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ABSTRACT 

Observations of the convective clouds over the mountain ranges of 

southeastern Arizona show that a large fraction of them reach temperatures 

far below freezing but fail to produce precipitation. :CU.ring the summer 

periods of the years 1957 through 1960, a randomized cloud seeding experiment 

was conducted to test if these clouds could be modified by airborne silver

iodide seeding. 

The essential features of the experimental design were the following: 

1) An objective technique was evolved for predicting days with suitable 

clouds; 2) one of a pair of two adjacent days was seeded on a random basis; 

3) measurements on all days were made with rain gages, radar and a pair of 

ground-located aerial cameras mounted at the ends of a 3-mile base leg, 

and visual observations were made of cloud-to-ground lightning; 4) the sign

rank test was used to make statistical evaluation of the effects of seeding. 

The results after four years are the following: 

1, The rainfall statistics do not allow a conclusion that 

seeding had any effect. Statistically, the rainfall on both 

seeded and not-seeded days was the same. However, the 
sensitivity of the tests to changes in the quantity of 

precipitation was quite low. 

2. 'I'he frequency of occasions of large thunderstorm 
echoes was statistically the same on seeded and not-seeded days. 

3. 'I·he cloud-census and radar studies suggest that in some 

cases, seeding may have led to the initiation of precipitation 

echoes. 

4. Although there were more cloud-to-ground lightning 

strokes on seeded days, the differences between their occurrence 

on seeded and not-seeded days were not statistically significant. 

Evidence is presented indicating that precipitation in convective clouds 

is not initiated by the ice-crystal process. 

Samples of days with heavy rain and light rain were compared in order 

to study the factors governing the quantity of rain. It was not possible 

to show that there was any relation between the region of echo initiation 

and the quantity of precipitation. On the other hand, it is clear that 

on days with heavy rain there were many more large clouds. 

'I·he observations are best explained if it is assumed that the quantity 

of rain is governed by those properties of the atmosphere which determine 

the number and size of the convective clouds. The microphysical processes 

which determine the region of precipitation initiation do not appear to be 

as important as was once suspected. 

A new program of seeding tests is described which should be more 

sensitive to changes in quantity of rainfall. It differs in several 

fundamental aspects from the program conducted during the period 1957 to 1960. 
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EVALUATION OF EFFECTS OF AIRBORNE SILVER-IODIDE SEEDING ON CONVECTIVE CLOUDS 

1. Introduction 

A field program aimed at testing the effects of silver-iodide seeding on 

orographic convective clouds was carried on during the summer rainy seasons of 

the years 1957 to 1960 inclusive by the Institute of Atmospheric Physics at 

the University of Arizona. In 1957, the research was conducted jointly with 

The University of Chicago. Details of the experimental design are given in an 

earlier paper by Battan and Kassander (1960). Briefly, the convective clouds 

over the Santa Catalina Mountains in southeastern Arizona were seeded by means 

of an airborne generator flown at an altitude where the temperature was about 

-6°C. At the beginning of the program it was decided to randomize by pairs of 

days, that is, one of two adjacent pairs of days was seeded. A randomization 

scheme was used to determine if the first day was to be seeded. The pair 

technique was employed because of the likelihood of day-to-day correlations 

(see Buell, 1955) and to guarantee that there would be an equal number of 

seeded and not-seeded days each summer. 

Because of the distinctive diurnal variation of the precipitation and 

because the quantity of silver-iodide-in-acetone solution carried on each 

flight would last for about 4 hours, it was decided to seed during the period 

1230 to 1630 ~.ST and to observe the clouds and precipitation during the period 

1300 to 1800 MST. 

The effects of seeding were studied in various ways. An AN/TPS-lOA, a 

vertically scanning, 3-cm radar set was used to note the locations and sizes of 

precipitation echoes. A pair of carefully calibrated ground-located cameras 

were employed to make cloud observations which could be studied quantitatively 

by means of stereographic techniques. Lightning observations were made by 
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observers stationed in the mountains. Finally, rainfall at the ground was 

measured with a network of 29 recording rain gages deployed as shown in 

fig. 1. 

It was planned to carry out this program for a period of 5 years. 

However, the results after 4 years indicate that the continuation of the same 

program would not be profitable from the point of view of cloud modification 

evaluation. For this reason this report has been prepared to summarize some 

of the results of the seeding project. 

2. Rainfall analysis 

In any seeding evaluation it is necessary, at the outset, to specify the 

types of statistical analyses one intends to make. It is necessary that the 

statistical test and the experimental procedures be selected together. Since 

there are numerous ways to treat rainfall observations made with scattered gages, 

the possibilities of manipulating the data are manifold. We decided that a 

representative measure of rainfall in any test period would be the total rain

fall collected by all the operating gages divided by the number of operating 

gages. This value is called the mean rainfall. The reason for taking the mean 

rather than the total was that on most days one or more gages were out of 

commission. The use of the mean acts as a normalizing factor. 

All the rainfall data collected during the test period 1300 to 1800 MST 

during the 4 summers are given in Table 1. Days are listed in pairs with the 

left-hand group representing the seeded days. The following information is 

given: precipitable water calculated from the morning radiosonde; total rain

fall; number of gages with rainfall; and mean rainfall. Also, in the column 

on the far right are listed the differences between the mean rainfall on seeded 

and not-seeded days. 



Date 

July 

Aug. 

Totals 

July 

Aug. 

Table 1. Tabulation of precipitable water in inches, total and mean rainfall in inches from 1300 to 1800 MST 
and the number of stations with rainfall on seeded and not-seeded days. 

,t-Seeded 

Pre- No. 
t 

Pre- No. Differ-
ci:pi- Gages ci:pi- Gages ence 
table Total with Mean ' table Total with Mean of 
Water Rain Rain Rain Date Water Rain Rain Rain Means 

8, 1957 1.54 0 0 0 July 9 1.26 4.01 22 0.1542 -0.1542 
10 1.15 4.16 14 .1541 11 1.19 0 0 0 + .1541 
13 1.31 .07 2 .0028 

I 
12 1.24 .22 5 .0081 - .0053 

16 1.42 2.26 7 .0837 17 1.25 .83 5 .0332 + .0505 
19 1.38 .04 1 .0017 18 1.60 .87 7 .0348 - .0331 
29 1.34 4.09 10 .1573 27 1.40 .19 2 .0073 + .1500 
30 1.22 .28 2 .0104 31 1.37 3.50 18 .1400 - .1296 
1, 1957 1.54 0 0 0 Aug. 2 1.65 .60 2 .0222 - .0222 
9 1.36 .04 1 .0015 10 1.37 0 0 0 + .0015 

12 1.64 2.12 8 .0785 13 1.50 1.99 10 .0737 + .0048 
15 1.65 2.63 11 .1012 14 1.42 .06 1 .0023 + .0989 
16 1.57 4.56 9 .1689 17 1.45 8.26 18 .3177 - .1488 
20 1.62 3.61 9 .1388 19 1.62 2.41 10 .0964 + .0424 
22 1.37 4.46 24 .1715 21 1.49 0 0 0 + .1715 
24 1.30 0 0 0 23 1.33 0 0 0 0 
26 1.31 0 0 0 27 1.18 1.30 8 .0500 - .0500 

I 
I 22.72 28.32 98 1.0704 22.32 24.24 108 .9399 + .1305 

17, 1958 1.54 3.94 12 .1515 July 16 1.36 .37 11 .0132 I + .1383 
18 1.68 0 0 0 19 1.43 0 0 0 0 
24 1.11 0 0 0 25 1.25 12.47 19 .4454 - .4454 
31 1.28 .05 2 .0017 30 1.59 0 0 0 + .0017 
2 1.29 .19 1 .0066 Aug. 1 1.40 2.30 6 .0793 - .0727 
4 1.54 .36 5 .0133 5 1.83 .15 1 .0060 + .0073 
6 1.40 4.52 15 .1614 7 1.22 .21 1 .0075 + .1539 

12 1.34 0 0 0 Aug. 13 1.47 .03 1 .0011 - .0011 
14 1.51 7.40 16 .2741 15 1.52 .02 1 .0007 + .2734 
16 1.44 .02 1 .0007 18 1.44 .69 4 .0246 - .0239 
19 1.46 3.53 14 .1217 20 1.65 1.33 6 .0459 + .0758 
21 1.29 2.83 11 .1011 22 1.46 .20 1 .0071 + .0940 

I 

+ 
I 



Table 1 (continued) 

I 

Seeded 

Pre- No. 
cipi- Gages 
table Total with Mean 

Date Water Rain Rain Rain Date 

Aug. 25, 1958 1.53 0.31 4 0.0119 Aug. 23 
28 1.23 .05 2 .0020 27 
29 1.51 1.66 10 .0664 30 

Sept. 4 1.45 1.07 13 .0396 Sept. 3 

Totals 22.60 25.93 106 .9520 

.July 7, 1959 1.35 .39 4 .0150 .July 8 
10 1.13 0 0 0 9 
14 1.11 0 0 0 13 
16 1.38 .53 4 .0212 15 
18 1.24 0 0 0 17 
20 1.38 .09 1 .0036 21 
23 1.40 .28 2 .0100 24 
28 1.55 0 0 0 29 
30 1.42 1.42 12 .0546 31 

Aug. 4 1.58 .10 3 .0038 Aug. 3 
6 1.46 1.38 5 .0531 5 
7 1.36 0 0 0 8 

11 1.75 0 0 0 10 
12 1.55 2.51 13 .0896 13 
18* 1.66 .79 6 .0282 17* 
20 1.15 0 0 0 19 
22 1.53 .84 4 .0323 21 
24 1.53 3,73 16 .1331 25 
27 1.49 2.25 10 .0833 Aug, 26 
29 1.52 0 0 0 28 

Totals* 26.88 13.52 74 .4996 

Not-Seeded 

Pre- No. 
cipi- Gages 
table Total with 
Water Rain Rain 

1.63 0.52 2 
1.11 0 0 
1.45 0 0 
1.12 .31 4 

22.93 18.60 57 

1.23 0 0 
1.12 0 0 
1.25 2.14 13 
1.49 .16 2 
1.40 2.76 13 
1.57 2.24 7 
1.32 0 0 
1.57 0 0 
1.19 0 0 
1.50 1.97 3 
1.57 2.24 8 
1.33 0 0 
1.49 2.18 8 
1.72 3.27 10 
1.69 28.70 28 
1.55 3.03 10 
1.30 .68 3 
1.57 2.07 15 
1.35 .07 2 
1.44 0 0 

26.96 22,81 94 

Mean 
Rain 

0.0186 
0 
0 

.0119 

.6613 

0 
0 

.0856 

.0064 

.1150 

.0896 
0 
0 
0 

.0758 

.0896 
0 

.0778 

.1211 
1.0250 

.1043 

.0234 

.0715 

0 .0025 I 
.8626 

Differ-
ence 
of 
Means 

-0.0067 
+ .0020 
+ .0664 
+ .0277 

+ .2907 

+ .0150 
0 

- .0856 
+ .0148 
- .1150 
- .0860 
+ .0100 

0 
+ .0546 
- .0720 
- .0365 
0 

- .0778 
- .0315 
- .9968 
- .1043 
+ .0089 
+ .0616 
+ .0808 

0 

- ,363 0 

I 
VI 
I 



Table 1 (continued) 

Seeded 

. 
I 

ges 
th Mean 

Pre No 

in Rain Date 

July 7, 1960 1.15 0 0 0 July 6 
8 1.12 0 0 0 9 

25 1.68 1.04 14 .0416 23 
27 1.42 0 0 0 26 

Aug. 1 1.18 .97 7 .0422 30 
2 1.30 0 0 0 Aug. 3 
8 1.52 0 0 0 6 

10 1.72 3.20 13 .1523 9 
12 1.35 0 0 0 11 
17 1.30 0 0 0 16 
22 1.47 0 0 0 20 
25 1.13 0 0 0 23 
27 1.52 0 0 0 26 
31 1.47 .20 7 .0077 30 

Sept. 2 1.38 1.07 10 .0396 Sept. 1 
6 1.51 .08 3 .0031 7 
8 1.14 .30 3 .0107 9 

Totals 23.36 6.86 57 .2972 I 
I 

95.56 74.63 2.8192 
! Grand Totals 335 ! 
! 

