.•7 • "'I 1.JJ I.<',. 1.?I el4 .ln tell 1,26 .91 t.•I 

11.t,,,lJCllCI 01..,nu. ,rn 1.1.\n"'.JU .JlJOn• ••n 171-1.t111 .it,••"" 2"''•"" 144~0.11n •Q'>nn.nn "J9nn.ou 62lon.no 61&tto.oo •1•00.00 

11.t.1ttl193fil 2t-1~c:.11r, i..,11,,. ·,o J?/Sr,.111 .Jl~•ri.1111 J J•o•"" ... :11n.nn 111tn.nl} s2.n" , .. "1n.ot.1 tS•ln.oo 10010.00 3910.00 

11.06•lQ•O 1.1.1 1.ltl •• 1 1-<1• .c;q .'11 ].It,] •• , -; .. 9.uu •9.]0 .IIZ 1.01 

11.01,zp;i40 ~2 •}nn .nn c.o•n"• ••n 1•1nn.,,n ~,~.oo lZl. n" .. ,,~.nn Aob.l'IO •:IJn,,.n, "'-'110.Ju 6lSon.no •z7oo.oo 1zroo.oo 

11.nt,'1\940 :Hto.o o 1c.;t ,l.OO •tt4J1).11n tttt1Jn.110 4~,.n.nn 11or,n.un ~lnln.ttn lt,Ho.n" 3925n.ut.1 2sz2n.no 279lo.no lZ?to.01 

11.u6"194l ."lo -..-;1 1.•n 1.1• t.27 '"•"o 1.59 179.r,,, \ltJ.t.10 69n.no 1.66 ••• 

11.uftZ11u1 •01i1.no l:?"•UO Ztt4.,1n t'itt.11 0 zo".nn 271.1,n rJo.no 41flion.nn 1rtt1no.uo 6•4nn.oo •2•00.no •n510.11 

11.u"'llCJ•l 12'1no.oo 1•111.ou 3210. nn •'il•n.un S•lll.nn ,-.qlo.nn 11":,ttn.no 1aSRo.on 2~ .. 90.uu !»1•6n.no 29Z7o.no z,100.10 

11.n6•t1t•2 .Jo .l4 ,. ,,. l•"" '·"" ••"' 2.1s tnR,nn • .,, ••••oo l••• .11 

11.0621942 1•1on.oo •tAn.oo ?.911.no 21A.uu 1bli.un 1,s.nn 11i1n.oo 12110.on 60Bno.uo &•Jon.no 5t•oo.oo l56to.eo 

11.0-.11••2 .?Z78 o .oo t72ln.Jo 9~zn.un b2nn.oo •J9n.nn "''""·on 1-.920-no J~74o.on ... ,onn.uu 1•••n.oo ZZ17o.oo z11to.10 

11.00,1943 .2s ,.,;2 .Jl .iu •'" ,.Joi; 1.•o .sn •" 1.RS 1.,z .,1 

11.041i21q43 ••20.no J.11i.on 1ss.n" Zt'l9.on llJ.on •;,6.nr, 111n.no 22900.,,n •J1no.\)O 6J7an.no sz100.no 29510.01 

11,0611'143 J212n.oo C.\fl 11-uo 21sn.OI) Jll11n.r.o 4to91).nn ''"n.nn 211.sn.00 ••110.01) l90Bn.oo 2i:156n.oo Zl•to.oo 21010.01 

11.06•1••4 .57 1.11, .Jlil .ol .nl .1,, .21 .07 .l.T ,.os .66 ·••· 

11.0621••• 415\J.OO 1114.00 ttct?.!111 hJ.oo nJJ.on 'i111.oo 1ztt.oo lnttno.nn 59lnn.o\) 6l4on.oo ••zoo.no 1a100.01 

1t.01t11•4• l~,1 0 .00 c.11"• "0 756.on 1t1,11.on 20Jt1.n" i;•ln.on 1n,o.l)o 25•10.on 11nt10.o\l lJOTn.oo 21410.00 z11zo.10 

q.00419•5 .48 .o9 .ns n. .1~ .o• .14 .n1 .oo 139.oO 2.01 .11. 

