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Abstract

A statistical study has been conducted investigating
the possible cloud growth effects due to heat released
when supercooled water is converted to ice. Calculations are made of the heights to which cloud tops
would rise assuming that the supercooled water is converted to ice at — IOC (the seeded case) or at — 30C
(the unseeded case). The clouds suffer a loss in buoyancy due to entrainment and the weight of the condensate. Sixty-two cases are treated for soundings from
St. Martins Island during August of 1962. The results
of this study are compared to those of a similar study
for Flagstaff, Arizona, during the summers of 1961,
1962 and 1963. The results imply that spectacular height
i Now attending Florida State University, Tallahassee, Fla.

1

University of California at Los Angeles

increases due to seeding can be expected, but that such
cases are relatively infrequent. Specific observations of
cloud growth due to seeding are noted, but can only
be considered as consistent with these concepts rather
than verifying them. The factors important for the
seeding effect and the conditions which produce them
are also examined. Despite the simplicity of the model,
it is felt that the computed height differences qualitatively represent a reasonable measure of the potential
for cloud dynamics changes from seeding.
Introduction

Conversion of supercooled cloud droplets into ice releases heat which will increase the buoyancy of a cloud.
If there is one gram of supercooled water per kilogram
of air, the glaciation warming amounts to about 1/3C.

FIG. 1. Project Stormfury seeding times and locations.
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Thus in large, supercooled, cumulus clouds (liquid water contents of 3-6 gm kg ) warming of one and possibly two degrees can occur as the cloud becomes completely glaciated by natural or artificial means. The
buoyancy increase from early glaciation by cloud seeding may sometimes cause effects which are large enough
to be distinctive, namely a greater growth rate for the
cloud, or subsequently, a greater total height for the
cloud.
If the natural cloud moves upward into a markedly
stable layer, the small additional buoyancy from glaciation might not have an appreciable effect. However, in
certain marginal, natural conditions which are only
weakly stable, the slight extra buoyancy may be enough
to permit considerable growth in the cloud. An attempt
is made to determine the frequency of these special,
marginal conditions over the tropical oceans, and an
examination is made of the situations which lead to
their development.
The calculations for this study were made using the
sounding data for St. Martin Island, a small, tropical
island east of Puerto Rico (Fig. 1). The soundings from
this small island would most nearly represent the conditions existing over the water. The month and year
selected for the study (August 1962) was chosen at random to avoid biasing the results.
-1