*Pair of days Aug. 17-18, 1959, not included in analysis. See text. 

Not-Seeded 

Pre No . 
ges 
th 
in 

1.25 0.27 3 
1.22 0 0 
1.19 1.37 10 
1.37 .99 14 
1.14 0 0 
1.50 0 0 
1.56 1.96 8 
1.54 3.85 9 
1.69 0 0 
1.13 0 0 
1.34 0 0 
1.17 0 0 
1.16 0 0 
1.11 0 0 
1.37 1.62 16 
1.48 2.76 11 
1.54 1.15 8 

22.76 13.97 79 

94.97 79.62 338 

Mean 
Rain 

0.0096 
0 

.0570 

.0396 
0 
0 

.0933 

.1832 
0 
0 
0 
0 
0 
0 

.0600 

.1021 

.0410 

.5858 

3.0496 

' Differ 

-0.0096 
0 

- .0154 
- .0396 
+ .0422 
0 

- .0933 
- .0309 
0 
0 
0 
0 
0 

+ .0077 
- .0204 
- .0990 
- .0303 

- .2886 

- .2304 

I 
(J'\ 
I 
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Table 2 summarizes the data by seasons and gives the number of valid 

pairs of days involved. It may be noted that the pair of days in 1958 noted 

by the asterisk in Table 1 was omitted from the summary table. This deletion 

is made on the basis of a statistical analysis following Cochran (1947) which 

shows that the likelihood that this pair came out of the same population as 

the pairs represented by the remainder of the data is extremely small. The 

authors have consulted various statisticians about the validity of rejecting 

this pair. Dr. A. K. Brownlee of the University of Chicago maintains that 

since the differences of the means on seeded and not-seeded days cannot be 

shown to be normally distributed, the test suggested by Cochran is not valid. 

Table 3 gives a tabulation of the differences of the mean rainfall for 

each year as well as the totals for the 4-year period. The data in the last 

column have been used to plot the curve in fig. 2. The 13 zeros were 

distributed equally between the -0.001 to -0.039 and the +0.001 to +0.039 

categories. Although it cannot be shown that the differences in the means are 

normally distributed, they certainly exhibit a resemblance to a normal curve. 

Nevertheless, it must be recognized that according to the most firm and 

rigorous statistical rules the pair should be retained. However, on physical 

grounds this was a peculiar day with intense rain which started before noon 

and continued for most of the afternoon. If it had been a seeded day it 

probably would not have been included in the sample because in all likelihood 

it would have been impossible to fly. As will be seen, the acceptance or 

rejection of this pair, although it greatly affects the relative quantities of 

rainfall, has little effect on the ultimate conclusion about the efficacy of 

cloud seeding. In this case, it does not seem unreasonable to disregard this 

pair, 

In Section 8 of this report, an analysis is made in which the results are 

critically dependent on whether or not the pair of days, August 17-18, 1959, is 
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included or rejected. In such a circumstance the pair can not be 

rejected. 

Table 2 

Surrmary of average of mean rainfall per day (in inches) 
on seeded and not-seeded days for the years 1957-1960. 

Number of Seeded Not-Seeded 
Year Pairs I'ays :Cays Ratio 

1957 16 0.0670 0.0587 1.14 

1958 16 .0594 .0413 1.44 

1959 19 .0263 .c453 0.58 

1960 17 .0175 .0345 0.51 

All years 68 .0416 .0449 0.93 

It should be noted that the fact that a seeded day was accepted only when 

the airplane was able to fly while this requirement was not present on the 

not-seeded days may have introduced a bias into the experiment. In 4 years of 

experiments, including 68 pairs of days, there were only 2 days on which the 

weather prevented the airplane from carrying out the seeding mission. On one 

of these days, the cause was severe thunderstorms while on the other it was a 

low overcast with little rain, 

If one examines the results of 1957 and 1958, it is seen that the rain

fall on the seeded days was about 28 per cent higher than on the not-seeded 

days. I'uring the surr.mers of 1959 and 1960 there was more rain on the not

seeded days. When all 4 years are considered, the average of the mean rain

falls was about 8 per cent higher on the not-seeded days. 

At the start of the program it was decided that an appropriate 

statistical test would be the sign-rank test (Wallis and Roberts, 1956). It 

involves the ranking of the differences of the mean rainfall on seeded and 
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Table 3 

Frequency distributions by year of the difference 
of mean rainfall seeded minus not-seeded days. 

Year 

1957 1958 1959 1960 

-.16 to -.199 
-.12 to -.159 3 
-.08 to -.119 4 2 
-.04 to - .079 1 1 2 
-.001 to -.039 3 3 2 6 

Zero 1 1 4 7 

.001 to .039 2 4 4 1 
+.04 to .079 2 2 2 1 
+.08 to .119 1 1 1 
+.12 to .159 2 2 
+.16 to .199 1 
+.20 to .239 
+.24 to .279 1 

Total 16 15* 19* 17 

*Not included one value of (-.445) and one of (-,997) 

Total 

3 
6 
4 

14 

13 

11 
7 
3 
4 
1 

1 

67* 

not-seeded days. The differences shown in the right-hand column of Table 1 

were employed for calculating the probability of obtaining the observed data 

under the null hypothesis that seeding had no effect. The one-tail probability 

was found to be 0.38, It therefore is clearly shown that the observed 

distribution could have resulted from chance alone. This result, coupled with 

the fact that the mean rainfall on seeded and not-seeded days was virtually 

the same, leads to the conclusion that this project failed to show that the 

silver-iodide seeding had any effect on the precipitation which reached the 

gages over the mountain target. 

The question may be raised that perhaps seeding may have influenced the 

lateral extent of the rainfall, The number of gages with rainfall is a 
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rreasure of this effect. It can be seen from Table 4 that when one 

normalizes the data to 29 gages, the total number of gage-days with rain 

was 369 on seeded days and 375 on not-seeded days, or a difference of less 

than 2 per cent. Obviously, these data do not allow a conclusion that 

seeding had an effect on the lateral distribution of rainfall over the rain 

gage network. 

Table 4 

Summary of the number of gage-days of rain. 

Seeded :Cays Not-Seeded I:ays 

Actual Normalized to Actual Normalized to 
Number 29 gages Number 29 gages 

1957 98 107 .8 1c8 120.8 

1958 1c6 113.3 57 59.1 

1959 74 79.9 94 103.0 

1960 57 68.o 79 92.2 

Total 335 369.1 338 375.1 

A question will surely arise as to whether it is valid to group the data 

for all 4 years. It would be tempting to say that during the first 2 years 

the meteorological conditions were suitable for seeding and therefore there 

was an increase in the rainfall on the seeded days, while during 1959 and 

1960 the reverse was true. The authors feel that this conclusion is not 

permissible. It is much more likely that the differences between the periods 

were caused by chance. 

In designing this seeding program, it was recognized that there would be 

year-to-year changes in the weather conditions. 'I'his was one of the chief 

reasons for taking pairs of days as an experimental unit. 'I'his scheme 
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guarantees that there will be an equal number of seeded days and not-

seeded days during dry as well as during wet years. It might be suggested 

that for some unknown reason silver-iodide particles are more effective during 

years when the natural precipitation is heaviest. However, if anyone offers 

this argument he must be prepared to defend the position that during periods 

of lighter rains, silver-iodide operated to suppress rain even during days 

when large convective clouds are present. It seems to the authors that if 

silver-iodide particles are likely to increase rainfall on days when there 

are many tall supercooled cumuliform clouds, it should do the same thing on 

days when there are few such clouds. 

Another point of interest is whether or not there was, over the entire 

period of experimentation, a difference in the likelihood of rain on the 

seeded or not-seeded days. We pointed out in our earlier paper that at least 

statistically the higher the precipitable water the greater the probability of 

rainfall occurrence. Data gathered since the start of these seeding experiments 

bear out the earlier findings, but unfortunately, the correlation between the 

precipitable water on any day and the quantity of rainfall during the after

noon period is quite low. Over the 4 summer periods the average precipitable 

water content was about 1.4 on both seeded and not-seeded days. The difference 

was less than one-half of 1 per cent. The fact that these numbers are almost 

identical indicates that the randomization procedure did produce two samples 

which as far as precipitable water was concerned were statistically quite 

similar. 

Suggestions have been made that the sign-rank test is not appropriate 

because the numbers of the pairs are not "matched," that is, they may differ 

substantially as far as the number and sizes of clouds are concerned. The 

differences in "seedability" of the members of a pair are acknowledged, but if 
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seeding increases the rainfall on the seeded days there should still be an 

increase of the mean rainfall on the seeded days as well as a shift of the 

distribution of differences of mean rainfall in the direction of positive 

differences. It is true that the better the match between the days of each 

pair, i.e., the higher the correlation, the more powerful is the sign-rank 

test. However, even if the correlation is low one may still apply this 

test.* 

The distribution of mean rainfall during the test periods on seeded 

and not-seeded days is shown in fig. 3. It might be argued that the 

maximum in the "seeded curve" at 0.14 inch is a result of seeding. However, 

this still leaves the necessity of explaining the maximum of the "not-seeded 

curve" at 0.07 inch. 

3. Fre4uency of radar echoes 

If there is a conversion of part of the supercooled regions of a cloud to 

ice crystals, this will lead to the release of latent heat, an increase of 

cloud buoyancy, greater vertical velocities and possibly taller convective 

clouds (Kraus and S4uires, 1947, and others). However, it is not established 

if the effects are large enough to produce changes which can be detected. By 

means of radar observations information may be obtained about the fre4uency of 

convective echoes of given sizes. It is difficult, because of the peculiar 

shapes of some echoes and the limited resolution of most radar sets, to 

objectively specify what is a "single convective echo." For this reason, it 

*In order to satisfy our curiosity as well as to answer the 4uestion "But what 
would be the result if you used another test?", the rainfall data were 
reanalyzed by means of the Mann-Whitney U Test (Siegel, 1945). This 
statistical test also is non-parametric in nature, but it differs from the 
sign-rank test in that it assumes that each day (seeded or not-seeded) 
represents an independent sample. The mechanics of performing this test 
involves the ranking of all the days according to the mean rainfall. The one
tailed probability that the seeded and not-seeded days came from the same 
population according to the Mann-Whitney U Test is 0.44, a far from 
significant value. 
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was decided that a valid technique for determining whether or not there 

were more large thunderstorms on seeded days was to measure not the 

number of large thunderstorms but rather the frequency of occasions of 

large thunderstorms. At 30-minute intervals during the period 1300 to 1800 

MST, the three-dimensional region over the mountain target was scanned, and 

it was noted if there was at least one echo which extended above specific 

altitudes, 15,000, 20,000, 25,000 ft, etc. On a day with large thunder

storms all afternoon there could be a maximum of 11 observations which 

showed echoes above l~0,000 ft, for example. Admittedly, this analysis does 

not yield precisely the desired information, but it gives an objective, 

unbiased measure of the frequency of convective clouds. 

Table 5 summarizes the results of 4 years of experimentation. The 

data represent 59 pairs of days. Instrumental difficulties caused the loss 

of 9 pairs of days. Originally only echoes above 30,000 ft were tabulated 

but the data were reexamined and echoes down to 15,000 ft were noted. The 

cumulative frequencies listed in this table give the distribution of the 

normal vertical penetration of convective echoes in the Tucson area during 

summer afternoons. 

It should be noted that Table 5 can also be regarded as giving a 

distribution of the relative frequency of the maximum thunderstorm heights. 

In interpreting the results it should be recognized that when there was an 

echo which extended to 40,000 ft there usually were echoes which extended 

to lower altitudes. Thus one cannot take the differences between the numbers 

in two rows on the same line of Table 5 to represent the number of echoes 

which extended to a particular altitude interval. For example, in 1957 there 

were 3 observations with echoes which extended to or above 45,000 ft and 13 

to above 40,000 ft. It cannot be said that there were only 10 observations 



Table 5. Summary of the cumulative frequencies of occasions with echoes extending above the indicated 

altitudes. Also the ratio of the total seeded and not-seeded cumulative frequencies. 

