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Seeding Cumulus in Florida:
New 1970 Results

Rainfall increases from single cloud seeding are
conclusive; next is multiple seeding to promote “mergers.”

Joanne Simpson and William L. Woodley

Dynamic cumulus seeding and the
promising apparent rainfall increases
that resulted from a randomized single
cloud seeding experiment in Florida in
1968 have recently been described (7).
Briefly, dynamic seeding involves mas-
sive doses of artificial freezing nuclei
(silver iodide), which is usually intro-
duced into the tops of supercooled
cumuli by dropping pyrotechnic flares
(2) from aircraft. The purpose of the
massive seeding (100 to 1000 active
nuclei per liter at — 10°C) is to rapidly
release all the latent heat of freezing
available in the cloud’s supercooled
water and thus to increase the buoy-
ancy or growth forces. The dynamic
seeding experiments of the National
Oceanic and Atmospheric Administra-
tion (NOAA) have been based on a
one-dimensional computer model of a
cumulus tower, which predicts that in
tropical areas dynamic seeding can often
cause large growth of the cloud (more
than 3 kilometers in the vertical).

Pioneering seeding work in 1963 with
this model was described in 1964 (3).
Since then two randomized experiments
have been conducted, in 1965 and 1968.
They revealed that the initial conditions

Dr. Simpson is director. of the Experimental
Meteorology Laboratory, National Oceanic and
Atmospheric Administration, and adjunct profes-
sor of atmospheric science, University of Miami,
Coral Gables, Florida 33124. Dr. Woodley is a
research ~meteorologist at the Experimental
Meteorology Laboratory.

9 APRIL 1971

of the cloud-environment system deter-
mine which of four possible growth re-
gimes will follow dynamic seeding. In
descending order, the regimes are ex-
plosive growth, hesitation growth, cutoff
tower growth, and no growth (4). The
experiments showed conclusively that
dynamic seeding can cause considerable
vertical growth under specifiable condi-
tions and that the model has considera-
ble success in predicting its amount.
Now that it has been improved to treat
the growth of precipitation (5), the
model also has considerable success in
predicting internal properties of both
modified and unmodified clouds (6).
The most important contribution of the
model is, however, the concept of “seed-
ability”—the predicted top height differ-
ence (in kilometers) between the seeded
and unseeded cloud. Not only were these
model predictions confirmed in 1965 and
1968, but the model-predicted seedabil-
ity was shown to be highly correlated
with the measured rainfall differences
between seeded and control clouds (7).
This result epitomizes the most impor-
tant point regarding dynamic seeding;
namely, what causes seeded clouds to
rain more is the increased cloud size and
lifetime rather than direct changes in
microphysics or rainfall rate.

Use of a calibrated ground radar with
the 1968 Florida seeding data showed
that, for the first 40 minutes after the
seeding run, seeded clouds precipitated
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an average of 100 to 150 acre-feet more
than did the controls, a difference of
about 100 percent (7). Because the
cloud sample was too small, however,
the statistical significance of the rainfall
differences was marginal; it ranged from
5 to 20 percent with several different
two-tailed tests.

1970 Florida Single Cloud

Experiments: Design and Execution

To enlarge the previous sample, the
NOAA-Navy group planned to conduct
an improved repeat of the 1968 single
cloud experiment from 15 April to 31
May 1970. We also planned our first
attempt at a randomized multiple cloud
seeding effort. .

For the single cloud experiment, there
were two major design improvements.
(i) Seeding took place from a better in-
strumented aircraft that carried the proj-
ect scientists instead of from a less
equipped, two-man aircraft that was di-
rected by radar. Both of us rode behind
the pilots, and one (W.L.W.) pressed
the seeding button at roughly 100-meter
intervals in the part of the cloud that
was active and had a high water content.
The delivery racks were armed or dis-
armed in the rear of the aircraft by a
“randomizer,” who opened in secret the
sealed envelopes containing the de-
cisions. The envelopes were prepared by
a statistician (8) to say “seed” or “no
seed” according to a procedure roughly
similar to tossing a coin (but where
long strings of successive identical in-
structions were precluded). (ii) An at-
tempt was made to randomize in pairs
to obtain seeded and control clouds that
were better matched than was the case in
1968.

Execution of the 1970 experiments
was beset by difficulties. A serious pub-
lic relations problem arose, largely be-
cause of unusually heavy March rains.
Vegetable growers, conservationists, and
cattlemen of south Florida became
alarmed at the prospect of a cloud seed-
ing program to follow on the heels of
floods. Particularly upset were the to-
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mato farmers, whose harvest was ex-
tended into the experimental period; any
rainfall during harvest badly damages
tomatoes. The multiple cloud seeding
program had to be postponed until July,
and the single cloud experiment was al-
lowed to proceed but with severe re-
strictions in area.