Basis for height calculations

As a first approach to the problem, cloud top heights
were estimated for the following conditions: 1) complete
conversion of supercooled water to ice at — IOC to represent artificial seeding, and 2) complete conversion of
water to ice at — 30C to represent natural seeding. The
calculations were based on parcel theory, assuming that
the parcel rises from the cloud base without mixing to
the level where the buoyancy is zero. Changes in cloud
buoyancy due to the heat of fusion and the condensate
were considered in the calculations. For simplicity, buoyancies were estimated as temperature differences rather
than virtual temperature differences. This could not be
justified if accurate cloud top predictions were the goal.
However, a comparison between the predicted tops of
seeded and unseeded clouds is the aim, and both are
equally affected by this simplification.
The method of calculation, while useful in a study of
Flagstaff cumulus (Woodley, 1964), was unrealistic when
applied to tropical soundings. Assuming a mean tropical
cloud base at 940 mb, the calculation method led to
cloud tops at or near the tropopause in most of the cases
considered. These cloud top predictions seemed most
unreal, and it was readily apparent that another mechanism was active in reducing tropical cloud buoyancy.
Tropical cloud tops were then estimated assuming
that the cloud retains 1/2 of its condensate and entrains
environmental air (entrainment rate: (1 /M)(dM/dZ) =
0.2 X 10~ cm ). The original assumptions, stated under
1) and 2) above, regarding artificial and natural seeding
temperature remained intact. The entrainment rate cor5
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responds to a cloud radius of 1 km which Joanne Malkus
Simpson (1964) suggests is probably the minimum radius a cloud can have if it is to attain seeding temperature (— 10C). The amount of cloud condensate was
obtained from the entrainment calculation. This new
method predicted cloud tops which agree better with
observation than those calculated using the original assumptions. However, when applied to the soundings of
the Flagstaff study, the new method predicated cloud
tops which did not differ materially from those computed originally. Retention of all the condensate was
effective in reducing the buoyancy of Flagstaff cumulus
while entrainment was necessary to significantly reduce
the buoyancy of tropical cumulus.
Entrainment is apparently more effective in reducing
the buoyancy of tropical cumulus than for the cumulus
of Flagstaff. An important consideration is the height of
cloud base. In Flagstaff, typical cloud bases are near
13,000 ft MSL while those in the St. Martin region are
near 2000 ft MSL. The difference between the dry and
moist adiabatic rates is greater at sea level than at high
altitude, and this difference is therefore greater at the
base of the tropical cumulus than at the base of the
Flagstaff cumulus. As a cloud ascends it entrains dry
environmental air which slows condensation and steepens its ascent curve. With great entrainment rates, the
rising cloud will cool at a rate close to dry adiabatic, becoming cooler than the conditionally stable environment
and resulting in negative buoyancy for the cloud. Entrainment will assume lesser importance at levels where
the moist and dry adiabatic difference is slight. The loss
in cloud buoyancy due to entrainment will, therefore,
be less for high Flagstaff cumulus than for low tropical
cumulus.
In this study the cloud top is defined as the point
where cloud temperature equals environmental temperature, and the possibility that clouds might overshoot this
equilibrium point is rejected. The clouds experience the
heat of fusion at — 10C (seeded case) or at — 30C (unseeded case), and after the heat of fusion is released the
ascent continues ice adiabatically. Important factors in
reducing cloud buoyancy are entrainment and the weight
of the condensate. Stommel (1947) developed a method
of calculating from observations the entrainment rate
dm/mdz, where m is the mass flux and z is the height
above cloud base. In this study the procedure is reversed,
and with environmental sounding and entrainment rate
given (0.2 X 10" cm ), the cloud sounding is calculated
assuming that the cloud is saturated. The loss in cloud
buoyancy due to the condensate was calculated by the
method of Saunders (1957) who showed the condensate
effect, in terms of temperature, to be — AT = T Wdw,
where W is cloud liquid or solid water content and
T is the cloud virtual temperature. For the accuracy
required, temperature T instead if virtual temperature
T can be used in this correction formula.
As an example of the calculation method, consider the
2
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2 Simpson, Joanne Malkus, 1964: A personal conversation.
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Date

FIG. 2. Example of height computation method.

sounding for 0000 GMT on 9 August 1962 (Fig. 2). The
calculation indicates that an unseeded cloud will ascend
from 2000 ft to approximately 21,000 ft with cloud buoyancy reduced by entrainment and the weight of the condensate throughout the ascent. If the cloud is seeded
when it reaches — 10C, the condensate freezes and the
cloud experiences an increase in buoyancy due to the
heat of fusion. With 4 gm kg of supercooled water in
condensate form, the heat of fusion raises the temperature by 1.32C. With this extra buoyancy the seeded
cloud is able to reach 40,100 ft which represents an
18,300-ft excess over the unseeded cloud. Fig. 2 emphasizes that small changes in the temperature of the ascending air can have a large effect on cloud top height.
Estimates of cloud top heights have been made according to the above technique for all available soundings
from St. Martin Island for August 1962. The cloud top
calculations were done twice because twice too much
condensate was mistakenly retained in the first calculation. While this was a time consuming error, it provided
an interesting study of the importance of the condensate
in determining cloud tops.
A test was also made to see if one might be able to
recognize environmental conditions favorable for cloud
seeding by merely looking at a sounding. Four soundings for St. Martin Island for September 1962 were se-1

1. Cloud top predictions for St. Martins Island,
summer of 1962, all heights in feet.
Time

Cloud top Cloud top Cloud top Cloud top
(unseeded) (unseeded) (seeded) (seeded)
all coni conh conall condensate
densate
densate
densate