Altitudes in Thousands of Feet 

Seeded Not-Seeded 

Year ?15 ~20 ?25 ~30 ?35 <40 ~45 ?50 ?15 ?20 ?25 ?30 ~35 ?40 :?45 

1957 77 73 55 43 22 13 3 1 44 41 33 24 15 10 1 

1958 74 63 48 42 22 14 3 63 55 45 30 11 5 

1959 78 74 62 50 31 21 5 84 80 66 50 29 21 7 

1960 65 61 43 29 11 5 3 1 70 64 54 42 24 16 3 

Total 294 271 208 164 86 53 14 2 261 240 198 146 79 52 11 

Ratio 1.13 1.13 1.05 1.12 1.09 1.02 1.27 1.00 

~50 

I 

~ 
I 

2 

2 

~ 
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with echoes which extended to or above 40,000 ft but not above 45,000 ft. 

In the instances with echoes to or above 45,000 ft there also may have been 

(and probably were) echoes which reached between 40,000 and 45,000 ft. 

As far as seeding is concerned, it is evident that the differences in 

frequency of large echoes on seeded and not-seeded days followed a rather 

similar year-to-year pattern as did the rainfall. This result makes sense 

qualitatively; one would expect more rain,on days with more large thunder

storms. 

The table shows that during 1957 and 1958 there were more large echoes 

on the seeded days. During 1959 and 1960 the reverse was tru~. In general, 

the 4 years of accumulated data showed somewhat more occasions of echoes 

on the seeded days. 

In conformance with the design of the experiment, tests of significance 

were made by means of a scheme involving pairs of days. For each pair of 

days and for each altitude interval a tabulation was made of the difference 

between the number of observations of echoes extending up to or above each 

of the altitudes listed in Table 5. For example, on the seeded day of the 

pair there may have been 11 observations with echoes extending to or above 

15,000 ft; if, on the not-seeded day of the pair there were 6 observations 

with echoes extending to or above 15,000 ft, the difference would be +5. 

Differences of this type were computed for each of the 59 pairs of days with 

radar data on both days of the pair. The same type of differences were 

tabulated for the frequency of occasions of echoes extending to or above 

20,000 ft, 25,000 ft, etc. In view of the fact that there were 11 observations 

per day, the differences could range from -11 to +11, but usually were 

within -5 to +5. As a result there were many ties. In this circumstance, it 

is convenient to use the sign-test (Wallis and Roberts, 1956) to test the 
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significance of the observed differences. The basis of the sign test is 

that if seeding had no effect there would be an equal likelihood of a 

greater number of echoes of particular sizes on seeded and not-seeded days. 

This would mean an equal likelihood of a plus (more echoes on the seeded day) 

and a minus (more echoes on the not-seeded day). The results of the tests 

are shown in Table 6. It is clear that the probabilities are much too high 

to permit a conclusion that seeding caused an increase in the frequency of 

large echoes, those which extended above 25,000 ft. 

The fact that the probability values calculated for the echoes which 

exceeded 15,000 and 20,000 ft were 0.098 and 0.23 respectively is quite 

interesting. The possible significance of these results will be considered 

in a later section. 

+ 

p 

Table 6 

Frequency of the sign of the differences of echoes extending up to 
or higher than particular altitudes on seeded and not-seeded days. 
Also, the one-tail probabilities (P) calculated by means of the sign 
test. 

Altitudes in Thousands of Feet 

15 20 25 30 35 40 

30 32 25 26 23 18 10 

20 17 20 20 20 15 7 

0.098 0.023 0.274 0.227 0.316 

4. Likelihood of precipitation in clouds 

In an earlier report (e.g., Battan and Kassander, 1961) we discussed a 

technique of studying the effects of seeding on the initiation of 

precipitation in convective clouds. It involves the examination of the 

field of visual clouds at 30-minute intervals by means of a pair of ground-
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located aerial cameras. Stereographic techniques are used to measure the 

cloud location and the altitude of its summit. When the vertical 

distribution of temperature is known, the temperature of the cloud top 

can be obtained. The presence or absence of precipitation is noted from a 

3-cm radar set whose sensitivity is maintained at a constant value from 

day to day. It is estimated that droplets of diameters of a few hundred 

microns are needed in order to produce an echo. 

The observations collected between 1300 and 1800 MST during the period 

1957 to 1960 are shown in fig. 4. The fractions at the top of the 

illustration represent, for each 6°c temperature interval, the number of 

clouds with echoes divided by the total number of clouds observed. It is 

clearly evident that in the temperature interval between -18°C and -36°C, a 

higher fraction of clouds on seeded days contained precipitation echoes. 

At temperatures outside this interval the differences were very small. 

If precipitation initiation were dependent on the presence of ice

crystal nuclei, one might expect that the silver-iodide particles are 

capable of initiating the formation of precipitation particles in clouds 

with summit temperatures below about -12°C. Statistical tests have been 

made of the difference between clouds on seeded and not-seeded days. Initial 

analysis considered two classes of clouds. Class 1 was composed of all the 

clouds with summit temperatures between -12°C and -42°C; class 2 was composed 

of clouds with summit temperatures between -18°C and -36°C. The first 

class included all clouds which were likely to be susceptible to effects; the 

second class included those clouds most likely to be affected. It is clear 

from fig. 4 that the biggest differences occurred in the second group. 

It appeared that the most appropriate test of the efficacy of seeding 

would be one which would compare the fraction of clouds on the seeded and 
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not-seeded days. The sign-rank test which considers the differences in the 

fractions on seeded and not-seeded days could be used. Unfortunately, the 

number of clouds on individual days varied from zero to an observed maximum 

of 23 and the fraction of clouds with precipitation echoes ranged from zero 

to unity. In order to obtain more meaningful fractions of clouds with 

echoes, the observations obtained on several successive pairs of days were 

combined. All the data collected during 1957 to 1960 were tabulated 

chronologically. Starting from the first pair of days, the total number of 

clouds on successive days were added together until the number of clouds 

within both the seeded and not-seeded groups exceeded 25 clouds. Since 

this resulted in only 6 groups of data, the procedure was repeated with a 

requirement that there be at least 10 clouds in each group (except the last 

one). This leads to the rather larger total of 11 subsets for which the data 

are tabulated in Table 7. 

When only the clouds with cloud-top temperatures in the interval -18°C 

to -36°C were considered, the data shown in Table 8 resulted. Here only 7 

subsets could be formed satisfying the requirement of at least 10 clouds in 

each category. 

Sign-rank tests performed on these data yielded probability values of 

0.08 to 0.14 in the cases of temperature intervals -12°C to -42°C and -18°C 

to -36°C, respectively. The second test suffered from a smaller sample size, 

of course. 

Quite obviously the interpretation of these results must be done with 

care. First of all, the use of the minimum of 10 clouds was entirely 

arbitrary. The object of this procedure is to obtain a sufficient number of 

groups to permit the application of the sign-rank test. If one were to use a 
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Table 7 

Fractions of clouds with tops between -12°C and -42°C 
which contained precipitation. 

Seeded Not-Seeded ! Difference 

12/19 0.632 3/11 0.273 +0.359 

7/11 0.636 14/28 0.500 · +0.136 

9/34 0.265 5/10 0.500 -0.235 

12/25 o.48o 7/22 0.318 +0.162 

24/29 0.828 7/26 0.269 +0.559 

12/28 o.429 6/11 0.545 -0.116 

9/11 0.818 12/13 0.923 -0.105 

14/21 0.667 4/10 o.4oo +0.267 

10/27 0.370 10/20 0.500 -0.130 

7/12 0.583 5/18 0.278 +0.305 

7/8 0.875 14/15 0.933 -0.058 

I 123/225 0.546 87/184 o.473 +0.063 

minimum number of 25 clouds, the data would be divided into 6 groups in the 

case of clouds between -12°C to -42°C. 

An alternative test whose applicability is somewhat in doubt because 

it involves a dubious assumption is the t test of the difference of the 

means. This test is strictly applicable if the mean value of the fraction 

of clouds with echoes is normally distributed. The t test shows that the 

difference of the means of the clouds with summit temperatures -12°C to -42°C 

is significant at the 0.09 level. 
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Table 8 

Fractions of clouds with tops between -18°C and -36°C which 
contained echoes, 

Group Seeded Not-Seeded Difference 

I 
1 10/14 0.714 5/15 0,333 +0,381 

2 13/25 0.520 6/11 0.545 -0.025 

3 10/12 0.833 6/10 0.600 +0,233 

4 12/14 0.857 3/11 0.273 +0.584 

5 7/10 0.700 8/11 0.727 -0.027 

6 28/38 0,737 9/13 0.692 +0.045 

7 8/11 0.727 7/8 0.875 -0.148 

Total 88/124 0.710 44/79 0.557 ! +0.152 

The interesting aspect of these analyses is that although none of them 

reveal that the differences are large enough to be statistically significant 

at the 0.05 level, they suggest that the silver-iodide seeding initiated 

precipitation echoes in clouds which would not have produced precipitation 

naturally. 

5 . Lightning 

During the period 1958 to 1960 lightning observations were made by 

observers located in a ranger tower on Mount Bigelow. Cloud-to-ground 

strokes over the Santa Catalina-Mountains were observed visually. The 

results of three summers' tests are shown in Table 9, 

It is evident from this table that in 1958 there were nine times as 

many lightning strokes on seeded days. In 1959 and 1960 there were more 

strokes on the not-seeded days. The number of pairs of days differs from 

the number of pairs in which rainfall was recorded because on some days 
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Table 9 

Number of observed cloud-to-ground lightning strokes over the 
Santa Catalina Mountains. 

No. I 

Year Pairs Seeded Days I Not-Seeded Days 
I 

1958 16 1265 138 
I 

1959 14 357 692 

l~O 14 368 446 

Total 44 1990 l 1276 

the cloud bases were below the altitude of the observatory and it was 

impossible to make observations. It might be asked why instrumental devices 

were not used to count lightning strokes. Various instruments were tried 

with little success. There does not exist a suitable instrument for 

accurately counting cloud-to-ground lightning strokes over a relatively 

small, specific area. 

After 3 years of tests it was found, as shown by the data in Table 9, 

that there were 56 per cent more strokes on the seeded days. The sign

rank test showed that the hypothesis that there was no difference between 

the likelihood of lightning on seeded and not-seeded days could not be 

rejected. The test yielded a probability of 0.16. Such a high probability 

in view of the large difference is a reflection of the high variability 

involved. The number of strokes averaged about 33 per day but it ranged 

from Oto 747. 

These results suggest that seeding as carried out in this project may 

have increased the frequency of cloud-to-ground lightning strokes but that 
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the differences were not large enough to be regarded as statistically 

significant. 

6. Sensitivity of rainfall analysis 

When one is concerned with detecting a relatively small change in a 

variable with such a large range of values as are exhibited by the rainfall 

data of Table 1, one must be prepared to carry on a long series of experiments. 

If the character of the population is known, it is possible to estimate the 

number of experiments needed to establish a given effect at any particular 

significance level. It has been asserted that cloud seeding may increase 

rainfall by perhaps 10 to 20 per cent. It seems reasonable to ask, "How 

many years of experimentation might be needed to detect a 20 per cent 

increase in rainfall at the 0.05 level, if the rainfall data given in Table 1 

represent a valid sample from the true population?" This eminently practical 

question, it must be noted, could not be answered at the start of this 4-year 

program because rainfall data for the target area were not available. 

With the data of Table 1 in hand, a number of tests were made of the 

sensitivity of the sign-rank test. The tabulated observations were assumed 

to represent random samples from the true population of rainfall for the 

period 1300 to 1800 MST. Artificial daily increases of 20 per cent were 

introduced on the seeded days and the sign-rank test was performed on the 

differences of the mean rainfall on seeded and not-seeded days. It was found 

that, although the overall mean rainfall on the hypothetically seeded days was 

16 per cent higher than on the not-seeded days, the sign-rank test did not 

yield a statistically significant result. The one-tail probability of 

obtaining the new distributions on the basis of a null hypothesis that seeding 

had no effect was o.40. When one asks how many years of seeding activity 
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would be needed to reduce the probability to the 0.05 level the answer is 

rather discouraging. This was calculated by means of the t test applied 

to the distribution of differences of rainfall on seeded and not-seeded 

days. In view of the uncertainties of the true distribution of the 

differences, this is not the best procedure for making such an estimate, 

but it should give the correct order of magnitude. If data were accumulated 

at the rate of 17 pairs per year, about 64 years would be required to 

establish that the difference in mean rainfall on seeded and not-seeded days 

was statistically significant. 