Both experiments were salvaged
through the selection of impartial ob-
servers to monitor the experiments on
behalf of the growers. The observers
were agricultural agents of the Dade
County Extension Service (9) for Vege-
table and Fruit Crops, one of whom
was in the Radar Laboratory during all
operations to keep track of the aircraft
and seeded clouds. A separate report is
being prepared on the public relations
developments (70).

Compounding the public relations dif-
ficulties were unfavorable weather con-

ditions during April and May. A drought
set in from 1 April to 20 May, during
which no seedable clouds presented
themselves. The drought was broken on
20 May by Tropical Storm Alma, and
from then through 31 May conditions
were highly disturbed. Layers of clouds
commonly made seeding impossible, and
high natural growth made seedabilities
small. From 15 April to 31 May, there
were four operational days, three of
which provided a seeded sample under
disturbed weather conditions.

The second phase of the experiment
was executed between 29 June and 19
July 1970. There were no public rela-
tions problems, and the weather was only
slightly more unfavorable than normal.
The multiple seeding was given priority,
but we were able to obtain three single
cloud days in this period and 2 days on
which a single cloud experiment was
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Fig. 1. Location of clouds used in Florida single cloud seeding experiment 1970. The
blind cones in the University of Miami calibrated 10-centimeter radar are also shown.
The quadrilateral to the south of Lake Okeechobee (2700 square nautlcal miles) is the
target area for the multiple cloud seeding experiment.
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combined with the multiple cloud ex-
periment. The only disadvantage of the
combination was the sacrifice of a
matching number of seeded and con-
trol clouds on some days.

Real time predictions of the numeri-
cal model were used to guide the flight
operations. The latest version (/1) was
run each day with the early morning
(1200 G.M.T. or 0800 E.D.T.) Miami
radiosonde observation. Flights were
usually launched on days when seedabili-
ties exceeded 1 kilometer for one or
more horizontal tower diameters. Only
six flights were made without seeding,
out of a potential 59, and no seedable
days were missed.

Altogether there were nine opera-
tional days in 1970 on which the single
cloud seeding experiment was con-
ducted. The details of the operation and
data analyses are given elsewhere (72,
13). The locations of the experimental
clouds with respect to the University of
Miami radar are shown in Fig. 1. A
case study of each cloud, with photo-
graphs, appears in a more detailed re-
port (12) together with tabulations of
the “before and after” measurements
and documentation of ambient condi-
tions. Twenty-nine single clouds were
obtained: 13 seeded, 6 random con-
trols, and 10 radar controls (7).
By comparison, in 1968 there were
14 seeded clouds, 5 random controls,
and 5 radar controls. In 1970, the aver-
age radar control rainfall exceeded that
of random controls by 1.7 acre-feet (0.8
percent); on 4 of the 5 days when both
random and radar controls occurred,
the radar controls were wetter and more
vigorous. In 1968 and 1970 together,
radar controls were 6 percent wetter on
the average than were random controls.

Radar Systems, Analysis Methods,
Problems, and Mean Results

The unique, modified 10-centimeter
radar of the University of Miami, its
calibration and operation in the experi-
ment, have been described in detail else-
where (I, I14). Briefly, rainfall is
evaluated by measuring echo areas at
cloud base (about 2500 feet, or 760
meters) and by integrating these over
time. This method has been tested by
a radar-rain gauge comparison (/5); it
has also been shown that the spectrum
of raindrops is no different for seeded
and control clouds (/4).

" There were more analysis problems
with the 1970 radar data than there were
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in 1968 because three seeded clouds
moved into radar blind cones (Fig. 1)
or ground clutter. Their rainfall was
evaluated by means of approximations
described in detail elsewhere (12, 13).
An attempted repeat of the radar-rain
gauge calibration also suggested that the
underestimation of the heavy rains by
the radar may have been more severe
than it was in 1968. We can show, how-
ever, that the conclusions in this article
would be strengthened rather than weak-
ened by elimination of all these errors
and approximations (/3).

Table 1 compares the mean total
seeded and unseeded rainfalls for the
first 40 minutes after seeding and for
the total cloud lifetimes. The former
measure was chosen because few merg-
ers occurred prior to 40 minutes after
seeding. Despite all our efforts to avoid
them in both years, 14 experimental
cloud echoes merged with neighbors
and had to be dropped from the analy-
sis after the time of merger. There were
nine seeded mergers and five controls, so
that the effect of the truncated analyses
was, if anything, to bias the results
against seeded clouds.

For the first 40 minutes the average
seeded minus control difference is about
100 acre-feet (see Table 1), an increase
of about 55 to 75 percent. For the
whole cloud lifetimes, the difference ex-
ceeds 250 acre-feet, or considerably
more than 100 percent. The important
question is whether these seeded-control
differences can be attributed to the
seeding. The results of the statistical
significance tests (/6) confirm the causal
relationship. In all the tests shown in
Table 1, the fourth roots of the rainfall
amounts were taken in order to mini-
mize the effects of nonnormality and to
make the statistical models more applica-
ble in view of known day-to-day varia-
tions in seeding effect.