Aug. 1 00 GMT 10,600
12 GMT 10,400
2 00 GMT 11,400
12 GMT 9,600
3 00 GMT 7,800
12 GMT 19,300
4 00 GMT 6,600
12 GMT 9,200
5 00 GMT 11,900
12 GMT 4,400
5,200
6 00 GMT
12 GMT 6,100
7 00 GMT 2,800
12 GMT 5,800
GMT 5,800
8 00
12 GMT 6,800
9 00 GMT 19,800
12 GMT 3,400
GMT
*
10 00
12 GMT 9,600
GMT 6,800
11 00
12 GMT 12,600
12 00 GMT
12 GMT 12,000
10,000
00
13 12 GMT
GMT 12,000
GMT 6,200
14 00
12 GMT 6,200
GMT 5,300
5,400
15 00
12 GMT 8,200
GMT
16 00
12 GMT 9,000
7,400
GMT 8,200
17 00
12 GMT 7,600
GMT 7,600
18 00
12 GMT 4,400
GMT
19 00
12 GMT 5,200
*
00 GMT 12,000
20
12 GMT 5,100
GMT 16,000
21 00
12 GMT 20,000
00 GMT 12,000
22 12 GMT
GMT 5,800
23 00
12 GMT 6,200
GMT 7,800
24 00
12 GMT 8,200
GMT 5,800
25 00
12 CMT 3,200
7,200
00 GMT 6,200
26 12 GMT
GMT 6,700
7,900
27 00
12 GMT 16,000
00
GMT
5,800
28 12 GMT
6,800
00
GMT
29 12 GMT 9,200
GMT 28,200
30 00
12 GMT 20,200
*
GMT 4,200
31 00
12 GMT 11,000
12 GMT 23,600
Sept.
00
GMT 19,500
10 12 GMT
24 00 GMT 11,600
20,600
26

13,800
13,900
12,000
10,000
12,400
21,300
9,300
9,600
12,900
4,500
9,300
6,500
3,000
6,000
6,000
9,600
21,800
5,200
*
12,000
9,600
13,800
15,800
16,900
24,800
6,800
6,400
6,800
6,400
9,000
13,800
9,000
10,200
7*00
8,000
4,400
5,400
*
15,500
5,800
21,200
21,200
15,600
5,900
6,800
10,400
6,400
6,000
3,300
7,300
6,400
7,800
8,000
41,200
6,200
7,900
10,400
38,000
23,200
*
4,200
11,400
40,700
22,900
13,800
52,600

40,100

38,200

40,100

40,600

39,200

35,600
38,200

41,200
46,200
36,700

38,000
41,400

43,800
41,100
45,200

40,700
33,200
52,600

* Indicates insufficient data.

386
Unauthenticated | Downloaded 01/09/23 03:30 AM UTC

Bulletin American Meteorological

Society

lected for this test. The cloud top calculations were then
made to see if clouds with environments depicted by the
soundings might respond to seeding.
Results

In this study, the seeding effect is defined as the 5000 ft
or more height excess seeded clouds have over unmodified clouds of comparable radius in their environment.
This definition, as well as the results discussed below,
apply to hypothetical clouds, and no observational verification is available for the period of study. The calculated cloud top heights are shown in Table 1 in which
the seeded results are shown only when different from
the unseeded case. It is apparent from Table 1 that
under the proper conditions seeding can have a pronounced effect on the growth of tropical cumulus. The
number of days which would show the seeding effect at
St. Martin Island during August of 1962 was four when
all the condensate was retained and six when 1/2 the
condensate was dropped from the cloud. This is considerably less than the number of days at Flagstaff during
a comparable period, but the results of seeding at St.
Martin are much more spectacular than those at Flagstaff. At Flagstaff during the summer of 1963 the predicted effect was greater than 5000 ft in 58 per cent of
the seeded cases, 19 per cent of the cases showed effects
greater than 10,000 ft, and in only 8 per cent of the
cases did the effect exceed 15,000 ft. At St. Martin, however, the predicted seeding effect was greater than 15,000
ft in almost 100 per cent of the seeding cases (the one
exception occurred on 21 August at 0000 GMT when the
difference was 14,400 ft).
The cumulus at Flagstaff show a seeding effect more
often than those at St. Martins, but this effect is more
pronounced at St. Martins than at Flagstaff. The reasons
would appear to lie in the cloud bases and liquid water
contents of the Flagstaff and tropical clouds. Flagstaff
cumulus will show a seeding effect more often because of
their high bases and relatively short distance from
seeding temperature. Typical Flagstaff cumulus need
only ascend from 600 mb (cloud base) to about 470 mb
to attain seeding temperature. In many cases neither
entrainment nor the weight of the condensate is able
to keep the cloud from — 10C. In the tropics, however,
the ascent is often from 940 mb to 450 mb for the cloud
to reach seeding temperature. During this long ascent
the weight of the condensate and especially entrainment
are effective in eliminating cloud buoyancy before
— 10C. However, in cases where the tropical cloud is
able to reach seeding temperature the growth due to
seeding is considerably greater than that at Flagstaff.
This is due to the larger liquid water contents of the
tropical clouds over those of Flagstaff and the larger
increase in cloud temperature which occurs when this
water freezes. With the greater heat of fusion the tropical cloud will be accelerated higher into the atmosphere.
Varying the liquid water content of the clouds provided interesting and somewhat unexpected results. In
cases where neither cloud reached seeding temperature,

