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Hurricane Debbie Modification Experiments, August 1969 

Abstract. Maximum winds in Hurricane Debbie, August 1969, decreased after 
modification experiments by Project Stormfury. Clouds surrounding the center of 
Debbie were seeded with silver iodide particles five times at approximately 2-hour 
intervals on both 18 and 20 August. Before the first seeding on 18 August, the 
maximum speed of winds at 3600 meters was 182 kilometers per hour, but, 5 hours 
after the fifth seeding, these winds decreased to 126 kilometers per hour. On 20 
August, the corresponding change was from 183 to 156 kilometers per hour. Anal- 
yses of the data suggest that the storm was modified. 
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lected in the Hurricane Debbie modifi- 
cation experiments. 

R. H. Simpson proposed in 1961 that 
hurricanes might be modified by intro- 
ducing freezing nuclei into the massive 
clouds surrounding the center of a hur- 
ricane. At about the same time Pierre 
St. Amand and his associates at the 
Navy Weapons Center, China Lake, 
California, developed pyrotechnic gen- 
erators, which made it practical to intro- 
duce very large quantities of silver 
iodide into clouds within a few minutes. 
Groups from the Weather Bureau and 
the Navy experimented on Hurricane 
Esther with a single seeding on each of 
2 days in September 1961. Project 
Stormfury was formally organized in 
1962 with R. H. Simpson as the first 
director. In August 1963, the experi- 
ment with a single seeding per day was 
repeated on each of 2 days for Hurri- 
cane Beulah. The results of these earlier 
experiments have been reported by 
Simpson and Malkus (1) and were en- 
couraging but inconclusive. A multiple 
seeding experiment was designed under 
the leadership of Joanne Simpson, di- 
rector of the project for 1965-66. Dur- 
ing the years 1965-68 no hurricane 
occurred in a place suitable for experi- 
mentation. Research on hurricanes, 
both theoretical and experimental, con- 
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tinued, however, with results that pro- 
duced changes in the original design of 
the multiseeding experiment. Further- 
more, improved pyrotechnic silver io- 
dide generators became available before 
the 1969 season. The frustration of 
waiting 4 years without opportunities 
for experimentation may not, therefore, 
have been in vain. The succession of 
apparently minor changes to improve 
the design of the seeding experiment 
may have made the difference between 
success or failure for the Debbie experi- 
ments. 

Project Stormfury is a joint effort of 
the Departments of Defense (Navy) 
and Commerce (Environmental Science 
Services Administration) in experi- 
mental modification of hurricanes (2). 
Two general considerations justify this 
project: (i) recent improvements in our 
understanding of the physical processes 
fundamental to the maintenance of hur- 
ricanes suggest promising avenues of 
experimentation, and (ii) the potential 
benefit-to-cost ratio of the work is so 
great. 

The second point has been empha- 
sized recently by the accelerated rate 
of increase in damage caused by hurri- 
canes in the United States. This in- 
crease is illustrated in Fig. 1, where 
damage statistics from 1915 to 1969 
are summarized by 5-year periods. The 
totals have been adjusted for variation 
in cost of construction to the 1957-59 
base. The increase in damages through 
the years has been extreme, and we 
must expect the trend to continue be- 
cause we are building structures that 
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are more and more expensive in areas 
vulnerable to hurricanes. 

By contrast, the costs of the Storm- 
fury experiments and research are rela- 
tively low. If during the next 10 years 
we continue spending at the current 
annual rate and if at the end of 10 
years we are able to modify one hurri- 
cane, such as Camille (1969) or Betsy 
(1965), sufficiently to reduce the dam- 
age by 10 percent, the country will 
obtain a more than tenfold return on 
its investment. 