This result clearly demonstrates that the tests performed during the 

past 4 years were very insensitive. Even if there had been a 20 per cent 

increase, its statistical significance would not have been established by an 

analysis of the rainfall data. 

In order to reduce the period of experimentation it is necessary either 

to reduce the variability of rainfall or produce a greater increase than 20 

per cent. Most authorities feel that an increase of 20 per cent is a 

realistic maximum. It should be possible to reduce the variability by 

increasing the density of rain gages, by increasing the period of time over 

which the average is taken and by making the criterion for selecting 

suitable days more restrictive in order to eliminate many days on which there 

was zero rainfall. In order to test this last possibility the rainfall data 

were reexamined on the basis of more restrictive criterion for suitability. 

It should be noted that the results of this analysis cannot be used as a 

valid evaluation of the tests already conducted because it was made after 

the data were collected. The purpose is to check the effects of more 

stringent criterion for selecting suitable seeding days so that the future 

experiments can be designed more effectively. 
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In the original experiment, days were considered to be suitable when 

the morning radiosonde showed the precipitable water between the surface 

and the 400 mb level was equal to or exceeded 1.10 inches. Earlier studies 

at The University of Arizona showed that the greater the precipitable water, 

the greater likelihood of precipitation (Reitan, 1957, Bryson, 1957). It 

has also been noted that precipitable water by no means is the only factor 

governing the quantity of rainfall. 

The relationship between the presence or absence of precipitation over 

the rain gage network was examined in relation to the precipitable water 

measured on the morning (0500 MST) and afternoon (1700 MST) soundings. It 

was found that by requiring the precipitable water content to exceed 1.15 

inches in the morning and afternoon, 22 days with zero rainfall between 1300 

and 1800 MST would be eliminated from the 4-year sample while only 7 days 

with rainfall were eliminated. As one goes to higher precipitable water 

contents, as many rain as no-rain days are eliminated. For future experi

imentation the new criterion for the selection of suitable days is P. W. ~ 

1.15 during the morning and afternoon. 

When this criterion is used the number of suitable pairs of days 

during the period 1957 to 1960 is reduced from 68 to 43. The seeded days 

in this new sample had 21 per cent more rain but the sign-rank test shows a 

probability of obtaining such samples by chance is 0.37. If we assume that 

the observed difference between the seeded and not-seeded days was a result 

of chance, and we increase the rainfall on all the seeded days by the 

optimistic figure of 20 per cent, the calculated probability that the 

hypothetical rainfall could have occurred under the null hypothesis that 

seeding has no effect is 0.21. 
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If we again make the somewhat questionable assumption that the 

differences of the mean rainfall on seeded and not-seeded days are normally 

distributed, we can employ the t test to calculate the number of years of 

experiment required to reach the 5 per cent significance level. It is found 

that if the t test were applicable and a 20 per cent increase in rainfall 

could be produced, 53 pairs of days would be needed to establish a 

significant difference. On the basis of 11 pairs per summer, this means a 

period of 4.8 years would be necessary. When it is recalled that with the 

initial criterion for selecting days (i.e., P. W. > 1.10 inches in the 

morning) the t test indicated 64 years of experiments would be needed, it is 

clear that the more restrictive criterion leads to a more sensitive test. 

In section 2 is was shown that the number of gages with rain on seeded 

and not-seeded days were almost identical. The sign test was used to test 

the likelihood of an effect by seeding. The differences between the number 

of gages with rain on seeded and not-seeded days of each pair were tabulated 

and the number of positive and negative differences were compared. If seeding 

had no effect almost an equal number of positive and negative differences 

would be expected. The actual result was 29 positive and 25 negative and 

yielded a one-tail probability of 0,34, 

In order to test the sensitivity of this result, it was assumed that if 

seeding were effective, the number of gages with rain would be increased by 

two. On days with no rainfall no increase was assumed. When this was done 

the following results were obtained: the number of gages with rain was 421 

on the hypothetically seeded days and 338 on the not-seeded days; when the 

number of gages with rain on not-seeded days was subtracted from the number 

on the hypothetically seeded days, the results were 31 pluses and 23 minuses. 

The sign test yields a one-tail probability of 0.17. If seeding were capable 
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of initiating rain on days when no rain fell naturally and it is assumed 

that seeding would lead to two additional gages with rain, the one-tail 

probability falls to 0.002. However, this test clearly overestimates the 

sensitivity because on some days with no measured rain the clouds were too 

small to produce rain under any circumstances. Because of the uncertainties 

in knowing what a reasonable seeding effect would be, it is not possible to 

make conclusive quantitative statements, but these calculations show that 

this test is more sensitive than was the test involving quantities of rain

fall. 

7. Sensitivity of the tests of the frequency of occasions of large thunder

storm echoes 

As already noted, the differences between the frequency of occasions of 

large thunderstorm echoes (see Tables 5 and 6) on seeded and not-seeded days 

were too small to be regarded as having been caused by the silver-iodide 

seeding. An attempt has been made to examine the sensitivity of this aspect 

of the testing procedure. As was done in the case of rainfall, it was 

assumed that the seeded and not-seeded days came from the same population 

and an artificial effect was introduced on the seeded days. 

As mentioned earlier, an objective measure of the frequency of large 

thunderstorm echoes was obtained by noting the presence or absence of echoes 

which extended above any pre-selected altitude, The region over the mountain 

area was examined a total of 11 times - i.e., at 30-minute intervals between 

the periods 1300 and 1800 MST. If the silver-iodide particles led to more 

large thunderstorms, one would expect a greater number of observations with 

echoes on the seeded days. It is difficult to state exactly how many more 

large thunderstorm echoes could reasonably be expected on seeded days. 
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However, we have assumed, for the sake of this test, that if seeding were 

effective it would lead to a 30-minute prolongation of the period during 

which the largest echoes of the day were present. For example, if on a 

particular day only 1 of the 11 observations during the afternoon showed 

echoes above 30,000 feet (or any other altitude), it was assumed that if 

seeding were effective there would be two observations with echoes above this 

height. If there were 5 observations which showed echoes above 30,000 feet, 

it was assumed that if seeding were effective there would be 6 such 

observations. When no echoes were observed on the actual seeded days it 

was assumed that the hypothetical seeding would have no effect. The results 

of such an analysis are summarized in Table 10. Quotation marks have been 

placed around the term "seeded days" to call attention to the fact the data 

represent hypothetical results which would occur under the assumptions used 

to obtain the data. Note that only the data for the "seeded days" are listed; 

the data for the not-seeded days are no different from those in Table 5. 

Because of the small number of cases with echoes extending above 45,000 feet 

they have not been included in the table. 

Table 10 

Cumulative frequencies of occasions with echoes extending 
above the indicated altitudes for all hypothetically "seeded 
days." As noted in the text, this table was derived assuming 
the number of occasions of the largest echo on any day was 
increased by one. See Table 5 for data on not-seeded days. 

Altitudes in thousands of feet 

>15 >20 > 25 230 >35 

Total number echoes 
on "seeded" days 352 328 258 208 122 
Ratio "seeded" 
to not- seeded 1.35 1.37 1.30 1.42 1.55 

Probability .009 .003 .123 .023 .129 

>40 

78 

1.50 

.164 
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On the next to the last line of Table 10 it can be seen that the 

procedure of increasing the period of maximum echo altitude by 30 minutes 

produces an "increase" in the occasions of echoes on the hypothetically 

seeded days by percentages ranging from about 30 to 55 per cent. Because of 

the smaller numbers of occasions of larger echoes, the procedure of adding 

one occasion of echo leads to a larger percentage increase of the larger 

echoes. 

The probabilities shown in the last line were calculated by the sign 

test used in the manner described earlier. The values show that if the 

hypothetical seeding had produced the effects summarized in Table 9, it 

would lead to a rejection of the hypothesis that "seeding" had no effect on 

the frequency of echoes whose tops exceeded altitudes of 15,000, 20,000, and 

30,000 feet. For the other altitudes the level of significance is from 12 to 

16 per cent and would not lead to rejection of the hypothesis, but the values 

are low enough that one would suspect that "seeding" had an effect. 

The conclusion one draws from this analysis is that if the actual cloud 

seeding had caused an effect of the magnitude assumed here, the analysis 

procedure would have been capable of detecting it. The fact that, as shown 

in Table 6, the probabilities which apply to echoes extending above 25,000 

feet are so high, leads to the conclusion that one cannot reject the hypothesis 

that the seeding had no effect. 

8. Cloud base altitude and rainfall 

The data already presented show that although there was no significant 

difference in the total quantities of rainfall on seeded and not-seeded days, 

precipitation may have been initiated in some convective clouds which would 

not have precipitated naturally. One must admit the possibility that some 
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effects of seeding may be masked by considering all days together. Mr. 

Robert D. Elliot has suggested that seeding might have caused the 

initiation of showers which evaporated before the droplets reached the 

ground.* He proposed that if this were the case, it might be detected by 

separating the days into three categories depending on the height of the 

cloud base and the humidity of the air below the clouds. This proposal is 

examined in this section. It should be noted, however, that in view of the 

fact that the data are already in hand and that this analysis is made at 

this time because the original one failed to show that seeding increased 

rainfall, the results cannot be regarded as supplying proof of either the 

effectiveness or ineffectiveness of seeding. The value of the analysis lies 

in the hope that it might show whether the proposed effect is reasonable. 

Specific hypothesis can then be formulated and tested in future cloud

seeding experiments. 

On any particular day the cloud base height is fairly constant so long 

as there are not extensive showers and thunderstorms. Once the latter occur, 

the cloud base is lowered and the relative humidity of the subcloud air is 

increased by evaporating rain. 

By means of the cloud cameras mentioned earlier, measurements were made 

of the cloud-base heights of specific clouds. Unfortunately, the number of 

measurements varied from one day to the next and on some days none were 

obtained. In order to make it possible to utilize all of the rainfall days, 

it is desirable to have a convenient index of the height of the cloud base. 

One might expect that the higher the humidity in the subcloud air, the lower 

the cloud base. That this is the case, is shown in fig. 5 where the height 

*Private communication 
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of the cloud base is plotted against the dew-point temperature spread at 

the 850-mb level (at 1700 MST). The scatter of the points can be attributed, 

in part, to the fact that each point represents the average of only a 

limited number of measurements and that the clouds were observed from 4 

hours before to one hour after the sounding was made. Nevertheless, the 

two variables are clearly correlated. 

It is concluded that when the dew-point spread at 850-mbs is small, 

the cloud-base height is relatively low and the relative humidity is 

relatively high. For this reason all the days which were included in the 

experiment in the period 1957 to 1960 were classified according to the 

850-mb dew-point spread at 1700 MST. 

Following a suggestion by Mr. Elliot, the days were divided into three 

nearly equal groups: the group with low-cloud bases corresponded to a dew

point spread of 4 to 12.0°C; the next group included dew-point spreads of 

12.1 to 16.0°c; the group with high-cloud bases included all days with dew

point spreads greater than 16.0°c. Mr. Elliot had predicted that on the days 

with low-cloud bases there would be more rain on the seeded days. If the 

pair of days, August 17 and 18, 1959 (see Table 1) are discarded, his 

prediction is fulfilled as far as the average quantities of rain are con

cerned. See Table 11, On the other hand, if this pair of days is included, 

the quantity of rainfall is slightly higher on the not-seeded days even in the 

group with low-cloud bases. As noted earlier in this report, the validity 

of rejecting this pair of days is questionable. This is particularly true 

in this instance because the inference which might be drawn from the analysis 

depends on whether or not it is rejected. 

A vital question to be answered is whether or not the differences shown 

in Table 11 are statistically significant. Because this analysis was made 
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Table 11 

Summary of rainfall for three categories of 
850-mb dew-point spread. 

Seeded Days Not-Seeded 

Number Mean Days with Number Mean 
of Days Rainfall Zero Rain of Days Rainfall 

24 0.073 5 27 0.043 

25 0.071 5 28 0.078 

20 0.036 6 18 0.062 

23 0.013 14 22 0.034 

Days with 
Zero Rain 

6 

6 

5 

12 

*This row includes the pair of days, August 17 and 18, 1959, listed in Table 1. 

after the data were collected and examined, no statistical test can be used to 

draw valid inferences, but for the sake of exploration several tests were 

made. The differences between the seeded and not-seeded days represented by 

line 1 were examined by means of the Chi-square test and the Mann-Whitney 

U-test and found to be significant at the 0.25 and 0.11 levels, respectively. 