the cloud with 1/2 the condensate had consistently
higher tops than the cloud with all the condensate. This
is because the cloud with more water will suffer the
greater decrease in cloud virtual temperature. When
both clouds reached seeding temperature, the top of the
cloud with 1/2 the condensate did not differ systematically from the top of the cloud with all the condensate.
One might have expected the cloud experiencing the
greater heat of fusion to have the higher top. However,
the cloud with all the liquid water arrives at seeding
temperature with a lesser buoyancy than the cloud with
1/2 the water. The fusion effect is compensated by the
weight of the condensate and there is no systematic difference between the cloud tops.
The attempt to select four soundings from September
of 1962 which might provide a favorable environment
for seeding was not entirely successful. One of the four
days would have been favorable for seeding; on one of
the days the clouds would have been unable to reach
seeding temperature, and on two of the days the clouds
probably would have reached the cumulonimbus stage
naturally.
Limitations of the model

The cumulus model used in this study is quite crude and
its limitations rather obvious. It is felt, however, that the
model approximates reality closely enough to make the
comparison of seeded vs. unseeded cloud valid. A more
sophisticated model, considering entrainment drag and
aerodynamic drag, would undoubtedly lead to predictions differing in detail from those presented here. However, the essential point would still remain: that seeding, under the proper conditions, can cause substantial
growth in cumulus clouds.
The assumptions of conversion to ice at — 10C vs. conversion at — 30C are idealizations which tend to overemphasize the effects of seeding in some situations. A
natural cloud is most likely to remain primarily supercooled to — 30C when it is large and vigorous and natural ice nuclei are rare. While the environmental temperature at the top of a rapidly growing cloud may be
— 30C, the condensate is likely to be warmer and more
resistant to freezing. In a study of convective clouds for
the U. S. Navy, Jordan (1962) indicates that liquid water
has been observed in convective towers when the air
temperature is — 55C. The assumption that a cloud can
be converted to ice at — 10C can probably be realized
only with the most intensive seeding techniques, particularly for fast growing cumulus when the time for
growing ice crystals is short.
The assumption that cloud base is 940 mb was based
on the climatology of the region, and occasionally small
changes in this level may lead to large changes in estimated cloud top heights. However, Joanne Malkus Simpson (1964) suggests that conditions in this area of the
tropics are often such that cloud base is 940 mb.
3
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The cloud top results are based on clouds with radii
of 1 km. It is possible that larger clouds which might
have responded to treatment existed in the St. Martins
region on days unfavorable for clouds with a radius of
1 km. Conversely, it is also possible that clouds with a
radius of 1 km failed to develop in the St. Martins
region on days with favorable seeding potential for
such clouds. While cloud radius is most likely determined by convergence-divergence patterns, no quantitative rule has evolved which would predict cloud radius.
Because of this uncertainty, the predictions are accurate
to the extent that clouds with radii around 1 km existed
in the St. Martins region during the period of study.
The computed amount of liquid water available for
freezing may be an over-estimate in some cases. In the
heat of fusion calculation it was assumed that most of
the liquid water was carried up to seeding temperature.
This is only valid for vigorous clouds with updrafts sufficient to sustain much of the liquid water at seeding temperature.
This study probably underestimates the number of
days favorable for seeding at St. Martins. This is because
the predictions were made using soundings at 0000 GMT
and 1200 GMT and there is no way of knowing the environmental conditions during the intervening period.
Excellent examples are 27 and 29 August in which the
predictions indicate small cumulus at 0000 GMT and
natural cumulonimbus at 1200 GMT. There was undoubtedly a time during this transition that natural
clouds were large enough for seeding but still incapable
of cumulonimbus proportions naturally. For every period of natural cumulonimbus there should be two periods for seeding, one period in the transition to large
clouds and another in the transition back to small
clouds.
Discussion