11.0"21945 ftS•.oo 111n.uo 214.nn 1~•.uo ,2111.n" J;,•.on 301:10.00 ~l4o.nn 5,tno.ou b ♦2on.no 52600.00 •••••••• 

11.041iJtct•5 1~"7n.'>O ,,.,,.oo l69n.on Ztt'511.nu t,oJn.o" 5,;;,0.00 11220.00 s••10.oo "'t760.oO •s2•n.oo 11•20.00 lll>o.11 

11. ,l6UQ♦ h • ,n 5?.."10 9.1. n. .01 .1• .al' .n, ,.os 10.10 .Tl .11 

11.062194" :,R;tno.oo l!»Hnn.uo 562t,.nn z,..2.00 lTo.o" •s1.on ull)oo.oo J64oo.oo t1 ♦600.ou 6J6ori.no 50200.00 Z••oo.11 

11.0"11•46 o. 11c;.oo 1rt54Zn.on 11!1!.n.oo •u1n.on "t7-.o.on t9ZJO•etO Sn9so.on 11tJ'ITo.uu JS2•n.no 21••0.oo z1s10.01 

11.0&•1••1 2. ♦4 z.dz ,1111 n. .o,, .10 ••' 1.11 z.Jb 1.1l l.10 ,., .. 

11.o,.,21Q•7 1e•oo.no >H6n • .,o 2,1.nn 211.00 l:Jl.on 1,,.00 CJt>!».no 41900 • .,n t11son.ou 51•00.,,o zeooo.oo zz•o••• 

ll.O'i319•7 10530.no '-"'Olftn.oo ft6Bn.on J71'<in.ou J99n.on ,..9•f'.oo 17~40.no 121so.n" t1'lffi.O.\)\J 21•60.00 29960.00 27690.10 

11.o,,•1••t:t 2.~1 .01 n. .01 .n1 .o• •2l 1.1~ , • .__. z.A9 3.61 J.91 

11.o&Zt9•H ,,,1.00 ln11.oo 190.00 11s.oo lR9.Qn 2,.fli.on •29.nn 21.100.on 'ioroo.uu 60&00.00 35200.00 1,000.10 

11.ot1J1q•tt 4Jt1n.no ,n.,.oo tr•n.on 1ttsn.n11 t•"n.nn 105n.on 9,aio.no ?.b210.on l294Ht.oo Z29Zn.no 29Z60.oo 11a10.01 

ll.0041ct49 l.17 1.JS ,.,4 .•tt .1n .11 ... o 1.s, 2.•• 1.12 l.,, •.•• 
11.o-..21q•i.; 'ilAZ.oo Jnn. :1n 191.r,n 1,1.110 c?Q14.,,n 2,1.nn ,,.zn.no 12100.nn lltl~nn.uo 57oon.,,o 35300.no 37100,lt 

ll.unJt9•9 1K1Su.no 1Jqn . 1tn 114n. on 1221'.IIO 1•so.on Jn:10.00 111,,1,10.00 lJtt6o.on zo>so.uu 2n&Jo.00 z,110.no ••••• 

11.oh•t•ljo •.nl 21.uu 4. ♦ c; . nl •O" .11 .51, 1.11t1 ,..,t1 :1.s1 •••• ,.,,. 

11.011t219~u i 1Nno.on QS.u11 201.nn 219.no Jo7.on JQS.on s♦ 10.no l1onn.on '592no.uo 6olon.no l•loo.oo 1,10.01 

11.n",ltQSo 7d~n.nn 1 .. J,.,,. 1n l ~liln.1n zli•n.nn •:,oo.nn ~.,c;in.nn 2~&on.no lnsin.nn .. zoso.ou 22s1n.no z,110.00 2A1lo.oo 

ll.Ot-141'151 J .t,l:f 1.dJ .111 .01 . o.. .ott 1.11 1.s, 176.UU 2t'l.10 J.,1 ••••. 

11.n,.,21951 2s11 .,, o wi♦ n. •10 JS?.oH) 1:1,.n,, .Jnt.n" JM•.nn 7•n.nn l1•on.n11 ,,5lnn • .Ju 6•onn."n 42♦ oo.no 15100.00 

11.1,,.,J1Q~l 11110.no '11"' " • ,.,o t277n.Jn !,♦ ,.,n.nu !lln9n.nn "" •111:n. on 211t1n.oo Z5l3n.on 11\250.ou ll69n.oo 27660.00 21,,0.10 