If the data for August 17 and 18 are included, the Mann-Whitney U-test yields 

a significance level of 0,21. 

The greatest difference was found in the sample of days represented by 

the last line of Table 11. The Mann-Whitney U-test yielded a significance 

level of 0.02, However, the number of days with rainfall was small and thus, 

this result cannot be given too much importance at this point. 

It should be recognized that these results depend, to a certain extent, 

on the interval of dew-point spread selected. Initially, the interval 4 to 

ll.0°C was selected but yielded only 21 and 16 seeded and not-seeded days, 

respectively (not including August 17 and 18, 1959), The Mann-Whitney 
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U-test showed the samples differed at the 0.21 level rather than the 0.11 

level found when the interval 4 to l?.0°C was adopted. 

In summary, it cannot be concluded on the basis of these data that 

seeding caused an increase of precipitation on days with low-cloud bases. 

On the other hand, the possibility that it may have occurred cannot be 

rejected. It certainly seems reasonable that if seeding is capable of 

initiating precipitation in small clouds with small quantities of liquid 

water, then the likelihood of detecting the effects are greater when the 

cloud bases are close to the ground. This analysis has served the purpose 

of establishing another hypothesis to be tested in cloud-seeding experiments 

now in progress. 

9. Interpretation of results 

At the start of this research project, it appeared reasonable on the 

basis of existing theoretical and observational data to predict that airborne 

silver-iodide seeding in the manner employed should have caused some 

important detectable changes in the behavior of the convective clouds under 

study. Four years of experimentation have shown that if the seeding produced 

changes, they were small and could not be detected at a satisfactory level. 

Why? There are at least three major possible reasons: (1) The seeding 

technique was ineffective; (2) The evaluation technique is not sufficiently 

sensitive; (3) Our initial ideas on the processes of precipitation formation 

are not correct. It has been assumed that many clouds failed to rain because 

of the absence of an adequate supply of ice-crystal nuclei and that by adding 

nuclei it would be possible to stimulate rain to fall in measurable 

quantities. 

Let us examine each of the three factors in turn. 
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Seeding technique -- The silver-iodide burner employed in these tests 

was manufactured by the Commonwealth Scientific and Industrial Research 

Organization in Australia and sent by Dr. G. G. Bowen, the director, to the 

United States for use on various research projects. The solution of 

AgI-in-acetone and the rate of consumption by the burner are almost the 

same as were used by the Australians in some of their cloud seeding 

experiments. According to their tests, the output of this generator is of 

the order of 1012 nuclei per gram at -10°C. 

The average number of nuclei per liter was estimated in the following 

way. A normal seeding run was 20 miles long at an air speed of about 

60 mph across the mean wind of 10 mph. By the time the aircraft traversed 

the 20-mile leg, the plume of AgI smoke would have moved downwind one-third 

of 10 miles or 3.3 miles. All the particles, in the ideal case, could be 

considered to be uniformly spread over an area 20 by 3,3 miles and through 

some specified depth of the atmosphere. The average concentrations would 

have been 70 and 20 per liter for vertical spreads through depths of 1 and 

3 km respectively. In a later section of this report it will be shown that 

the average concentration of ice-crystal nuclei measured on an 8,500 ft 

peak in the Santa Catalina Mountains was about 0.3 per liter, a quantity two 

orders of magnitude below the calculated values of AgI nuclei. 

Clearly the assumption that the nuclei are uniformly spaced over the 

mountain may be very much in error. One would expect that the winds at 

seeding altitude carried over the mountain a sawtooth-shaped plume whose 

constituent nuclei were being diffused laterally and vertically. The degree 

of diffusion and the validity of the assumption of uniform dispersion would 

depend on the time. The plume of nuclei was laid out at a distance of about 

30 min upwind from the nearest edge of the mountain range, However, because 
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of the area of the mountains (see fig. 1), the time required for a 

particular AgI crystal to blow clear of the mountain target would vary from 

perhaps an hour to up to more than 4 hours depending on the winds at the 

flight level. On the average about 2 to 3 hours would be required before 

the nuclei moved over the entire mountain. In the case of light winds one 

might expect that the assumption of uniform dispersion would be much 

closer to reality than in the case of strong winds. 

At the start of this project it was decided to seed at a level of 

about -6°C in order to be certain that the AgI nuclei reached temperature 

regions where they could be effective. This temperature level falls between 

about 18,000 and 21,000 feet during the summer months. It was visualized 

that the cloud of nuclei produced at the output of the generator would be 

carried over the mountain region and be diffused horizontally and 

vertically, as already noted. It was assumed that as convective clouds 

grew through the regions containing the nuclei, they would entrain nuclei 

into the cloud because of mixing at the top and sides of the clouds. 

(See, e.g., Squires, 1960). Although this idea still seems reasonable, one 

must admit the possibility that the three-dimensional air motion in the 

vicinity of a building convective cloud is such that the quantity of nuclei

rich air entrained as the cloud builds through the levels containing the nuclei 

may be small. If this were the case the number of nuclei entrained into the 

cloud might be too small to effectively modify the cloud. If one assumed 

that 10 per cent of the air in the supercooled part of the cloud were 

entrained, the concentration of artificial nuclei, if they were uniformly 

dispersed, would be reduced to 2 to 7 per liter. If it were only 1 per cent 

the concentration would be down to 0.2 to 0.7 per liter. Although it is not 

. I 
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known with any degree of certainty what concentrations of artificial ice

crystal nuclei are needed to modify the convective clouds, it would appear 

that 1 to 10 per liter should have some effect if present conceptions about 

precipitation processes are correct. On the basis of this reasoning, it 

may be concluded that seeding at the -6°C level is not the most effective 

scheme, but nevertheless one would have expected enough nuclei to enter the 

clouds to have caused an effect if all that were needed were more ice 

crystals. The fact that the expected effects were not observed suggests 

the possibility, however, that this reasoning is not correct. As a result, 

it has been decided that in future seeding tests AgI seeding will be carried 

out near the level of the cloud base. It is generally believed that the 

roots of the clouds are close to the ground and that the major source of 

updraft air is near the ground. By releasing the particles near the cloud 

base, it should be possible to increase the concentration of ice-crystal 

nuclei which reached supercooled parts of the clouds. 

Statistical tests -- Many aspects of the statistical techniques adopted 

for this research were discussed in earlier sections of this report. A few 

other important points are worth noting. 

The sign-rank test employed in most evaluations is not a very powerful 

test because the 2 days of each pair are not highly correlated. Another non

parametric test, the Mann-Whitney U test, which can be applied when the 

samples are independent, is more powerful. 

In deciding whether to use a statistical test such as the sign-rank 

test with pairs of days or one like the Mann-Whitney U test, one must consider 

other factors besides the sensitivity of the tests. First of all it must be 

recognized that no statistical test is likely to be sufficiently sensitive to 

lead to positive conclusions in one year. It will be necessary to combine 
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observations taken over a number of years. A technique of data collection 

must therefore be devised which will not be seriously affected by year-to

year changes in the weather. When a procedure is adopted where a contiguous 

pair of days, one of which is seeded according to a randomization scheme, is 

taken as a unit of the experiment, one is assured that during any year the 

number of seeded and not-seeded days are equal. Thus, if one summer is dry 

and the next summer is wet, there will be an equal number of seeded and not

seeded days during the dry and the wet summers. 

If one wishes to employ a test such as the Mann-Whitney U test it is 

necessary to randomize by the day rather than by pairs of days. As a result, 

there is no guarantee that there will be an equal number of seeded and not

seeded days each summer. For example, if there were 30 working days during 

a wet summer and each day were randomized, it would not be unlikely to expect 

17 seeded and 13 not-seeded days or vice versa. Let us say that such was the 

case during a wet year. If the next summer were dry and chance resulted in 

13 seeded and 17 not-seeded days, one would find after 2 years of tests that 

there were 30 seeded and 30 not-seeded days. If there were more rain on the 

seeded days, one would have to recognize that the effects of year-to-year 

differences may have been responsible. On the other hand, if the number of 

seeded and not-seeded days were equal every summer, it is not at all evident 

that the differences of raininess from one year to the next would bias the 

results of the seeding tests. 

Since the procedure for data collection and the statistical test em

ployed must be compatible, a non-parametric test such as the sign-rank test 

would be appropriate with an experimental design involving pairs of days. 

As already noted, the large variability in the rainfall measurements 

made in the past would make it difficult for any statistical test to find an 



-37-

increase of 20 per cent or less in any reasonable length of time. This is 

not the case with the number of gages with rain or with the frequency of 

large thunderstorm echoes. The fact that a significant difference was not 

found in the analyses of these quantities indicates that seeding, as 

performed, could not be shown to be effective. No other valid statistical 

test would show otherwise. 

10. Factors governing the quantity of rain from convective clouds 

The seeding project discussed in this report was carried out because 

it was felt that there were sound physical reasons for expecting an increase 

of rainfall from supercooled cumuli when AgI particles were added. This 

aspect of the program is discussed in detail by Battan and Kassander (1960). 

The silver-iodide seeding experiments were based on two broad assumptions: 

1. The chief mechanism for precipitation formation is the ice-crystal 

mechanism and the reason why more rain does not fall is that there is often 

a deficiency of ice-crystal nuclei in the atmosphere. 

2. The initiation of precipitation in clouds which would not rain 

naturally or the acceleration of the precipitation process would lead to an 

increase of rainfall at the ground. 

This section deals with various analyses which shed light on the validity 

of these two assumptions. 

Precipitation initiation mechanism -- It has been argued, that because 

of the high cloud bases and the low cloud-top temperature at the time of 

precipitation initiation, the ice-crystal process is the dominant precipitation 

initiation mechanism in cumulus of the Southwest. (See, e.g., Braham et al., 

1951). An analysis of the heights of the initial echoes in convective clouds 

in southern Arizona has led to the conclusion that this is not the case. 
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From a consideration of the altitudes of the initial echoes as a function of 

the cloud base altitude it has been concluded that the coalescence mechanism 

is the dominant precipitation mechanism. A detailed discussion of this point 

is given in Appendix I. 

Ice-crystal nuclei and rainfall -- The basic hypothesis on which this 

and most other cloud-seeding projects have been based is that the ice

crystal precipitation process is the dominant one and that there is usually 

a deficiency of ice-crystal nuclei in the atmosphere. Although it is 

difficult to specify exactly how many nuclei per cubic meter at -10°C (for 

example) are required for the efficient production of precipitation, it 

appears reasonable to expect that the concentration should be of the same 

order of magnitude as the concentration of raindrops. Thus, one would 

estimate that the optimum number of nuclei at -10°C should be of the order 

of 1 to 10 per liter. 

Flight observations made by James E. McDonald with a diffusion-type 

nuclei counter showed that at -15°C the average concentration was below 1 

per liter. 

During the daylight hours in the summers of 1959 and 1960, observations 

were made of the concentration of ice-crystal nuclei by means of a refrigerated 

expansion-type box supplied by the U.S. Weather Bureau. The instrument was 

located at the top of Mount Bigelow, an 8,500-ft peak in the Santa Catalina 

Mountains. It is unfortunate that no observations were available during 1957 

and 1958, but the instrument did not become available until 1959. 

The ice-nuclei observations are of interest for several reasons. 

Recently Kline (1961)* presented observations of ice nuclei made with the same 

*D. B. Kline, 1961: Some Aspects of the Measurability and Interpretation of 
Natural Ice Nucleus Fluctuations. Presented at International Conference on 
Cloud Physics, Canberra and Sydney, Australia, 11-20 Sept. 1961. 
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type of instrument in various parts of the world. It was found that the 

concentrations on Mount Bigelow were the highest of all. It is not clear 

why this is the case. However, one must immediately suspect that perhaps 

the copper smelters in the area could be sources of ice-crystal nuclei. In 

flights through the smoke from some smelters in southern Arizona, James E. 

McDonald found very high concentrations of ice-crystal nuclei. If the 

generally higher concentrations of nuclei on Mount Bigelow came from smelter 

smokestacks, it might be expected that the concentrations over the Santa 

Catalina Mountains would depend on the wind direction. It might also be 

suspected that the failure of the cloud-seeding experiments to demonstrate 

that the AgI nuclei modified rainfall or cloud sizes was in part caused by 

these effects. 