Verification that seeding can cause growth of cumulus
cloud which might otherwise not have occurred is a
difficult proposition because of the highly specialized
meteorological conditions required. The atmosphere near
the tops of the seeded clouds must be unstable for
changes involving the transformation from vapor to ice
but stable for condensation processes. Seeding on days
with strong inversions or on days with great instability
is ineffective in demonstrating the seeding effect. Even
on favorable days the subject cloud must be caught in
its active stage when much of the liquid water is at
seeding temperature. Because of the short life cycle of
a cumulus cloud, this will prove to be especially difficult.
Observational verification of the results of seeding are
limited in number because of frequent difficulties in obtaining visual observations and because of lack of adequate knowledge of the characteristics and environment
of the seeded cloud.
Langmuir (1951) recognized the role of heat of fusion
in dynamic seeding effects, and used it to help explain
his qualitative observations of cloud developments in
New Mexico. Kraus and Squires (1947) describe a spec-

tacular instance of cloud growth but unfortunately a
sounding was not available.
On 5 February 1947 in Australia, Kraus and Squires
seeded two cumulus clouds with granulated carbon dioxide. All clouds in the area were based at 11,000 ft,
the freezing level at 18,000 ft, and the tops of the clouds
uniformly at 23,000 ft which would indicate a cloud top
temperature of roughly — 10C. The infected clouds were
observed to grow spectacularly to produce showers with
the second cloud anviling off at 40,000 ft. No other
showers were observed within a radius of 100 miles of
the observing aircraft.
Cloud growth effects from seeding have not been observed in all seeding experiments. Coons and his coworkers of the U. S. Weather Bureau conducted cloud
seeding experiments near Wilmington, Ohio (1948), during the spring and summer of 1948 and near Mobile,
Alabama (1949), during May and June of 1949. The
cumulus clouds were seeded from the air with dry ice
at the rate of 5-8 pounds per mile with 20-40 pounds
occasionally dropped into individual clouds. The experimenters did not observe any cloud growth effects
from seeding and, in fact, concluded "that the most obvious effect of seeding in cumulus clouds was rapid dissipation." It is difficult to reconcile these results with the
reports of cloud growth from seeding unless, of course,
the cases of cloud growth would have occurred without
man's intervention. The possibility also exists that the
Weather Bureau experimenters failed to glaciate an appreciable amount of supercooled water or that the
seeded clouds already had large amounts of natural ice.
The most recent and spectacular case of cloud growth
due to seeding occurred during August 1963 as a phase
of Project Stormfury. According to Malkus (1964), tropical cumulus were seeded in the Central Caribbean (Fig.
1) on four days during the period 17-21 August 1963.
Eleven clouds were studied; six were seeded and five
were used as controls. The cloud tops ranged between
20,000 and 25,000 ft, at or near the threshold of silver
iodide but still incapable of natural seeding. Of the six
seeded clouds, four reacted spectacularly. Of the two unsuccessful cases, one of the clouds was seeded at temperature above freezing (9500 ft) and the other had already entered the dissipating stage by the time it was
seeded. (See Table 2 below for the results of the seeding
operation.)
A sounding was available approximately five hours
after the successful seeding operations of 17 August 1963.
The sounding was taken by the aircraft carrier, the
U.S.S. Randolph at 0030 GMT on 18 August 1963 about
fifty-five miles southeast of the seeding operations. Consider the results of the seeding on the day a sounding
was available: The base and radius of the cloud were
3000 ft and 2800 ft, respectively. The maximum tops of
the clouds in the area were between 23,000 and 25,000 ft.
The cloud seeded was seeded at 19,000 ft at 1916 GMT
when its top was just over 24,000 ft. Thirteen minutes
later the top of the seeded cloud was near 40,000 ft with
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TABLE 2

Date

Time

Location

17 Aug.
19 Aug.
19 Aug.
20 Aug.
20 Aug.
21 Aug.

1916 GMT
1943 GMT
2020 GMT
1801 GMT
1905 GMT
2119 GMT

Cloud
base
(ft)

Unseeded
top
(ft)

14°18'N
68°29'W
15°40'N
67°42'W
13°45'N
68°11'W
16°00'N
66°36'W
15°58'N
67°19'W
15°45'N
67°36'W

2800
1900
1900
3300
3300
3200

Seeded
top
(ft)