In the modification experiments, we 
seek to make the hurricane work against 
itself. Hurricane clouds contain large 
quantities of water substance still in 
the liquid state at temperatures lower 
than -4?C. At these temperatures the 
introduction of silver iodide nuclei 
should cause the water droplets to 
change to ice crystals and to release 
the latent heat of fusion, providing a 
possible mechanism for adding heat to 
the hurricane. One objective of the 
Stormfury experiments is to determine 
in which portion of the hurricane the 
addition of heat will result in dimin- 
ished intensity of the storm. One loca- 
tion is presumably at the outer edge 
of the mass of warm air that occupies 
the central area of the hurricane. 
The experiments on Hurricane Debbie 
were designed to determine if addition 
of heat in this area would result in 
diminishing the maximum horizontal 
temperature gradients in the storm and, 
eventually, in weakening the maximum 
winds. 

Hurricane Debbie was a mature 

storm with winds stronger than 185 
km/hour on 18 August (Fig. 2). It 
was about 1200 km east-northeast of 
Roosevelt Roads, Puerto Rico, the pri- 
mary operating base of Project Storm- 

fury. This was an extreme range for 
the experiment, but other conditions 
were favorable, and the storm was 
moving west-northwestward on a course 
that would bring it closer to the base 
as the day progressed. Thirteen air- 
craft were available (nine from the 
Navy, two from ESSA, and two from 
the Air Force). Fifteen flights were 
made with these aircraft. Of these 
flights, five carried the pyrotechnics 
for seeding the hurricane, and the other 
ten monitored the storm for changes 
in structure and intensity, beginning 
about 6 hours before the first seeding 
and continuing until 6 hours after the 
last one. 

The Navy seeder aircraft approached 
the storm from the south-southwest 
at 10,000 m, penetrated and crossed 
the eye, and entered the wall cloud 
on the north-northeast side. Shortly 
after entering the wall cloud at a spot 
where past experience suggested that 
the aircraft would cross the radius of 
maximum winds as well as the most 
intense temperature gradients, the crew 
started dropping the pyrotechnic gen- 
erators (3) that produced the silver 
iodide. Each aircraft carried 208 of 
these generators and dropped them 
along a line leading radially away from 
the center. Each generator contained 
slightly more than 120 g of silver 
iodide, and each gram should produce 
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in excess of 1012 freezing nuclei at 
-8?C. There is some evidence that 
each gram might produce more than 
1014 nuclei active at temperatures 
found in hurricane clouds (4). 

Each seeding run lasted 2 to 3 min- 
utes and covered between 26 and 40 km. 
The five seeding runs came at intervals 
of approximately 2 hours on each of 
the 2 days. The approximate times 
are given in the inset of Fig. 2. 

Many data were collected during ten 

monitoring flights and some by the five 
seeder aircraft. We are still analyzing 
these data, but we can draw tentative 
conclusions from data processed thus 
far. A few of the data are shown in 
Figs. 3 and 4. 

The two DC-6 aircraft of ESSA's 
Research Flight Facility have similar 
instrumentation that has been cross- 
calibrated, and they have crews trained 
in using the same techniques. Data 
from the two aircraft are as nearly 
comparable as planning and checking 
can make them. These aircraft were 

designed to relieve each other in mak- 
ing repetitive passes across the storm, 
in order to provide almost continuous 
coverage of the hurricane by one of 
them from 3 hours before the first 
seeding until 5 or 6 hours after the fifth 
one. This continuous coverage was ac- 

complished with the exception of some 
time gaps on 18 August, when the 
storm was at such great range that the 
first aircraft could not make the round 
trip to base for refueling during the 
time that the second aircraft could re- 
main in Debbie. The aircraft flew at 
3600 m. In previous mature hurricanes 
such as Debbie, where we have had 
measurements at several levels, winds 
at 3600 m have been about 95 per- 
cent as strong as those near the sur- 
face (5). 

The flight patterns called for each 
aircraft to make a round trip across 
the storm from a point about 90 km 
west-northwest of the hurricane center 
to 90 km east-southeast of it, or to 
a point beyond the belt of the strongest 
winds. Each aircraft then flew similar 
traverses from the south-southwest 
quadrant to the north-northeast quad- 
rant until fuel shortage dictated de- 
parture from the storm. Since we have 
more data on the later passes, they 
are the ones presented in Figs. 3 and 4. 
In a storm moving toward the west- 
northwest, the strongest winds are usu- 
ally found a short distance north-north- 
east of the center. 