Various aspects of this problem have been examined. Table 12 presents 

-10°C and -20°C ice-crystal nuclei concentrations on summer days with rain 

and days with no rain during the period 1300 to 1800 MST. 

Table 12 

Ice-crystal nuclei on Mount Bigelow during the summer of 1959 
and 1960. Concentrations per liter at -10°C and -20°C. 

-10°C I -20°C Number 

Mean Range Mean Range 

Days with rain 0.38 0.01 - 1.77 12.1 3.4 - 31.5 

Days with no rain 0.24 o.oo - 2.46 11.3 o.4 - 49.8 
; 

I 

Clearly there are no significant differences between the nuclei 

concentrations on days with rain and days with no rain. 

of 
Days 

21 

20 
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It might be argued that on days with no rain the clouds might have 

been unsuitable for seeding and this is the reason for the lack of 

differences exhibited in the table. The relation, if any, between nuclei 

counts and mean rainfall between 1300 and 1800 MST was examined by plotting 

fig. 6. Clearly there was no relation between nuclei concentrations and 

rainfall amounts. 

The concentrations of -10°C and -20°C nuclei on Mount Bigelow on seeded 

and not-seeded days were compared, Table 13. 

Table 13 

Concentrations per liter of -10°C and -20°C on Mount 
Bigelow during the summers of 1959 and 1960. 

I -10°C -20°C 

Mean Range Mean Range 

Seeded days 0.30 o.oo - 2.46 11.1 o.4 - 31.5 

Not-seeded 0.32 o.oo - 1.77 12.4 2.1 - 49.8 

Number 
of 

Days 

22 

19 

It is evident that on Mount Bigelow there was no difference between the 

concentrations of nuclei on the seeded and not-seeded days. 

The concentrations of ice-crystal nuclei for various wind velocities 

were also examined. The wind velocities measured at 10,000 feet by the 

Weather Bureau rawin at 0500 MST were employed in making this comparison. 

After plotting the concentrations of -10°C nuclei, as a function of wind 

velocity, mean values were calculated for the four quadrants of the compass. 

The results are shown in Table 14. 
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Table 14 

Concentration (per liter) of -10°C as a function of the 
direction from which the 10,000 ft wind was blowing. 

Q d t ua ran 

NE SE SW 

0.23 0.19 0.31 

0.03 - 0.77 0.02 - 1.00 o.oo - 2.46 

Number of Days 9 I 11 13 ! 

NW 

0.56 

0.01 - 1.77 

8 

The differences between the observations are too small to be regarded as 

having any significance. This analysis leads to the conclusion that the 

concentration of -10°C nuclei on Mount Bigelow did not depend on the wind 

direction at 10,000 ft. This result also suggests that the effects of the 

smelters on the nuclei concentration in the area are not so localized as to 

affect day-to-day variations in the rainfall over the Santa Catalina Mountains. 

The quantity of ice-crystal nuclei measurements clearly is not sufficient 

to permit broad generalizations. Also, there is a great deal of uncertainty in 

interpreting measurements with the refrigerated expansion box in terms of 

effective nuclei in the free atmosphere. Nevertheless, the implication of 

these data is that the quantity of rainfall which fell from convective clouds 

over the Santa Catalina Mountains did not depend on the concentration of ice

crystal nuclei. If the quantity of natural precipitation is not a function 

of the ice-crystal nuclei concentration, it seems reasonable to suspect that 

the quantity of rainfall cannot be modified by increasing the concentration of 

nuclei. 

Precipitation initiation and the quantity of rainfall -- It has been 

clearly established that precipitation may form in convective clouds by the 
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coalescence process. In tropical clouds with warm cloud bases, rain forms 

in clouds with temperatures much warmer than freezing. When convective 

clouds with higher and colder bases are involved, taller and colder clouds 

are required for the production of precipitation. However, this does not 

necessarily mean that the coalescence mechanism is any less effective in 

the formation of large waterdrops. If one accepts the hypothesis that 

precipitation in virtually all convective clouds may be initiated by the 

coalescence mechanism, then it becomes reasonable to suggest that possibly 

the conversion of many supercooled drops to ice crystals cannot materially 

change the precipitation properties of the cloud in the short period of time 

available for the precipitation to form. Braham and Sievers (1957) have 

already shown that in many convective clouds the introduction of dry ice may 

cause ice crystals to form but produce little or no precipitation to the 

ground. 

This line of reasoning raises the very fundamental point as to whether 

the seeding techniques which have been developed for the treatment of stable 

supercooled cloud systems are applicable to rapidly changing, unstable 

convective clouds. 

There is a certain amount of uncertainty about the physical factors 

which govern the quantity of rain which falls from a convective cloud. In 

performing cloud-seeding experiments we assume that the microphysical aspects 

of the cloud itself play a major role in determining how much rain will fall. 

On the other hand, synoptic meteorologists predict the quantity of rainfall on 

the basis of medium- and large-scale properties of the atmosphere. With 

certain types of synoptic conditions one can accurately predict that large 

thunderstorms with heavy rainfall will form. In such cases the fact that 

heavy rainfalls do occur is not in any obvious way related to the ice-crystal 
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nuclei content of the air. Instead, the important factors seem to be 

moisture content and stability of the air and the vertical motion of a 

large body of air. 

Attempts have been made to understand the factors influencing rainfall 

in convective clouds of the type formed over the mountains in the summer. 

The data employed were those collected during the seeding project. 

This seems like an appropriate place to point out that although our 

experiments were designed so that valid statistical tests could be made, the 

observations obtained are equally valuable in studying the physics of the 

clouds. To put this in another way, we wish to note that it is fallacious 

to imply that "statistical" and "physical" evaluations are distinctly 

different and mutually exclusive techniques of studying clouds and the effects 

of cloud seeding. 

The rainfall observations collected over the mountain network during 

the period 1300 to 1800 MST were used to divide the days into three groups, 

depending on the daily average rainfall per gage: days on which the rainfall 

per gage during the period 1300 to 1800 MST was not zero but averaged less 

than 0.01 in are called days with "light rain"; when the average equaled or 

exceeded 0.1 in, rainfall was called "heavy." In this analysis all the days 

were considered regardless of whether or not they were seeded, this being 

permissible now that we have established a lack of significant difference 

between the two populations. 

We have examined the light and heavy rain days in an attempt to establish 

differences between them. Table 15 presents some statistics about the 2 

sets of days. By coincidence there were 22 days in both the light and heavy 

rain categories. It can be seen that the average· precipitable water (P.W.) 

was about 5 to 10 per cent higher on the wetter days. A Chi square test shows 
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the differences to be significant at about the 0.06 level. The so-called 

Showalter-Stability Index (S.S.I.) was 0.5°c lower on the mornings of the 

heavy rain days but the differences are too small to be statistically 

significant. On the afternoon soundings the mean values of the stability 

index were virtually the same. In interpreting these results it should be 

recalled that since both the precipitable water and stability index depend 

on the 850-mb moisture, the two ~uantities are correlated. Although the 

differences are small, they are in such a direction as to favor the 

development of deeper convection on the days of heavy rain. 

Number 
Deys 

Light rain 22 

Heavy rain 22 

Table 15 

Some properties of days regarded as 
days with light and heavy rainfall. 

of Mean Mean P.W. 
Rainfall 0500 M 1700 M 

0.004 1.40 1.37 

0.116 1.46 1.51 

Mean S.S.I. 
0500 M 1700 M 

-0.64 -1.41 

-1.18 -1.32 

As noted in an earlier section of this report, stereographic camera and 

radar observations have made it possible to draw conclusions about the 

relation between the cloud-top temperature and the likelihood of precipitation 

echoes. In order to test if the ~uantity of precipitation depends on the 

level of initiation of precipitation, the appropriate cloud and radar 

observations on the light and heavy rain days were employed to prepare fig. 7. 

It is evident that except at the very low temperature end of the scale where 

there were few observations, the curves fall almost on top of one another. 

This striking result, if it is verified by further observations, has some 

important implications. 
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Convective clouds have been seeded with silver iodide (and dry ice) 

because, in theory, one of the three following effects may be brought about: 

(1) precipitation may be initiated in clouds which would not precipitate 

naturally; (2) precipitation may be initiated earlier (and at a lower 

altitude) in a building cloud; (3) the released latent heat of fusion may 

increase the buoyancy by a sufficient amount to lead to larger clouds. It 

has been reasoned that each of these effects could lead to an increase in 

rainfall at the ground. 

Let us assume that if there were no seeding, the curve representing the 

relationship between cloud-top temperature and the likelihood of pre

cipitation is the solid curve in fig. 8. If cloud seeding were capable of 

initiating precipitation (effect 1), a point originally at N would be moved 

in the direction shown to a new point s1 • If seeding could accelerate the 

precipitation mechanism (effect 2), it would act to move point Pin the 

direction shown to a new position point S2. If both effects were present 

as a result of seeding, they would lead to a shift of the position of the 

entire curve to the position shown by the dashed curve. It has been reasoned 

that such a shift should lead to more rainfall. However, we have seen from 

fig. 7 that nature does not work this way. On heavy and light rain days the 

curves of likelihood of precipitation initiation fell almost together. Thus, 

it is reasonable to ask; "If nature does not cause increases in rainfall by 

changing the level of precipitation initiation, why should seeding do it?" 

One might regard the curves in fig. 7 as giving reasonable estimates 

of the probabilities of precipitation as a function of altitude in a 

particular growing cloud. The technique of interpreting the properties of 

an individual from an average of many other individuals is commonly used. For 

example, how would an insurance man go about estimating the probability that 
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a 20-year-old man will have cancer when he reaches the age of 50? A curve 

showing the probability of cancer as a function of age can be constructed 

from an examination of many thousands of individuals of different ages. The 

average curve can then be used to draw inferences about any one individual. 

The fact that the two curves in fig. 7 fall so close to one another 

suggests that, in a statistical sense, the quantity of rain which will fall 

from a particular cloud does not depend on the altitude (or temperature) at 

which the precipitation is initiated. 

Thus, a general inference which one could draw from fig. 7, if there 

were a sufficient quantity of observations to have confidence that the super

imposition of the curves is real, is that manipulation of the microphysics of 

convective clouds in efforts to cause the initiation of precipitation at a 

lower altitude in the cloud is not likely to lead to increased rainfall. 

This applies regardless of the seeding agent, silver-iodide, dry ice, salt 

particle or a water spray. Quite obviously at this stage this inference must 

be regarded as somewhat speculative until more observat_ions of the type used 

to construct fig. 7 have been obtained. 

If the microphysics of the cloud particles does not govern the amount 

of precipitation, what does exert the control? In Section 3 of this report, 

a discussion is given of an objective technique for measuring the frequency 

of the largest precipitation echoes. This scheme was employed to obtain 

fig. 9 which shows the frequency of largest echoes on the days of light and 

heavy rain. Note that the data are expressed in terms of the mean number 

per day, i.e., during the period 1300 to 1800 MST. It is quite clear that 

on the days with heavy rain there were more and greater echoes. In fig. 10 

the data presented in fig, 9 have been recast in terms of the frequency of 

occasions of echoes which extended to a particular 5,000-ft altitude interval. 
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If one started on the right-hand side of the diagram and summed towards the 

left, the curves in fig. 9 would be obtained. The fact that there were many 

more echoes extending about 30,000 ft on the days of heavy rain is quite 

clear from fig. 10. Note that the interpretation of these curves is not as 

straightforward as it may seem. The fact that at altitudes below 25,000 ft 

the dashed curve is higher than the solid curve does not necessarily mean 

that there were more smaller echoes on the days of light rain. The procedure 

for extracting the data from the radarscope film involved a tabulation of 

whether or not there was at least one echo over the region whose top exceeded 

any particular altitude. The largest echo determined what was tabulated. 

For example, if at 1330 MST there were many echoes which extended to a 

variety of altitudes but the largest echo extended to 43,000 ft, the 

tabulation showed that there was at least one echo which extended above every 

altitude (at 5,000-ft intervals) up to 40,000 ft. Separate tabulations were 

not made of the vertical extent of other echoes. As a result of this 

procedure, the frequency of echoes in fig. 10 below the highest altitude 

interval is underestimated and the degree of underestimation increases as 

one goes to smaller echoes. Also the degree of underestimation increases as 

the frequency of larger echoes increases. 