The first test is the Wilcoxon-Mann-
Whitney, which does not require a nor-
mal distribution of data. With this test,
the combined 1968 and 1970 results are
significant at the 0.5 percent level for
both. the first 40 minutes and the total
cloud lifetimes. The 1970 results alone
are significant at the 10 and 5 percent
levels, respectively. The second test is
a covariate regression. The total trans-
formed rainfall of the control clouds
after the seeding run is plotted as a func-
tion of that of the 10 minutes before the
seeding run, and a linear regression is
fitted. The resulting equation is used
to predict the total (transformed) seeded
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Table 1. Summary of rainfall results from single cloud seeding. Average rainfall R after seeding

is given in acre-feet. Symbols: n, number of
Significance tests: 1, Wilcoxon-Mann-Whitney;

cases; R, seeded rainfall; R,,, control rainfall,
2, covariate regression; 3, analysis of covariance;

4, analysis of daily means. (All tests are one-tailed, with significance equal to or better than the

values listed.)

Average

Year Seeded Unseeded difference Significance
n R, n R (R, —R.,,) 1 2 3 4
0 to 40 minutes after seeding

1970 13 2584 16 164.0 94.4 .10 .10 .10 .05
1968 and

1970 26 2493 26 140.8 108.5 .005 .005 .05 .005

Total cloud lifetimes after seeding

1970 13 490.8 16 204.8 286.0 .05 .05 .10 .01
1968 and

1970 26 433.8 26 163.3 270.5 .005 .01 .05 .005
rainfall, the predicted and observed R (total) seeded amounts are multiplied

quantities are subtracted, and the signifi-
cance of the difference is tested. The
low values demonstrate that seeded and
control populations differ significantly,
particularly when the 1968 and 1970
data are combined.

The third test, analysis of covariance,
is performed by plotting the total (trans-
formed) rainfall after the seeding run
versus that for the 10 minutes before the
seeding run separately for seeded and
control clouds. A linear regression is
fitted to each set of points, and the dit-
ference between the two lines is tested
for significance. The results of this test
are less satisfactory than the others,
owing to inhomogeneity between the
1968 and 1970 control cloud populations
(17). The fourth test examines the dif-
ferences between seeded and control
mean (transformed) rainfalls on each
day averaged over all days, with allow-
ance made for the fact that there were
unequal numbers of seeded and control
clouds on many days.

A quantitative measure of the seed-
ing effect in terms of the nontransformed
data is obtained as follows: The original

Table 2. Stratification of total rainfall results:

by a suitable constant (< 1.0) such that
the estimated seeding effect is identically
zero when these reduced values are
transformed by the fourth root and re-
analyzed, as was done in the analysis of
daily means. For the combined 1968
and 1970 data, this constant is approxi-
mately 0.3; that is, seeding increased the
precipitation by a factor greater than 3.
It is interesting to compare this result
with the last line of Table 1. The factor
by which we must multiply R,, (163.3
acre-feet) to obtain Es (433.8 acre-feet)
turns out to be 2.7, in good agreement
with the value derived by sounder sta-
tistical methods.

Again in 1970 the data show that the
seeded clouds rained more than the
controls because they were bigger,
longer-lasting clouds. In 1970 seeded
clouds averaged 19 percent taller and 75
percent larger in area, and their echoes
lived 56 percent longer than did the
control cloud echoes. Multiplying these
factors together gives 3.2, in fine agree-
ment with the statistical estimate of the
1970 seeding factor and with the rougher
estimate from Table 1.

mean rainfall R in acre-feet. Significance was

calculated by means of the Wilcoxon-Mann-Whitney test (all tests are one-tailed, with signifi-
cance equal to or better than the values listed). Symbols: n, number of cases; R,, seeded rain-

fall; R,, control rainfall.

Average
Seeded Unseeded .
Stratification difference Significance
n T’za n R, (Es - Ens)
1968 and 1970

Fair 22 458.7 20 89.1 369.6 .005
Rainy 4 297.1 6 411.4 —114.3

All 26 433.8 26 163.3 270.5 .005

1970

Fair - 10 519.6 11 74.0 445.6 .005
Rainy 3 395.0 5 4927 —97.7

All 13 490.8 16 204.8 286.0 .05
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Fair Versus Rainy
and Intraday Comparisons

From our 1968 results it appeared
that the dynamic seeding effects were
much larger on fair than on rainy days
(I, 11). We now stratify our data in
terms of an objective criterion (12, 13).
A rainy day is defined to occur when
12.7 percent of the south Florida area
is covered by precipitating clouds. All
radar echoes within a radius of 100
nautical miles of Miami are plani-
metered on a radarscope; a coverage
exceeding 4000 square nautical miles at
1800 G.M.T. qualifies the day as rainy
(18). This boundary is consistent with
tropical rainfall studies (1/9), which
show that 50 percent of the total rain
falls on 10 percent of the days with
rain; it is this 10 percent that we have
defined as rainy.