23,00025,000
20,00025,000
20,00030,000
20,00025,000
20,00025,000
20,00025,000

42,800
35,000
41,500
42,900
31,000

growth mostly vertical, but later the cloud underwent
explosive horizontal growth with the cloud top increasing to 42,000 ft.
The Randolph sounding, only five hours after a successful seeding operation, provided an excellent opportunity for a test of the method used in this study. When
this method was applied to the Randolph sounding, the
result was an unseeded cloud top of 23,600 ft and a
seeded cloud top of 41,800 ft. These computed cloud
tops compare favorably with those observed. Of most
significance, however, is the fact that the method used
in this study correctly predicted that the cumulus clouds
of 17 August 1963 would show a seeding effect.
Factors influencing seeding conditions

An analysis of the soundings revealed a large increase in
moisture at levels below 400 mb as seeding conditions
improved. In some cases the increase in moisture was so
great that cumulonimbi probably occurred naturally.
This increase in moisture was not accompanied by any
systematic temperature changes. Improving seeding conditions were characterized by increasing moisture and
not by an increase in the environmental lapse rate. Deteriorating seeding conditions were brought about by an
abrupt drying of the atmosphere. Again the analysis
failed to reveal any systematic temperature changes accompanying this drying.
The cause of the moisture fluctuations at St. Martins
Island was the next matter for investigation. An analysis
of the weather changes at St. Martins, in an effort to
detect synoptic disturbances which might precede seeding conditions, yielded little information. This fact
would appear to lend credence to Riehl's contention
(1954) that "in the tropics the diurnal cycle and small
scale weather disturbances tend to overshadow changes
brought about by synoptic disturbances except the
strongest ones." A method of analysis was then sought
which would detect synoptic disturbances.
The space cross section appeared to have most promise for detecting disturbances moving in the trades which
might affect seeding conditions. The cross section
stretches in an approximate east-west line through Raizet

on the Island of Guadeloupe, St. Martins Island, San
Juan, Puerto Rico, Sabena de la Mar, Dominican Republic, and Kingston, Jamaica (Fig. 1). The wind direction, speed and moisture were plotted and analyzed
on the cross sections. Pressure might also have been
analyzed on the cross sections except that it is only correct to within certain limits, and these limits often have
the magnitude of synoptic variations.
In many cases the synoptic situation which brought on
favorable seeding conditions conformed quite well with
Riehl's description of an easterly wave. In the "typical"
case ahead of the easterly wave trough line the north
component of the wind increases upward, while to its
rear the south component is often most marked between
5000 and 15,000 ft. Riehl (1954) says further that "the
field of motion controls the depth of the moist layer.
About 200 miles ahead of the wave trough, the top of
the layer reaches a minimum, often as low as 5000 ft,
and exceptionally fine weather prevails. It rises rapidly
near the trough line and attains a maximum well above
20,000 ft in the zone of most intense convergence. Here,
large squall lines and rows of cumulonimbi are found."
That it was easterly waves which often led to improving seeding conditions at St. Martins can be verified by
referring to the cross sections (Figs. 3, 4 and 5). The
cross-section analysis reveals that in most cases the large
increase in moisture accompanying improving seeding
conditions was positively correlated with a change in the
wind direction to a more southerly component. The exception to this occurred on 3, 13 and 27 August when
the moisture maximum was not accompanied by any
perceptible wind shift. In the more pronounced cases
studied, the moisture reached a minimum well ahead of
the wave axis, but increased sharply near the axis reaching a maximum and then decreasing slowly behind the
wave. Consider the period 1200 GMT, 20 August to
0000 GMT, 22 August. A wave has been analyzed between Raizet and St. Martins Island; the wind is more
northerly and the moisture has reached a minimum at
St. Martins while the winds are more easterly and the
moisture has increased to great heights at Raizet. At
0000 GMT, 21 August the moisture has made itself felt
at St. Martins, but the winds have become even more
northerly. The moisture minimum has now moved westward to the vicinity of San Juan, Puerto Rico. The calculations indicate that conditions are now favorable for
seeding near St. Martins. By 1200 GMT on 21 August
the wave with its moisture maximum has passed St.
Martins with the winds veering to the east, but enough
moisture still remains for favorable seeding. Similar circumstances accompany the favorable seeding conditions
of 9 August, and the probable cumulonimbi of 29 and
30 August.
One can see the similarities between RiehFs description of an easterly wave and those analyzed in the cross
sections. One should also note, however, that the waves
analyzed in the cross sections were apparently "weak
sisters" of those described by Riehl. The significance of
389
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FIG. 3. Wind and relative humidity cross sections from Kingston, Jamaica, to Raizet, Gaudeloupe.