If one were to assume that whenever there is an echo of any given vertical 

extent, there also are other echoes extending to lower altitudes, the curves 

in fig. 9 (although they represent cumulative curves) would be better measures 

of the relative frequency of echoes of any size than the curves in fig. 10. 

The radar film must be reanalyzed in order to obtain data on the frequency of 

echoes extending to preselected altitude intervals. 

Although some uncertainties regarding a quantitative interpretation 

remain unresolved, there is no question about the conclusion that on days with 
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heavy rain there were more echoes and, particularly, more large echoes 

than on the days with light rain. On the basis of this result it is clear 

that the quantity of rainfall depends on the duration and depth of the 

convective currents. This conclusion suggests that seeding with ice-

crystal nuclei may be effective in increasing precipitation if it can lead 

to an increase of cloud buoyancy. This is the effect number 3 mentioned 

earlier. Kraus and Squires (1947) first proposed that nucleation of a 

supercooled cloud would lead to the release of sufficient heat of fusion to 

cause clouds to reach high altitudes. Mason (1957) states it could lead to 

an increase of temperature less than 1°C at a temperature of -10°C and 

pressure of 650-mb. The temperature increase caused by liberated latent heat 

can be calculated if the distribution of supercooled liquid water content and 

fraction of frozen water are known, 

Latent heat of fusion and cloud growth -- Consider a cloud 7 km thick 

with the 0°C isotherm 2 km above the cloud base. (The convective clouds in 

southeastern Arizona typically have their bases at about 3 km and the 0°C 

level is at 5 km,) Assume that the liquid water varies with altitude 

according to a sine law with a maximum concentration of 4 gm/m3 (7.4 gm/kg) 

3,5 km above the cloud base (see the curve m' in fig. 11), If it is further 

assumed that the fraction of the supercooled water which freezes increases 

linearly from zero at 2 km to 1.0 at 7 km, the curve labeled min fig. 11 

represents the concentration of liquid water frozen as a function of 

altitude. The increase of temperature caused by released heat of fusion 

can be obtained from 
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which, in the particular case considered here, yields 

~T' 
TT 

sin --- z 
Ht 

where Lf is the latent heat of fusion taken as 80 cal/gm, Cp is the specific 

heat at constant pressure, m0 is the maximum liquid water content in mass 

of water per unit mass of dry air, and H0 and Ht are the altitudes of the 

zero degree isotherm and cloud top respectively. 

The solid curve of fig. 11 shows the results of the calculations. It 

can be seen that in this particular case, the maximum temperature increase 

is about l.2°C. The foregoing equation shows that the temperature increase 

is directly proportional to the maximum liquid water content. Clearly, the 

temperature increase depends on the assumed distribution of the quantity of 

frozen cloud water. For example, if it is assumed that the value of liquid 

water m' increased linearly with height to 7.4 gm/kg at 7 km while the 

fraction of frozen water varied as before, the temperature increase would 

reach a maximum of about 2.4°C at the cloud top. 

These calculations show that freezing of supercooled water can lead to 

a maximum increase of temperature of 1 to 2°C under reasonable conditions. 

When calculations of cloud buoyancy are made, freezing must be taken into 

account because typical maximum values of 6 T in the buoyancy equation 

are of the order of 5°c. 

dw 
dt 

= g 6T 
T 

Obviously the freezing of supercooled water increases the cloud 

buoyancy, but this does not necessarily mean that cloud seeding will increase 

cloud buoyancy. In order to demonstrate that it does, it is necessary to 

show that cloud seeding will cause a greater mass of water to freeze than 

would have been the case had there been no seeding. 
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In small convective clouds whose tops reach a level where the 

temperatures are in the vicinity of -10 to -15°C, dry ice and silver iodide 

could lead to ice crystals and an increase of buoyancy. However, in clouds 

of this type in the southwestern United States, the liquid water content 

would be low, possibly of the order of 1 gm/m3 or less. This would lead to 

a temperature increase of the order of a few tenths of degrees as a maximum. 

In larger convective clouds, those greater than 8 to 10 km thick, ice 

crystals are usually found in the upper part of a growing cloud while super

cooled water can be found in abundance near the middle portions of the cloud, 

As the cloud ages the ice crystals spread downward through the cloud. It is 

not known at this point how much additional water freezes because of the 

seeding. 

There is no doubt that in most convective clouds the supercooled 

droplets can be caused to freeze at lower altitudes if sufficient quantities 

of dry-ice or silver-iodide particles can be introduced near the 0°C 

isotherm. This effect could act to increase the net buoyancy in the cloud if 

the total quantity of liquid water remains the same. In making the 

calculations of the quantity of heat released by freezing, it was assumed 

that Lf was constant and equal to 80 cal/gm. This assumption is valid if 

freezing takes place at 0°C. If the droplets in upper levels of the cloud 

are caused to freeze at lower temperatures, the appropriate value of Lf would 

be less than 80 cal/gm and a smaller quantity of heat would be released for 

each gram of water which freezes. 

'I'his analysis leads to the conclusion that although it can not be con

cluded that the nucleation of supercooled clouds by means of artificial 

nuclei will lead to a significant increase in cloud buoyancy, the possibility 

of such an effect does exist. Additional study is obviously in order. 
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In summary it can be concluded that if the thermodynamic and kinematic 

properties of the atmosphere and the cloud lead to strong updrafts and 

large clouds, precipitation will be produced. The nuclei properties of the 

atmosphere may determine some of the microphysical properties of the clouds 

and where the initial precipitation particles appear, but the quantity of 

rainfall will be mostly determined by the strength and depth of the updrafts 

in the clouds. 

It should also be noted that there was a pronounced difference in the 

lightning frequency on the days of light and heavy rain. The number of cloud

to-ground lightning strokes observed visually during the ~eriod 1300 to 1800 

MST average 2 and 157 per day on the days of light and heavy rainfall, 

respectively. Again, it is indicated that on days with heavy rain there 

were strong updrafts which led to large thunderstorms and pronounced charge 

separation. 

Summary -- Is it not possible that some clouds may grow to a height 

where the quantity of condensed water is such that rain might be expected, but 

that a deficiency of nuclei of the proper type prohibits precipitation 

particles from forming? This possibility seems real. It appears that if 

the clouds are supercooled, AgI seeding might lead to the formation of some 

larger particles which would produce a radar echo. In Section 4 (fig. 4) it 

was noted that on the seeded days more clouds in the temperature interval 

-18°C to -24°C were observed to contain precipitation echoes than clouds of 

the same temperatures on not-seeded days. In Section 3 (Table 6) it was 

pointed out that the greatest statistical differences between echo frequencies 

on seeded and not-seeded days were found with echoes whose tops were below 

25,000 ft. 
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The data suggest that the silver-iodide seeding performed during the 

last 4 years may have caused the formation of precipitation particles in 

clouds which would not have precipitated naturally} but that these clouds 

were characterized by limited buoyancy and were capable of producing only 

small and possibly unmeasurable quantities of precipitation. The micro

physical manipulation may have resulted in the accumulation of sufficient 

water to cause the smaller radar echoes which yield little rainfall at the 

surface of the earth. 

In a study of precipitation echoes in Arizona, Braham (1958) found 

that although the precipitation over mountain tops was about three times 

higher than in the valley, the number of individual new echoes was 15 to 25 

times higher. This result indicates that many echoes form which produce 

little or no precipitation at the ground. 

In summary} the comparison of the cloud, radar and lightning observa

tions on days of light and heavy rainfall leads tQ the speculation that the 

quantity of rainfall from convective clouds depends not on the ice-nuclei 

properties of the atmosphere but on the properties of the atmosphere which 

govern the formation of the updrafts and clouds. The fact that over a period 

of 15 yearsJ scientists have failed to demonstrate that rainfall at the 

ground could be increased by cloud seeding makes it essential that this 

fundamental point be exhaustively studied. 

11. Future research 

The results of 4 years of research on convective clouds in southern 

Arizona have served to much more clearly define the problems involved and 

give some ideas on the course of future research in this area. 
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The results, in some respects, are discouraging. The cloud modifica

tion techniques which seemed feasible in 1957 have not been supported by 

experiments. However, it has been found that the seeding experiments have 

not been as sensitive as we had hoped they would be. This result suggests 

a repetition of the seeding tests by means of an experimental design intended 

to make the tests more sensitive. This course of action is being followed, 

and in a later section the main aspects of the new program are discussed. 

On the other hand, the analyses of the data have raised serious doubts 

about the premises underlying the entire program of seeding convective clouds 

with ice-crystal nuclei for the purpose of causing increases of rainfall. 

The evidence accumulated to date suggests that the microphysical properties 

of the clouds are not nearly as important as was once suspected. It is 

imperative that this line of investigation be pursued and this is, in fact, 

going on. It is essential to establish which precipitation initiation 

mechanism (coalescence or ice-crystal) is more important, and possibly, if 

the mechanism of precipitation initiation is irrelevant insofar as the 

quantity of precipitation is concerned. 

The relative importance of various scales of phenomena needs study. To 

date most cloud physicists have concentrated their attention on the micro

physical aspects of the clouds. It is imperative that we learn more about 

the mesa-scale properties of the environment in which the cloud forms and the 

thermodynamics of the cloud-forming processes. In addition, the role played 

by the larger scale features of the flow pattern in governing the formation 

of clouds and precipitation needs increased study. Because of the sparsity 

of upper air observations, particularly in the southwestern United States, 

studies of this type are difficult. However, once the problem has been 

properly formulated, it should be possible to obtain the requisite data. 
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Major features of new seeding project -- One of the major criticisms of 

the original experimental design is that it is not sensitive enough. The 

major reason for this is the high rainfall variability. In order to reduce 

the variability, the criterion for selecting suitable working days has been 

made more restrictive. As noted in Section 6, by considering as suitable 

days only those days on which the precipitable water was equal to or greater 

than 1,15 inches at both 0500 and 1700 MST (the times when the radiosonde 

observations are taken), and assumming the rainfall data collected during the 

period 1957 to 1960 are truly representative, this criterion would lead to 

rejection of many days with zero rainfall and lead to a test which could find 

a 20 per cent rainfall increase (at the 0.05 level) after about 5 years of 

experimentation. 

A second step taken to reduce the sampling variability has been to 

increase the concentration of rain gages. During the period 1957 to 1960 

there were 29 gages dispersed over the target area. The concentration of 

gages amounted to about one gage per 13 square miles. In the new tests the 

number of gages has been increased to 35 and the area has been reduced to such 

an extent that the density of gages is about one per 7 square miles. 

A third major change in the experimental design is that the silver 

iodide particles are being dispersed at an altitude near the cloud base, i.e., 

near 10,000 ft. Airborne seeding still is being used. 

A more detailed discussion of the new program will be given in a future 

report. 

12. Major conclusions 

Four years of randomized seeding orographic convective clouds in 

southern Arizona has failed to show that silver-iodide particles dispersed 
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from an airplane flying at the -6°C level caused a detectable change in the 

(1) quantity of precipitation, (2) the lateral spread of precipitation, 

(3) the frequency of large thunderstorms, or (4) the frequency of cloud-to

ground lightning strokes. 

There is some evidence to suggest that the silver-iodide particles may 

have caused the formation of precipitation echoes in clouds which would not 

have developed echoes naturally. It is reasonable to assume that it is 

possible to cause the redistribution of cloud water such that a few large 

particles are produced in the place of many small cloud droplets without, in 

the process, causing a measurable increase in rainfall at the ground. 

The sensitivity of the seeding tests concerned with the quantity of rain

fall at the ground was much lower than had been expected, and as a result, 

one cannot conclude that these experiments prove that seeding cannot increase 

rainfall at the ground. The tests of the lateral spread of rainfall and the 

frequency of large thunderstorms, two factors correlated with the quantity of 

rainfall, were much more sensitive and led to the conclusion that reasonable 

seeding effects should have been detected. 