Table 2 shows the effect of this strati-
fication on the amounts of seeded and
control rainfall and their differences.
The important result is that on fair days
the rainfall increases due to seeding are
in the range of 330 to 400 acre-feet, or
of the order of 400 percent of the un-
seeded clouds’ precipitation. The differ-
ences are significant at the 0.5 percent
level. On rainy days it appears that
seeding may actually decrease rainfall,
although the rainy sample is not large
enough to test significance. In going from
a fair to a rainy day, the control cloud
precipitation increases three to six times,
partly because, even initially, rather
narrow towers naturally reach cumu-
lonimbus stature on disturbed days.
Also, with two clouds having the same
top height, the one in the disturbed en-
vironment probably rains more owing
to smaller concentrations of condensa-
tion nuclei (20).

Furthermore, Table 2 suggests that, in
going from a fair to a rainy day, seeded
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Fig. 2. All seeded minus control pairs, AR,
for all permutations each day for the whole
cloud lifetime or until merger, plotted
against echo area coverage at 1800 G.M.T.
within a radius of 100 nautical miles of
Miami. This area coverage is proportional
to degree of disturbance or “raininess”; the
boundary between “fair” and “rainy” is de-
fined as a coverage of 4000 square nautical
miles (vertical dashed line), which is about
12.7 percent of the total area.

clouds rain less. With the 1968 data,

" we found that in south Florida rainy

days are commonly associated with rapid
wind changes in the vertical, called wind
shear. Strong shear inhibits the explosive
growth of seeded clouds and restricts the
length of their lifetimes (/7). In 1970
the mean shear (850 to 200 millibars)
was nearly 50 percent stronger on rainy
than on fair days, and seeded cloud life-
times were one-third shorter.

Next, intraday rainfall differences are

Table 3. Stratification of total rainfall results: intraday comparisons of mean rainfall R in
acre-feet. Symbols: n, number of cases; R,, seeded rainfall; R,,, control rainfall. Significance
test: 1, #-test for paired comparisons; 2, Wilcoxon signed rank test. (All tests are one-tailed,
with significance levels equal to or better than the values listed.)

Mean
difference all

Stratification permutations

day mean difference

Mean of intra- Significance

n Es — E,“ n —ﬁs - T(m 1 2
1968 and 1970
Fair 29 432.6 13 369.6 .025 .004
Rainy 6 —22.2 4 —54.6
All 35 354.6 17 269.8 .025 .01
1970

Fair 16 557.2 6 561.2 .05 .02
Rainy 5 —27.5 3 —74.1
All 21 418.0 9 349.4 .10 .08
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computed by permuting all seeded
clouds with all controls, which results
(for example) in four pairs on a day
with two seeded and two control clouds.
In case of merger, the paired compari-
son is truncated at the time of merger.
The results of this analysis are pre-
sented in Table 3 (“all permutations™).
Unfortunately, the results of this scheme
cannot be subjected to statistical tests
because the pairs generated in this way
are not independent. Intraday mean
seeded minus control differences were
obtained by calculating mean seeded
and control rainfall for the day and then
subtracting (Table 3, “Intraday mean”).
Thus only one difference is obtained per
day, which drastically decreases the
sample size. However, the mean of the
intraday differences can be tested sta-
tistically. For 1970 alone the signifi-
cance is marginal (10 percent level), but
it is satisfactory (5 percent level or
better) when 1968 and 1970 are com-
bined. The seeded and control dif-
ferences vary little between all permuta-
tions and intraday means (Table 3). On
fair days the differences range from 370
acre-feet to above 550 acre-feet, whereas
they are small and negative for rainy
days. For fair and rainy days together,
the mean differences range from 270
acre-feet to above 400 acre-feet, which is
equal to or higher than overall mean
differences in Table 1.

In Fig. 2 all seeded minus control
pairs AR’s (for all permutations) are
plotted against degree of disturbance or
“raininess.” With one exception, all dis-
turbed AR’s are either negative or zero.
The fair AR’s consist of nine very large
values (= 400 acre-feet), five moder-
ately large values (100 < R < 400 acre-
feet), and 15 small or negative values
(AR = 100 acre-feet). Therefore, a fair
day is a necessary but not a sufficient
condition for large rainfall increases
from seeding individual clouds.

The small and negative AR’s in Fig. 2
were analyzed. One was a case of a
seeded cloud that died without growth.

