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ABSTRACT

Suggested means of modifying tropical storms are briefly
discussed. Project Stormfury is discussed in some detail
with emphasis on possible effects of these experiments
on tropical cyclone motion, rainfall, wind fields and
storm surge. Studies of natural storm variability, ex-
ploratory experiments, sensitivity tests, numerical simu-
lations and theoretical calculations indicate that exper-
iments conducted in the manner described under the Storm-
fury hypothesis may result in significant wind speed and
potential damage reductions with no significant and/or
detectable effect upon storm motion or net rainfall, ac-
cunulated area wide or at specific locations, for a mov-
ing storm. The Stormfury hypothesis, its physical basis
and the experimental design are discussed. Calculations
and results to date indicate that mwmaximum wind speed
reductions of 10 to 15 per cent might be expected with
associated damage reductions of 20 to 60 per cent based
on studies of effects of winds upon buildings.

INTRODUCTION

Hurricanes/typhoons/tropical cyclones (hereafter generally referred to as
tropical cyclones) affect many areas of the tropical and subtropical regions
of the world each year. These storms often result in large losses of
property and lives. In the United States of America, the trend for the
economic loss has spiralled upward dramatically during the past two or three
decades primarily due to large and increasing population concentrations
along tropical cyclone-prone coastlines, For instance the damage loss for
the 5-year period of 1945 to 1949 was approximately US$500 million, while
that same damage statistic (with appropriate inflation adjustments) for 1965
to 1969 was in excess of US$2400 million (Gentry 1974). It is not unusual
now to have single storms that result in damage in excess of US$1000 million.
In other parts of the world the actual dollar value losses may not be as
large, but the economic effect on a nation's economy, as well as loss of
lives, can be large and often devastating. Some selected damage statistics
are listed in Table 1.
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Table 1. Selected storm damage statistics

Storm Date Location US§ Loss (millions) Lives
Hurricane Agnes 1972 USA 2000 122
Hurricane Camille 1969 USA 1200 255
Hurricane Eloise 1975 USA 550 55
Hurricane Fifi 1974 Honduras ? 3000-10000
Cyclone Tracy 1974 Australia 600 48
Bangladesh cyclone 1970 Bangladesh ? 300000

Governments and scientists throughout tropical cyclone-prone areas
have long been concerned about the awesome destruction caused by these
storms and have sought ways to mitigate their effects. A report by the
World Meteorological Organization Commission on Atmospheric Sciences (1973)
states, 'The Commission supported projects aimed at assessing the feasibil-
ity of tropical storm moderation, subject to safeguards against possible
undesirable side-effects. It was recommended that concerted studies be
undertaken on all aspects of tropical storm seeding and its possible
consequences ,..'

MODIFICATION SCHEMES

Many schemes for modifying tropical cyclones have been proposed. These
schemes range from those without any reasonable physical basis to those that
are scientifically sound, but apparently logistically impractical at this
time, and to those that appear to be both scientifically sound and feasible.
The schemes that appear to be scientifically sound can be basically divided
into two classes: those that attempt to reduce the latent and sensible heat
transfer from the ocean to the atmosphere and those that attempt to alter
the convective cloud distributions and, therefore, the flow through the
storm,

The first class of schemes is based upon the sea as the source of the
tropical cyclone's fuel or energy. Therefore, if the transfer of heat
energy from the ocean to the atmosphere could be reduced below some thresh-
old value, a storm should dissipate. Schemes have been proposed for cool-
ing the sea surface water or covering the sea surface with films to reduce
the evaporation processes (Weather Modification Advisory board 1978).

Frank (1976), however, found that the typhoon draws much of its
energy from distances greater than 29 latitude (222 km) from the storm
centre. Hurricane case studies (Hawkins and Rubsom 1963 and Hawkins and
Imbembo 1975) have shown lesser but significant degrees of heat and
moisture convergence from large distances for the generally smaller hurri-
cane case. When one now only considers the inner portion of the cyclone
and applies an average storm movement speed of 22 km/h, the result is an
area of 43 591 km? being traversed by only the inner 0 to 2° 1atitude ring
of the tropical cyclone per hour. It would seem to be logistically diffi-
cult to treat a large enough area of the ocean to cause a significant
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reduction in the heat transfer from the ocean to the atmosphere for a

moving system with existing technology. Nevertheless, some developments in
this area may occur over the next few decades (Weather Modification Advisory
Board 1978).