Between successive passes on both 
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18 and 20 August, the winds some- 
times increased and sometimes de- 
creased. In the mean, however, the 
wind speeds dropped from shortly after 
the second seeding until at least 5 or 6 
hours after the fifth seeding. This de- 
crease was most marked on 18 August 
(Figs. 3 and 4). 

Before the first seeding on 18 August, 
maximum speeds at 3600 m were 182 
km/hour. By 5 hours after the fifth 
seeding, they had decreased to 126 
km/hour, a decrease of 31 percent. 
On 20 August the maximum wind 
speed before the first seeding was 183 
km/hour. Within 6 hours after the final 
seeding, the maximum had dropped to 
156 km/hour, a decrease of 15 percent. 

Variations in the force of the wind 
are closely related to variations of the 
square of the wind speed or the kinetic 
energy of the air particles. These de- 
creases in maximum winds represent a 
reduction in kinetic energy in the belt 
of maximum winds of 52 and 28 per- 
cent, respectively, on 18 and 20 August. 

That Hurricane Debbie decreased in 
intensity following multiple seedings on 
18 and 20 August is well established. 
What we do not know is whether the 
decrease was caused by the seeding or 
by natural changes in the hurricanes. 

From analyses of past storms we can, 
however, make some comments about 
the probability that the changes ob- 
served might have occurred naturally. 
The rate of rise in central pressure in 
Debbie that accompanied the reduction 
in wind speed on 18 August has oc- 
curred in only 9 percent of 502 periods 
of similar length for other tropical cy- 
clones that we have studied. Our mea- 
surements of winds in previous hurri- 
canes are less complete than are our 
measurements of the pressure changes, 
but it is believed that the rate of de- 
crease in wind speeds on 18 August is 
also a relatively rare event. 

Although the rate of decrease in wind 
speeds on 20 August was smaller than 
on 18 August, it occurs in less than 
one-half of the hurricane days. Further- 
more, on each of the days, the reduc- 
tion in wind speed occurred at a time 
when it could have been caused by the 
seeding experiment. 

We are still studying satellite pic- 
tures taken by the ATS-111 satellite; 
radar pictures taken aboard the project 
aircraft; and measurements of the pres- 
sure, temperature, and liquid water 
taken by the project aircraft. When all 
these data are finally processed and 
analyzed, perhaps we will be able to 

say with greater certainty whether or 
not the artificial seeding caused the 
observed reduction of hurricane in- 
tensity. 

Some support for the idea that the 
modification experiment could have 
caused the reduction in wind speed 
is given by a theoretical model of a 
hurricane. Rosenthal (6), Ooyama (7), 
and others have been developing nu- 
merical-dynamical models to simulate 
the life history of hurricanes. Although 
these models are far from perfect, they 
do simulate many features of hurri- 
canes. We have tried to simulate the 
Stormfury modification experiment on 
Hurricane Debbie with Rosenthal's 
model of a hurricane. With reasonable 
assumptions about the amount of liquid 
water existing at subfreezing tempera- 
tures, we have been able to achieve a 
15 percent reduction in maximum 
winds with a simulated seeding experi- 
ment. 

Since the 1969 experiments suggest 
strongly that modification was accom- 
plished, such experiments must be re- 
peated on one additional storm, or 
more, as soon as practical to seek fur- 
ther confirmation. We must also con- 
tinue to search for clues from the data 
still to be analyzed and from results 
of our theoretical investigations in order 
to better identify probable cause and 
effect relationships and to improve the 
design of our seeding experiments. 

R. CECIL GENTRY 

National Hurricane Research 
Laboratory, Environmental Science 
Services Administration, 
Miami, Florida 33124 
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