FIG. 4. Wind and relative humidity cross sections from Kingston, Jamaica, to Raizet, Gaudeloupe.
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FIG. 5. Wind and relative humidity cross sections from Kingston, Jamaica, to Raizet, Gaudeloupe.

this fact should not go unnoticed. A strong easterly wave
will produce cumulonimbi naturally; a weaker disturbance, while it is unable to produce cumulonimbi, may
increase the moisture enough to make seeding effective.
Riehl (1964) also said that fast moving easterly waves
often lack large cumulonimbi and yet have clouds which
"might respond to treatment" with silver iodide. It
would seem that the ideal synoptic situation for seeding
is the presence of a disturbance in the easterlies strong
enough to increase the depth of the moist layer and yet
too weak to produce large clouds naturally.
The cases in which an increase in moisture was apparently unrelated to easterly wave activity need further
treatment. The large increase in moisture at St. Martins
at 1200 GMT on 27 August does not appear to be related to an easterly wave and it was not in evidence at
Raizet 12 hours earlier. There are several plausible explanations for this increase in moisture: 1) the radiosonde passed through a large cloud during the St.
Martins sounding; 2) the increase in moisture is related
to the downward extension of a midtropospheric trough;
3) an area of speed convergence in the easterlies is moving by St. Martins; and 4) the moisture has moved
through and out of a disturbance upstream. The last
possibility is the least likely because there was no evidence of it at Raizet. The first and third suggestions
would appear to have the most merit, but without further research, no definite conclusions can be drawn.
4

4

Riehl, H., 1964: A personal conversation.

Conclusions

A simple computational procedure has been employed
for estimating the heights of the tops of seeded and nonseeded clouds for the St. Martins region for August of
1962. The results imply that significant dynamic effects
from seeding would not be uncommon for the conditions
studied, and that occasionally spectacular cloud growth
would be possible from the release of heat of fusion by
seeding. Moisture is the essential consideration in determining seeding potential, and this moisture appears
to be related to zones of convergence and rising motion
associated with easterly waves. While the model represents a simplified model of the processes occurring in
cumulus clouds, the observations available on seeding
effects in cumulus clouds appear to be in agreement with
the results of the study.
Acknowledgments. The study was performed under
the guidance of Dr. Joanne Malkus Simpson of the
UCLA Department of Meteorology (presently associated
with the U. S. Weather Bureau, Washington, D. C.),
whose assistance and stimulus are gratefully acknowledged. Drs. C. E. Palmer, M. Neiburger, H. Riehl and
Mr. J. M. Brown were also most helpful in giving their
advice.
The author wishes to thank the staff of Meteorology Research, Inc., especially Mr. Clement Todd, for
their help during the preliminary stages of this study.
391
Unauthenticated | Downloaded 01/09/23 03:30 AM UTC

Vol. 47, No. 5, May 1966
References

Coons, R. D., E. L. Jones and R. Gunn, 1948: Second partial
report on the artificial production of precipitation—cumuliform clouds—Ohio, 1948. Bull. Amer. Meteor. Soc., 29, 544546.
,
and
, 1949: Fourth partial report on the artificial production of precipitation—cumulus clouds—Gulf
States, 1949. Bull. Amer. Meteor. Soc., 30, 289-292.
Jordan, C. L., 1962: On the maximum vertical extent of convective clouds. Report to U. S. Navy Weather Research Facility, Norfolk, Va.
Kraus, L., 1951: Results of seeding of cumulus clouds in New
Mexico. Occasional Report No. 24, Project Cirrus, General
Electric Res. Lab., Final Report, RL-566, Contract No.
W-36-039-sc-38141.