The results of the statistical tests and the "physical evaluations" of 

the data suggest that the microphysics of clouds plays a much smaller role in 

determining the quantity of rainfall than had been expected. If the results 

cited earlier in this report are borne out by continued research now in 

progress, they would lead to the conclusion that silver-iodide seeding is not 

likely to lead to increased rainfall from convective clouds. '.Ihis conclusion 

makes it imperative that meteorologists give greater attention to natural 

precipitation mechanism in order to develop effective means to modify them. 

In order to further test the value of silver-iodide particles for 

modification of convective clouds as well as to shed additional light on 
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natural precipitation processes, a new series of cloud-seeding experiments 

has been started. The new tests have been designed in such a way as to attempt 

to overcome the shortcomings of the first series of experiments. 

In summary, we have utilized the knowledge gained from the first 4 years 

of work to design a two-pronged research program. Continued cloud-seeding 

experiments are in progress. At the same time observations are being collected 

to permit continued analyses of natural cloud and precipitation processes. 
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Legends for Illustrations 

Fig. 1 Topographic map of the Santa Catalina Mountains showing the location 
of recording rain gages. 

Fig. 2 Frequency distribution of the differences of mean rainfall 
(1300 to 1800 MST) between seeded and not-seeded days of the pairs 
included in the seeding experiment. 

Fig. 3 Distribution of mean rainfall from 1300 to 1800 MST on seeded and not
seeded days. 

Fig. 4 Per cent of clouds with precipitation echoes as a function of the 
cloud-top temperature. The fractions plotted along the upper part 
of the diagram show the number of clouds with echoes and the total 
number of clouds in each temperature interval. These data were used 
to calculate the percentages plotted in the bar diagram. 

Fig. 5 Height of the average cloud-base altitude in 1958, 1959 and 1960 
plotted against the 850-mb dew-point spread at 1700 MST. 

Fig. 6 Mean rainfall during period 1300 to 1800 MST plotted against the 
concentration of ice-crystal nuclei on the same day. 

Fig. 7 Same as fig. 4 except that the solid line represents days with "heavy" 
rain while the dashed line represents days with "light" rain. 

Fig. 8 Schematic representation of the possible effects of seeding. 
Fig. 9 The average frequency of occasions of echoes with tops exceeding the 

altitudes shown on the abscissa. 

Fig. 10 Frequency of occasions of echoes extending to particular 5,000-ft 
intervals. Note that this diagram was derived from fig. 9. See the 
text for a discussion of the interpretation of this illustration. 
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Fig. 11 The variation with altitude of (1) liquid water concentration (m'), 

(2) the concentration of liquid water frozen (m) on the assumption 

that the fraction of water which freezes increases linearly from 

0 to 1.0 at the freezing level and cloud top, respectively, and (3) 

the temperature increase (6T 1 ) of the cloud air caused by the 

release of latent heat. Calculations were made for a cloud 7 km 

thick and with 0°C isotherm 2 km above the cloud base. 
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RELATIONSHIP BETWEEN CLOUD BASE AND INITIAL RADAR ECHO 

Louis J. Batt an 
The University of Arizona 

ABSTRACT 

The altitudes of the average initial precipitation echoes in convective 
clouds in Arizona for particular days have been compared with the altitudes 
of the calculated cloud base. They are found to be positively correlated. 
'Ihe implication of this result is that the dominant precipitation initiation 
mechanism in convective clouds in southern Arizona is the coalescence process. 

Various authors have presented observations of the altitudes and 

temperatures of the initial radar echoes in convective clouds and interpreted 

the results in terms of the precipitation processes (Reynolds and Braham, 

1952; Battan, 1953; and others). On the basis of observations of this kind 

it has been inferred that the condensation coalescence process often can 

account for the formation of the precipitation particles. 

In a recent paper Braham (1958) presented an analysis of initial radar 

echoes in convective clouds in Arizona. He observed a general decrease of the 

altitude of the average echoes as the summer progressed. Braham wrote "It is 

not known whether the apparent progressive change in first echo heights 

through the first nine days of data is a real phenomena." 

In an attempt to explain Braham's data and possibly learn something about 

natural rain processes in convective clouds, the change of altitude of the 

initial echoes has been compared with corresponding changes in the cloud base 

altitude. 

Braham presented two sets of data. In the first set, only those echoes 

were included where the time interval between radar observations was less than 
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3 min (Braham's Table 3). In the second set, observations taken when the 

interval was 3 to 6 min were tabulated (Braham's Table 4). As one would 

expect, the longer the time intervals the higher the echo tops and the lower 

the echo bottoms. The decrease of echo altitudes as the summer progressed was 

most clearly shown by the observations in the first set. Only these observa

tions are considered in this study. 

The heights of the cumulus cloud bases were determined from a thermo

dynamic diagram by means of the parcel method. Radiosonde data taken in the 

afternoon (1700 MST) were employed. Average conditions in the lowest 2500 ft 

were considered and the air was lifted dry adiabatically until the convective 

condensation was reached. Admittedly, this procedure has some shortcomings, 

but it is generally regarded as giving satisfactory estimates of the heights 

of cumulus bases. 

Figure 1 presents the altitudes of the mean echo tabulated by Braham for 

each day against the calculated cloud base, The solid lines represent days 

with 10 or more observations. The dashed lines represent days with 5 and 6 

observations. Braham also listed a day with only one echo; this one has not 

been included. It should be recognized that on any day the heights of initial 

echoes vary over a fairly large range. Clearly in such a circumstance, the 

greater the number included in the average, the more meaningful is the average. 

As can be seen from fig, 12, there appears to be a definite relationship 

between the height of the cloud base and the height of the initial echo. 

Observations of the altitude of initial radar echoes in Arizona in 1956 

have also been studied by Ackerman (1960). The author accumulated data for 

the years 1957, 1958, and 1959, All days on which at least 10 initial echoes 

were observed were tabulated and form the basis for fig, 13, In this diagram 

the altitude of the midpoint of the average initial echo for each day was 
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plotted against the calculated cloud base. The midpoint was chosen because 

it should be more representative of the position of the initial echo than 

either the top or the bottom of the echo. There is considerable scatter but 

this is to be expected. The accuracy of the calculated cloud base altitude 

is no better than plus or minus about one thousand feet. Also, the mean echo 

altitudes are uncertain by about the same magnitudes. 

The correlation coefficient between the variables plotted in fig. 13 is 

o.48. The value is not large numerically but still is significant 

statistically at a level below 0.01. 

The solid line drawn through the points on fig. 13 is the regression 

line calculated to minimize the square of the deviations from th~ line. The 

equation was obtained by following the procedure proposed by Morgan (1960) and 

was checked by employing a technique discussed by Sellers (1957). Clearly the 

altitude of the initial echo increases with increasing cloud base altitude. 

It can be inferred from a comparison of the solid and dashed line that, in 

general, the centers of the regions of initial precipitation particles are 

located from about 5,000 to 10,000 ft above the cloud base. The higher the 

cloud base the greater is the distance above the base at which the initial 

precipitation particles are formed. This result appears to be quite reasonable 

if it is assumed that the initial precipitation particles are formed by the 

coalescence process. The higher the cloud base and the lower the temperature, 

the smaller the quantity of released water vapor per kilometer of ascent and 

the smaller the liquid water content. For typical summer conditions during 

the rainy season in southern Arizona, the parcel method yields the result 

that in a cloud 10,000 ft thick the average liquid water contents are 4.0 and 

3.0 g/kg in clouds whose bases are at altitudes of 8,000 and 12,000 ft 

respectively. As a result, a growing water droplet is constrained to rise a 
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greater amount in order to grow to a radar detectable size (estimated to be 

of the order of 200 microns in diameter). 

Figure 14 presents a plot of the temperature of the midpoint of the 

initial echo against the cloud base temperature. The regression line shows, 

as has just been noted, that the lower the cloud temperature (i.e., the 

higher the altitude) the greater is the altitude (and temperature) spread 

between the cloud base and the initial echo. 

Ackerman (1960) found no relation between the altitude of the initial 

echo and that of the 0°C. The same negative result is found when more data 

are employed, fig. 15. Clearly the midpoint of the initial echo can be either 

above or below the 0°C line. 

Discussion 

On the basis of the information already discussed, the schematic drawing 

in fig. 16 was constructed. It presents average altitudes and temperatures. 

The terrain over which the echoes were observed ranged from about 2,000 to 

almost 9,000 ft. It is of some interest to know the altitude of the cloud base 

above the terrain. Braham (1958) gives a topographic map of the area and 

presents some figures of the percentages of the area surrounding the radar set 

which fall between particular altitude intervals. These data were used to 

compute an average terrain altitude and yielded a value of 3,600 ft. This 

figure does not give a representative average altitude because on 18 of the 

total of 35 days included in this analysis, the radar observations were 

restricted to the region between O and 90 degrees of azimuth around Tucson 

and within a range of 10 and 35 miles. We have not attempted to make 

quantitative analysis of this factor but rather have estimated that 4,ooo ft 

is probably an appropriate average terrain altitude. 
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'Ihe observations discussed in this paper show that the altitude of the 

region where precipitation particles first appear depends on the altitude 

of the cloud base. According to the calculated regression line, as the latter 

increases from 8,000 to 12,000 ft, the midpoint of the average initial echo 

rises from about 14,000 to 22,000 ft, but there is considerable scatter 

around the regression line. For the most part, the initial echo straddles 

the 0°C isotherm. On the basis of these data it must be inferred that in 

these clouds the coalescence process is very effective. 

Ludlam (1951) calculated that the minimum cloud depth for shower 

production by the coalescence process was between about 5,000 and 6,000 ft 

provided droplets of 20 microns radii are present near the cloud base. He 

further predicted that if the cloud base temperatures exceeded 8°C showers 

could form even if the clouds did not grow to the 0°C level. As can be seen 

from fig. 14, the cumulus clouds observed in southern Arizona usually have 

temperatures exceeding +10°C. On the basis of Ludlam's arguments it would 

have been predicted that if cloud droplets of 20 microns radii or greater 

formed near the cloud base, precipitation drops would develop by the coales-

cence process. 

Ludlam's work supplies convincing theoretical reasons for expecting that 

in convective clouds of the type observed in Arizona, the coalescence process 

is capable of initiating rainfall. The observational data presented in this 

paper are convincing evidence that most of the initial echoes observed were 

caused by the coalescence process. 

The temperatures of the midpoints of the initial echoes ranged from about 

-12°C to +3°C. It is reasonable to expect that few ice crystals formed at 

temperatures warmer than -10°C to -15°C. Therefore, if the echoes had been 

initiated by ice crystals, the particles detected by the radar set must have 
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been falling and growing by coalescence. They would not be observed until 

they grew to sizes where their equivalent water volumes were equal to a 

droplet of perhaps 200 microns in diameter. Since the growth by coales

cence is proportional to the liquid water content, if the particles were 

initiated above the region of detection and grew as they fell, one would 

expect that the higher the liquid water content the higher the region of 

the initial echo. As already noted, the liquid water content at a given 

level in a cloud increases as the cloud base temperature increases (and its 

altitude decreases). Thus, it would be expected that if the initial echoes 

were caused by ice crystals which were falling and growing by coalescence, 

the altitude of the initial echo would increase as the altitude of the cloud 

base decreased. This is contrary to the observations, which show that just 

the reverse is true. 

On the other hand, if larger cloud droplets formed near the cloud base 

grew by coalescence as they ascended, the higher the liquid water content 

associated with lower and warmer cloud bases, the lower would be the region 

of the initial precipitation particles. Thus, one must conclude that the radar 

observations show that the initial precipitation particles were formed by the 

condensation-coalescence process. 

It has been felt that the ice-crystal process was the dominant one in the 

"cold" convective clouds of the semiarid Southwest and that only in a small 

number of clouds did the coalescence process cause precipitation. It now 

can be affirmed that just the reverse is the case. 

, 
I 
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Legends for Illustrations 

Fig. 12 Mean altitudes and sizes of initial echoes on seven days in 

1955. From Braham (1958). 

Fig. 13 Average altitude of the midpoint of initial echoes plotted 

against altitude of visual cloud base. 

Fig. 14 Average temperature of the midpoint of the initial echo plotted 

against the temperature of the visual cloud base. 

Fig. 15 Average altitude of the midpoint of the initial echo plotted 

against the altitude of the 0°C isotherm. 

Fig. 16 Schematic representation of the average altitudes and 

temperatures of the cloud base and the top and bottom of the 

initial echo. 
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