Fig. 3 (opposite page). Mean soundings
(composite radiosonde observations) for
four different cumulus growth regimes in
the tropics. The soundings are plotted on
tephigrams (potential temperature, abscis-
sa; actual temperature, ordinate). The tem-
perature curves are the solid lines; the
dew point temperature curves are the
dashed lines. (A) Suppressed growth (sev-
en soundings). (B) Cutoff tower growth
(four soundings). (C) Explosive growth
(six soundings). (D) Large natural growth
(eight soundings).
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Nine were cases in which the cutoff
tower regime followed seeding, and in
five cases either the seeded or control
echo merged, which forced early termi-
nation of the analysis. Fortunately, cut-
off tower situations can now be diag-
nosed with our numerical model (17)
or even, fairly well, by inspection of the
radiosonde observation only (see next
section).

Cloud Growth

In the 1970 experiment the 13 seeded
clouds all grew to cumulonimbus stature
—that is, above 31,000 feet (1 foot =
30.48 centimeters). Five clouds ex-
hibited the cutoff tower growth mode,
two exhibited hesitation growth, and six
grew explosively. Of the 16 control
clouds, ten reached cumulonimbus stat-

a. 1944 GMT. M-33 b. I957 GMT. M-20

c. 1959 GMT. M—-18 d. 2009 GMT.

FIRST CONTOUR >.0l in./hr
SECOND CONTOUR >.35 in./hr THIRD CONTOUR > .68 in./hr.

¢ o of f

1954 GMT. 2004 GMT. 2009 GMT. 2015 GMT
M-23 M-13 M-8 M-2
} 5n.miq

Fig. 4. (Top) Before merger (M) photographs of clouds A (seeded) and B (unseeded)
on 16 July 1970, taken from seeder aircraft at an elevation of 21,000 feet. The camera
direction is indicated in the upper left of each photograph. The numbers below each
panel are the times in minutes relative to the time of merger. (a) Seeded cloud (A) 26
minutes after seeding and 33 minutes before merger with cloud B. Cloud A, exhibiting
“hesitation growth,” is entering its main growth phase at this time. (b) Cloud A has
attained miniature cumulonimbus stature. Cloud B is growing rapidly. (¢) Cloud B has
become the more vigorous cloud. (d) Both clouds have attained cumulonimbus stature
but have not yet merged on radar. (Bottom) Precipitation histories of clouds A and B
before merger. Depictions were constructed from photographs of the University of
Miami 10-centimeter radarscope as the antenna scanned 0.5° elevation, which corre-
sponds to a beam center altitude of 3500 feet at the range of these clouds. Note rapid
growth of cloud B relative to cloud A.
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ure. The seeded clouds grew an average
of 14,000 feet after the seeding run, and
the control clouds grew an average of
7800 feet. The difference of 6200 feet
is significant at the 1 percent level. This
figure is to be compared with a differ-
ence of 5200 feet in 1965 and 11,400
feet in 1968. In 1965, one-third of the
seeded clouds failed to grow (owing to
poor seedability), whereas in 1968 the
random controls grew an average of only
1100 feet after the seeding run and four
out of five failed to reach cumulonimbus
stature. The 1970 control sample is
probably more representative of un-
modified supercooled Florida clouds.
The inhomogeneity between 1968 and
1970 control clouds caused some diffi-
culty in the analysis of covariance
(Table 1).

Now that the randomized dynamic
seeding experiment on single clouds has
been conducted three times on a total of
28 operating days, and 76 clouds se-
lected by the precise statistical procedure
described (41 seeded and 35 controls)
have been studied in detail, we can con-
struct mean soundings that typify the
atmospheric conditions prevailing with
each growth regime (Fig. 3). Figure 3A
illustrates the typical condition when
cumulus growth is suppressed. On days
like this one, cloud tops do not reach
the seeding level (about 21,000 feet or
— 10°C). When the inversion and dry-
ing are at a somewhat higher elevation,
cumuli may reach the seeding level but
seedability is small or zero. Figure 3B
illustrates the typical sounding for the
cutoff tower regime. The extremely dry
stable layer in midlevels causes the
seeded tower to separate from the cloud
body; wind shear is not necessary for
this growth mode to prevail. In Fig. 3C
we see the most favorable conditions for
dynamic seeding. Here there is a weak
stable layer in midlevels, which restricts
natural growth, and an unstable upper
troposphere. Seeded clouds with this
environment commonly explode in two
phases. The first is a vertical growth to
an altitude of 35,000 to 45,000 feet,
which requires 10 to 15 minutes, and the
second is a horizontal expansion, which
requires another 15 to 20 minutes (3).
The resulting giant cumulonimbus may
persist for 2 hours or more. The sound-
ing in Fig. 3D is typical of rainy dis-
turbed conditions, where seedabilities are
again small, here owing to large natural
cloud growth. In south Florida, these
conditions are often, perhaps usually,
accompanied by strong vertical shear,
which inhibits explosive growth.
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The Next Steps: Mergers
and What They Suggest

The question that now arises is how
best to utilize these single cloud results,
both toward improved water manage-
ment and toward understanding (per-
haps, one day, modifying) the organiza-
tion of cumuli into systems and storms.
The Florida single cloud experiments
have had mainly a scientific motivation,
but important clues to these next steps
have already come from them. Ironi-
cally, the merger cases that plagued the
single cloud rainfall evaluations have
proved to be the most informative. The
most striking feature of mergers is the
great increase in water production that
frequently follows.