(Continued from announcements, page 373)
Meetings of interest

27-29 June: 2nd annual conference and exhibit of the Marine Technology Society, Sheraton Park Hotel, Washington,
D. C. The theme this year is "Exploiting the Oceans." Contact: Charles W. Covey, 617 Lynn Bldg., 1111 N. 19th St.,
Arlington, Va. 22209.
22-24 September: Meteorological Society of the German Democratic Republic will hold an international meeting on Technical Meteorology at Dresden. At the same time the Meteorological Service will commemorate the 50th anniversaries
of the Wahnsdorf Meteorological Observatory and the Mountain Observatory at Fichtelberg. Chairman of the meeting is
Prof. Dr. A. Made, Dresden, German Democratic Republic.
26-28 September: Sixth Annual Conference on Environmental Effects on Aircraft and Propulsion Systems, U. S. Naval
Air Turbine Test Station, Trenton, N. J. Environment in
the context of this meeting includes all types of natural phenomena, such as precipitation, turbulence, lightning, icing,
extreme temperatures, violent storms, surface conditions, etc.
Emphasis will be placed on prediction and frequency of
occurrence, type and extent of damage, detection of occurrence, etc. Contact: Dennis A. Wysocki, Conference Vice
Chairman, U. S. Naval Air Turbine Test Station, P. O.
Box 1716, 1440 Parkway Ave., Trenton, N. J. 08607.
20-22 November: 2d annual meeting of the American Water
Resources Association, University of Chicago, Chicago, 111.
Contact: Program Chairman, AWRA, P. O. Box 434, Urbana,
111. 61801.

New publications

Advances in Earth Sciences (P. M. Hurley, ed., 502 pp., $20,
MIT Press, Bldg. E-19, Rm. 741, 77 Massachusetts Ave., Cambridge, Mass. 02139) contains the Proceedings of the 1964
International Conference on the Earth Sciences held at MIT.
Contributors include 15 leading earth scientists from the
United States, Australia, Germany, and the USSR. Subject
matter is divided into categories that include Earth environ-

Malkus, J. S., and R. H. Simpson, 1964: Modification experiments on tropical cumulus clouds. Science, 145, 541-548.
Riehl, H., 1954: Tropical Meteorology. New York, McGrawHill, pp. 177, 188 and 217.
Saunders, P. M., 1957: The thermodynamics of saturated air:
A contribution to the classical theory. Quart. J. R. Meteor.
Soc., 83, 342.
Stommel, H., 1947: Entrainment of air into a cumulus cloud.
J. Meteor4, 91-94.
Woodley, W. L., 1964: Computations on cloud growth related
to seeding. Presented at the 225th National Meeting of the
AMS, Los Angeles, January 31, 1964, under the title "A
Computational Study of the Effects of Ice Nucleating Temperature on Convective Cloud Development."

ment, atmospheric motions, ocean dynamics, and the Earth
itself, including mechanical properties, chemical composition
and origin, mineralogy and thermal structure of the upper
mantle.
The Air Envelope of the Earth (NASA TT-F-287, $6, Clearinghouse, U. S. Department of Commerce, Springfield, Va.
22151) is a translation of a revised and updated Russian work
of 1955. It summarizes new achievements in the study of the
lower and upper layers of the atmosphere, taking into account new data obtained from rockets and satellites.
Air Pollution Titles (APT), a bimonthly survey of current
literature, is available from Information Office, Center for
Air Environment Studies, 301 Engineering Unit C, University Park, Pa. 16802. Subscriptions may be ordered at a cost
reimbursement rate of $15 a year. APT uses a computerproduced, Keyword-in-Context (KWIC) format to provide a
survey of current air pollution and related literature with a
maximum lapse time of 8-10 weeks. Over 2000 journals are
scanned for pertinent citations, and plans are being made to
cover non-published material such as theses, research reports,
etc. The first five issues of the year provide current surveys,
while the sixth is both a current survey and a retrospective
guide to the entire year's pertinent references.
Atmospheric Turbulence (NASA TT-F-246, $4, Clearinghouse,
U. S. Department of Commerce, Springfield, Va. 22151), a
translation of a Russian study of radiosonde measurements of
atmospheric turbulence, describes experimental investigations
conducted over Moscow, Sukhumi, and Tashkent. The interrelationships of turbulence, vertical temperature, and wind
velocity are discussed.
Project Fog Drops (NASA CR-3, $3, Clearinghouse, U. S. Department of Commerce, Springfield, Va. 22151) reports findings of a two-year study to determine the effects of ionic surfactants on droplet coalescence and the behavior of nuclei
treated with fatty-alcohol monolayers. Some new ideas for
fog suppression are discussed and earlier concepts for altering warm fog are evaluated. The booklet includes a climatological survey of fog frequency in continental United States.
(More announcements on page 429)
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