11. ob•tlil!,Z J.71 1.1 ~ .1• .11 .,,, .,--. .,e .17 1121.uu se,.no 11.,0 i.•I• 

11.ne,211152 9tt5.IJO ZR,. • • ,o J ♦ .-. 1)(1 lJn.no .Joi.on •"••n" 1110.no !>n71Jo.nn s11no.uo tt•lnn.no 62200.00 •-.100.00 

11.n,.,J\lil5? 1•~t 1,.on l•,l 'l . •10 • 117n. ,, ,.. bi1n.,,o ••Jn.r,n 711An.nn l:?Hn.no JI\SJn.n" •"79o.uu J948n.no 26410.00 2zztn.ot 

ll.Ub4t9S3 3.45 ,.t-, . ~? .H .tc:. .J:, .28 l.?.,,, l.c?O '1.59 J.73 4eJJ 

11. 11,.,i 1 lil'>J 1 qi:!no. no tM•. ,,o Jo2. ,1n 12?• no t"Q• o" J-,q,. o,, l7uo. 110 1 ••oo. on S62no. ou bl Ron. oo •S•oo. oo 20:,00.01 

11.111,11Qi;J '"i, o .r, n , .. n .,.:Jr. J•2l'l • . ,n •S"'"· ••11 ll9n.n,, .. Ja.n.o" 139"0.oo Q.u,o.nn z91t10.\)0 4 ♦ flilt1.oo zsa20.oo 212so.oo 

u.11t,4\q54 ... .. s 1 • .,6 . u r .11i ,;,:t1 .J~ .1111 1.21 1.Jl •• al 4.JZ •••• 

11.uttlJCil~• ?'111.00 ~"""'·JO ~,;1. :l l'I Jn•. 0 1.1 Jbn.,," Je111.011 79;.no "n4no.nr> bO"nn.tlo ttllnn.no •1soo.oo 21500.01 

11.n~1,q~• t"'in11.!'ln •b4 ,1. 1,n 17nr,. ,,n 1• :!l" .,10 .. . ,z,,.on ,.,1n.11n ZShoo .nn J;Qnn.n" ~llnn.oo zntto(l.nO zsttoo.no znson.ao 
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11.0h ♦ lqS~ 

tl•ll"'l\QSS 

1 Lul,JIQSS 

\t.ob♦ \QSb 

JJ.0k/JQc;b 

J J .l)t't .11 Q'i6 

11.0f'J•HQSf 

l l•OflZl957 

11,0,,31957 

t t ,064t9S8 

11. nt1t21t1SB 

11. n1.1J19SB 

11,0641959 

11,06z1•5• 

11, O~ J 1 959 

ll .o64\9&o 

ll,062\96o 

1\e0_,.319bO 

ll.064\9bl 

11.u6Z196I 

ll,0•31961 

11.0041•6z 

ll,06Zl96Z 

II, o"3196Z 

11,0641963 

ll,o6Zl963 

ll,0•319"3 

11,064)964 

ll,06Zl96• 

l l ,06ll9fl4 

11,0641965 

ll,o6Z1••5 

11.011119~5 

II, 0641966 

11, 0621966 

ll,Ot',3\911i6 

ll,1Z•1t ZZ 

11,12•1•23 

11. l24JQ24 

lloll•t925 

ll,IZ4102b 

\1,1241027 

ll,lZ4l92tfi 

l l, 124 19 29 

ll .12♦ 1930 

1 l, 1241931 

l l. l24JQ32 

l l ,iZ4!033 

11.12♦ \QJ♦ 

t I, 12•1935 

11, 12♦ \936 

11,1241937 

11, 12lt)Q)ti 

•.1• 
4JQ 11. 00 

11ci;o , flO 
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ABSTRACT : Fundamentally the project was concerned with answerina two questions : 
(1) How surely can weather modification be considered responsible for observed 
increases in runoff? (2) What makes a basin more suitable to a weather IIOdifi ­
cation operation than another? 

Tests were devised to answer the first question . Utilizing a taraet­
control concept the tests indicate that six years or less would be sufficient to 
detect a 10\ increase in seasonal runoff for about one-third of all gaged basins 
1n the Upper Colorado River Basin. 

Suitability criteria for both large water gain and rapid evaluation have 
been developed. Their application to the Upper Colorado River Basin point to 
three optimal zones of approxiaately 30 ailes radius, centered around Red Moun­
ta i n (half way between Silverton and Ouray), Marble (or -,re precisely half 
way between Marble and Cre~ted Butte) and Vail. 
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