As an illustration, a brief discussion
of one of the more interesting mergers
of two initially isolated clouds is pre-
sented in Figs. 4 and 5. Cloud A was
seeded; cloud B was not. Both clouds
paced one another to great heights, with
the seeded cloud reaching 41,000 feet
before merger. After merger, the con-
solidated cloud system reached 53,000
feet. The radar depictions of the two
clouds during their merger phase is
shown in Fig. 5 (bottom). The area of
the system increased with time, as did
the area covered by the innermost in-
tense cores. In its most intense phase
the merged system covered over 100
square nautical miles.

The merger of the seeded cloud with
its neighbor resulted in a great increase
in precipitation production compared
with what the component clouds pro-
duced prior to merger (Fig. 6). This
merger also produced an order of mag-
nitude more precipitation than isolated
clouds on this day. A specific compari-
son is presented in Table 4 for the
merger case and the two isolated con-

Fig. 5. (Top) After merger (M) photo-
graphs of clouds A (seeded) and B (un-
seeded) on 16 July 1970, taken from
the seeder aircraft at an elevation of 21,-
000 feet. The camera direction is indicated
in the upper left of each photograph. The
numbers below each panel are the times
in minutes relative to the time of merger.
(a) Clouds 1 minute before merger on

radar (see Fig. 4d). Note pileus (cap .

cloud indicating vigorous growth) near the
tops of both clouds. (b) Clouds 6 minutes
after merger seen in the upshear direction
under the anvil. (¢) Clouds A and B have
lost identity as the merger has become a
massive thunderstorm complex. (d) The
complex 37 minutes after merger. (Bot-
tom) Precipitation history of clouds A and
B after merger on the University of Miami
10-centimeter radar, as in Fig. 4, bottom.
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trol clouds. Although all clouds sur-
passed 40,000 feet, it would have taken
36 isolated clouds to equal the precipi-
tation of the merged system!

From this and other merger cases
(21) it became apparent that our efforts
at rain enhancement would be most
successful if the seeding could promote
the formation of cloud mergers and
other more complicated but potentially
more productive cloud systems. It also
became apparent that merger and or-
ganization are probably the first neces-
sary steps in the formation of squall
lines, tropical storm rainbands, and the
giant cumulonimbus systems that fuel
the large-scale equatorial air motions
(19). These organized “cloud clusters”
play so large a role in driving the plane-

a. 20I16 GMT. M-I

I - ’
c. 2033 GMT.

M+16° d. 2053 GMT.

tary circulations that they will be the
main focus of the tropical experiment of
the Global Atmospheric Research Pro-
gram planned for 1974 (22).

Multiple Cloud Seeding Experiment

From 29 June to 19 July 1970, we
executed a pilot project in multiple
cloud seeding over south Florida. This
program had two goals: (i) to deter-
mine whether the precipitation increases
produced by massive seeding of isolated
cumulus clouds can be enhanced by
seeding 20 to 30 clouds in rapid succes-
sion over a fixed target; and (ii) to
arrive at a better understanding of cloud
interaction, whether seeded or non-

M+6

b. 2023 GMT.

M+37

SECOND CONTOUR >.35 in./hr
}
N
2022 GMT.
M+5

FIRST CONTOUR >.0l in./hr.

2043 GMT.
M+26

~ F5nmid

THIRD CONTOUR > .68 in./hr.

AB

2053 GMT.
M+36
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Table 4. Comparisons of single clouds (A and B) with a merger (16 July 1970).

Before merger Radar

Measurements B Aoffti ;x;eégBer Ccc;:)l:lr:l control

A B cloud
Maximum top height (feet) 41,000 45,000 >50,000 47,000 41,000
Total rainfall (acre-feet) 242.5 124.0 8797.6 244.3 147.8
Lifetime on 10-cm radar (min) 35 14 112 59 43

seeded, to begin attempts at mesoscale
modeling.

The design of the experiment can best
be understood with a flow diagram
(Fig. 7). The design features (23)
included:

1) A fixed target area (Fig. 1) with
randomization weighted two to one in
favor of seeding.

2) Surveillance of the clouds in the
target by both S5-centimeter and 10-
centimeter radars of the University of
Miami (14).