The second class of modification schemes is centered around altering
the location of the vertical mass transport in the tropical cyclone by
stimulating cumulus convection at greater radial distances from the storm
centre than the established eyewall. One such scheme for accomplishing
this task has been proposed by Gray et al. (1976) using carbon black to
create a heated island effect resulting in low-level heating, increased
convergence and, therefore, convective cloud development in the region of
the dispersed carbon black. Preliminary calculations indicate signifi-
cant effects on the hurricane flow, if the carbon black covers a signifi-
cant portion of the area of maximum low-level inflow in a region where
sufficient solar absorption would be present, Major logistical problems
arise but perhaps could be overcome. This scheme could offer a reasonable
means for tropical cyclone moderation in the future if logistical and
ecological factors could be overcome.

The final and primary storm modification scheme to be discussed
here is known as the Stormfury hypothesis. This scheme is also based
on altering the location of the major vertical mass transport in the
tropical cyclone and is the only one to date that has undergone actual
field tests. The remainder of this paper is focused upon the physical
basis of this hypothesis, past experimental results, storm selection
and safety criteria and recent findings of relevance to the stormfury
hypothesis. Special emphasis is placed upon what changes in storm
characteristics may reasonably be expected from experiments conducted in
the manner suggested by the hypothesis.

PROJECT STORMFURY
Stormfury hypothesis - physical basis

Project Stormfury experiments are designed to determine whether man can
cause a reduction in the maximum wind speeds through an alteration in the
location of energy released near the storm's centre. At low levels, warm,
moist air spirals over the tropical sea towardsthe storm's centre acquiring
copious quantities of latent and sensible heat from the sea. The inflowing
air, already turning slowly in the direction of the rotation of the earth
at large radii before it starts itsinward spiral, gathers tangential speed
through partial conservation of its absolute angular momentum as it draws
nearer the storm's centre and produces winds of destructive violence.

Large portions of this air flows upward into the eyewall (a band of clouds
ringing the relatively calm eye) and/or surrounding rainbands releasing
latent heat, thus furnishing most of the energy for driving the storm
before moving away from the storm's core at high levels.

The small areal extent of this convective-scale ascent of air from the
inflow layer to the upper tropospheric outflow layer, when compared to the
total area of the tropical cyclone, is not generally appreciated. Only a
fraction of an annular eyewall can contain convective-scale up draughts in the
range of 10 to 20 mps that have been measured in tropical cyclones (if one
assumes reasonable values of inflow (Sheets and LaSeur 1979)). Furthermore,
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when one considers the ratio of the eyewall convective area to the total
area within three or four times of the radius of maximum winds, the typical
value is less than 1 per cent. This factor has important consequences for
the proposed Stormfury experiments because it implies that only a very small
region of the storm need be modified to produce a significant result (i.e.,
the experiment is logistically feasible).