3) Suitable days for experimentation
were those that satisfied an objective
“meteorological suitability factor” (MSF)
of § — N, = 1.0, where § is the maxi-
mum predicted seedability (in kilome-
ters) predicted by our model (17) with
the 1200 G.M.T. Miami radiosonde and
a hierarchy of horizontal cloud sizes,
and N, is the number of hours between
1300 and 1600 G.M.T. with 10-centi-
meter echoes in the target. The maxi-
mum value of N, is 3, and this factor
is introduced to bias the decision for
experimentation against naturally rainy
days. Decision time on a day’s suitability
was 1600 G.M.T.

4) The seeder aircraft flew on all
days that satisfied the meteorological

suitability factor. The seeding decision
was randomly determined in the air
when suitable clouds were found in the
target, with only the “randomizer”
knowing the decision.

5) Final acceptance of a day for in-
clusion in the area analysis was made
only after expenditure of 60 flares (50
grams of silver iodide each) or after
seedings of six clouds, or both.

Mulitiple seedings of individual clouds
in close proximity were attempted to
promote mergers and to enhance the
preferred organization patterns evident
in the unmodified convection. On days
with adequately long cloud lifetimes,
these attempts frequently had apparent
spectacular success. Six area experi-
ments were conducted in 1970 (four
seed days and two control days). There
was one radar control day when the
seeder aircraft was forced to abort ow-
ing to a malfunction.

The rainfall analyses for the multiple
experiment were completed in the same
manner as for the single clouds (7, 14).
Their results, which were presented in
two talks in 1970 (24), are summarized
in Table 5.

Total target rainfall (Table 5) is the

- most straightforward and easily under-

stood measure of the effects of seeding.
However, it can sometimes be mislead-
ing. On several days large nonexperi-
mental precipitating clouds either
formed or moved into the target area.
They were in no way the result of the
seeding operations, but they were in-
cluded in the rainfall analysis by virtue
of their presence in the target.

The “floating target” rainfall analysis
(Table 5) is more sensitive because it
is limited to the experimental clouds
and to those clouds with which they
merge. The analysis area floats or moves
with the clouds. In all cases, however,
the floating target is bounded by the
fixed target. A successful experiment
in rain enhancement is one in which
the floating target rainfall is large and
in which the ratio Wyy/ W of float-
ing target to total target rainfall ap-
proaches 1.

Other measures of the effects of seed-
ing are the rate of precipitation develop-
ment (dR/dt) and the depth of water
in the floating target (Table 5). The
latter was computed in 10-minute inter-
vals by dividing floating target water by
the mean area of the floating target.
Although this is only a crude estimate
of the actual water depth, it is clear
that some of the rainfall amounts are
not small; on two seeded days amounts
exceed 2 inches (5 centimeters) and
on one of them they approach 4 inches
(10 centimeters).

If the method of stratification were
an accurate indicator of the degree of
disturbance and if seeding had no effect,
then we would expect the most disturbed

Table 5. Rainfall summary of 1970 multiple cloud seeding experiment 5 hours after initial seeding. In column 2, MSF indicates the meteorologi-
cal suitability factor. Area coverage (column 3) indicates coverage at 1800 G.M.T. of radar echoes with a radius of 100 nautical miles of
Miami. Under “Total Agl,” parentheses denote a control day; numbers within parentheses give the amount of Agl that would have been ex-
pended had we been seeding. Wy /W, ratio of floating target to total target rainfall; dR/dt, rate of precipitation development in first hour

after initial seeding.

Area Time of Total Floating Water
MSF coverage seeding (G.M.T.) Total target target depth dR/dt Sum
Day (S—N.) (square I Agl rainfall rainfall ~ Wyp/Wyp  floating (acre- of
° nautical R T (g) (acre-feet (acre-feet target feet/min)  ranks
miles) First Last X 104) X 104) (inches)
29 June 2.95 1000 1743 2058 6800 1.41 0.16 0.11 1.29 1.4 25
Rank 6 6 6 4 3
30 June * 1.10 4145 1714 1950 (6050) 6.06 3.08 0.51 2.72 22.4 15
Rank 4 3 4 2 2
2 July 5.00 710 2036 2302 4800 1.71 1.12 0.65 1.20 64.3 17
Rank 5 4 2 5 1
7 July 2.85 550 1835 2113 (6300) 6.13 0.73 0.12 1.06 3.1 24
Rank 3 5 5 6 S
8 July 3.70 1275 1756 2005 7550 8.08 6.41 0.79 2.38 4.2 10
Rank _ 1 1 1 3 4
17 July 1.90 115 1800 0 3.75
Rank
18 July 2.90 42 1851 2136 6750 7.53 4.37 0.58 3.91 0.9 14
Rank 2 2 3 1 6

* The most disturbed day (the only “rainy” day).
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day to rank first in total target rainfall.
Instead, seed days rank first and second
in this quantity and the most disturbed

day ranks fourth. However, a seed- day

also ranks last in total target rainfall.
The magnitude of total target rainfall
ranges between 10* and 10% acre-feet
of water during the S-hour analysis
period, one to two orders of magnitude
greater than the maximum amount of
rainfall that is observed from intense
isolated Florida thunderstorms during
their lifetimes.

There is some reshuffling of positions
when floating target rainfalls are ranked,
but the two most prolific days are still
seed days. The least prolific day is also
a seed day. With this ranking, three of
the first four positions are occupied by
seed days.

The ratio of floating target to total
target rainfalls is especially interesting
(Table 5). A successful day is one on
which most of the total target rainfall
falls in the floating target. By this cri-
terion, the three most successful days
are seed days, and it is a near draw
between a seed and nonseed day for the
least successful designation.

The measure of mean intensity of the
rainfall in the floating target is the depth
of water there. A seed day and a non-
seed day are first and second in this
ranking, and the most prolific day in
terms of floating target rainfall is third
because of its much greater target area.

The last method of evaluation is the

rate of precipitation development dur-
ing the hour after the initial seeding.
Again, a seed day and a nonseed day

_ rank first and second, and it is 2 July

1970 that ranks first. On this day, it
was obvious in real time that seeding
was having an immediate effect on the
clouds.

To assess the overall success of the
experiment according to the five criteria,
the ranks for each day were summed
and then compared (Table 5). The two
most successful days were seed days
followed closely by the most disturbed
day, a control, and then a seed day.
The two least successful days were a
seed and a control day in that order.

Although the sample size does not
permit definitive conclusions, the results
are encouraging and are consistent with
expectations. Three of the four most
successful days as defined were seed
days, and the control day was by far
the most naturally disturbed. The poor
showing of the seeding on 29 June 1970
is presently a puzzle but will undoubt-
edly be clarified by the synoptic study
(already in progress) of the events on
this day. It is probably related to the
factor causing short cloud lifetimes,
which frustrated merger attempts.

Summary

In the Florida single cloud experi-
ments, the main result of the statistical
analyses is that the dynamic seeding
effect on rainfall is large, positive, and
significant. From all the 1968 and 1970
data together, the seeding effect is esti-
mated to be larger than a factor of 3;
that is, the seeded clouds rained more
than three times as much as the con-
trols after the seeding run. On fair days,
defined objectively by percentage of area
covered by showers, the seeding effect
is shown to be larger than the overall
average, but it may be negative on rainy
days. Rainy days in the tropics are about
10 percent of the days with rain, but
they produce about half the total rain-
fall. The applicability of our single
cloud results to other areas is not estab-
lished but seems hopeful for many tropi-
cal and subtropical regions. It can
be assessed by cloud population studies
together with our numerical model
(25).

Guidance for the next steps toward
practical rainfall enhancement and
toward the understanding and modifica-
tion of cloud systems in storms may be
provided by our study of merger clouds.
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Fig. 6 (left). Precipitation histories of clouds A and B before
and after merger (vertical line) on the University of Miami
10-centimeter radarscope, 16 July 1970. Rainfall is plotted
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Fig. 7 (right). Flow diagram showing the design of the 1970
multiple cloud seeding experiment. [For details, see (23).]
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Mergers are shown often to produce
more than an order of magnitude more
rain than isolated clouds on the same
day, probably owing to dynamic invigo-
ration of the merged cloud circulations.
Results of our first small attempt toward
inducing and documenting mergers in a
multiple cloud seeding experiment ap-
pear promising. Although far from
statistically conclusive, they have opened
a new frontier in the science and tech-
nology of dynamic cloud modification.
It is also hoped that the multiple cumu-
lus seeding experiments will help to
clarify the formation of “cloud clusters”
and their role in large-scale circulations,
thus contributing to the focal subject of
the Global Atmospheric Research Pro-
gram in the tropics.
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absolute zero in the natural environment
produce electromagnetic radiation in the
form of waves. The electromagnetic
spectrum is a continuum of natural
(passive) and induced (active) radiation
in wavelengths varying from fractions
of a. micrometer to kilometers. There is
no single device, including the human
eye, which can detect emissions within
the entire electromagnetic spectrum, and
consequently the spectrum has been
somewhat arbitrarily divided into a num-
ber of broad categories. These subdivi-
sions range from the very short-wave-
length cosmic rays (10-1¢ to 10-1* meter)
to the very long-wavelength radio waves
(10 to 105 meters). Between these ex-
tremes lie the visible and the near-,
intermediate-, and far-infrared portions
of the spectrum, which are of particular
interest in any data-gathering system
applicable to archeological problems.
In an effort to judge for archeological
research purposes the imaged output
and the correlative value of various
aerial remote-sensing devices, the
American Southwest was chosen as a
major test area. This is an area of vast
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