The next most important question is to determine if the convective
scale ascent can be modified in such a manner as to cause significant
changes in the location and intensity of the vertical mass transport in
the tropical cyclone., The method for altering the convective scale ascent
proposed under Project Stormfury is 'dynamic seeding'. This technique has
proven to be effective for increasing cloud growth in tropical regions
(Simpson et al. 1967) but remains to be proven in the tropical cyclone
environment. However, observations in hurricanes give good reason to
expect that the technique will work. For instance, hurricanes that contain
a well-formed eyewall often contain clouds located in areas outward from
the eyewall that do not extend to the outflow level. One such example is
shown in Fig. 1, a radar Range Height Indicator (RHI) presentation for
hurricane Anita as observed on 2 September 1977. Other observations
indicate that many of these clouds often contain large quantities of
supercooled liquid water (Sheets 1969). Simplified calculations based
upon buoyancy indicate that these clouds may be caused to grow through the
dynamic seeding process as hypothesised below (Sheets 1969). It is
hypothesised that injection of silver iodide particles into the upper
portion of these clouds causes the droplets to freeze, releasing the
latent heat of fusion. This additional heat causes that portion of the
cloud to be warmer and, therefore, lighter than the surrounding air, and
thus triggers an increase in the ascending flow. As the air rises it
expands and cools and water vapour condenses or sublimates, releasing
considerably more latent heat with the hypothesised effect that the seeded
cloud grows to the outflow level, providing a new convective conduit that
intercepts the inflowing, low-level air. This process is schematically
illustrated in Fig. 2, which shows a cut-away view of the right side of a
hurricane at three stages hypothesised to occur as a result of the seeding
process. Only the transverse flow component is illustrated. The top panel
is the initial structure of the storm before the start of the seeding event.
Note the similarity between this schematic drawing and the radar depiction
for Anita (Fig. 1). The middle panel represents the stage where the
hypothesised seeding effect is taking place. Here the initial eyewall is
weakened because the low level, inflowing, warm, moist air that maintains
these clouds is being diverted upward in the seeded cloud that starts to
form a new eyewall located at a greater distance from the storm centre than
the initial eyewall. Finally, the lower panel illustrates the final
modified stage of the hypothesised sequence of events, where the old eyewall
has now dissipated and the seeded cloud has become the new eyewall provid-
ing the conduit for the major vertical mass flow through the hurricane
from the low-level inflow to the upper-level outflow. (The degree of
expansion of the eyewall is exaggerated in the schematic drawings for
illustrative purposes.)
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Fig. 2 Vertical cross—section of the right side (including left eyewall) of a tiopical cyclone schematica.lly
illustrating the hypothesised storm structure before (top), during (middle) and after (bottom) seeding.
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The Stormfury hypothesis can be summarised as follows:

(1) clouds are seeded outward (away from the storm centre) from the
external edge of a mature hurricane eyewall;

(ii) the supercooled water in the seeded clouds freezes, latent heat
of fusion is released, and the buoyancy of the upper portion
of the cloud increases (resulting in increased ascent in the
seeded portion of the clouds that further results in increased
condensation rates and cloud growth);

(iii) the seeded clouds grow to the outflow level, providing a
major new conduit for vertical mass transport;

(iv) the old eyewall circulation weakens as the major vertical
mass transport is diverted to the seeded clouds;

v) the maximum wind speeds are reduced due to the partial con-
servation of angular momentum associated with the outward
shift of the radius of maximum winds (region of maximum
vertical mass transport);

(vi) the pressure field adjusts to the changes in the wind;

(vii) the storm starts to return to its 'natural' state, as
determined by the synoptic scale environment (atmospheric and
oceanic conditions over.and in which the hurricane is embedded),
6 to 18 hours after the final seeding.

It should be noted that this is an hypothesised dynamic effect rather than
a direct thermal effect.

The possible magnitude of the reduction in maximum wind is illustrated
in Table 2, based upon the relationship V,r" = constant where V, is the
tangential wind and r is the radial distance from the centre of circulation,
Figure 3 shows an example of a wind speed profile well suited for the
Stormfury hypothesis where x = 0.5 to 0.6. [(f the inflowing air can be
induced to rise in enhanced convective up draughts at a radius 20 to 40 per
cent larger than the pre-existing eyewall and x remains constant, the
maximum winds will be reduced by 15 to 30 per cent.

Past experimental seeding results

The tracks of all storms seeded under this program are shown in Fig. 4 and
a summary of the experimental results for each storm is listed in Table 3.
These experiments have been discussed by Gentry (1974). The only experi-
ments that were conducted in a manner closely following the present Storm-
fury hypothesis, and also those that by far appear to have been the most
successful, are the hurricane Debbie experiments of 18 and 20 August 1969.
Maximum wind speed reductions of 30 and 15 per cent, respectively, were
well documented (see Figs 5 and 6). Even though analyses by Hawkins (1971)
and Sheets (1973) would seem to indicate that a portion of the wind speed
reduction recorded on 18 August was probably due to synoptic scale
influences, these analyses also suggest that significant reductions resul-
ted on both days,which could possibly be attributed to the seeding events.
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Table 2. Potential reduction of wind (per cent) at

R > Re if VeRx = constant.

X
R/Re 0.5 0.6 0.7 0.8 0.9 1.0
1.2 9 10 12 14 15 17
1.4 15 18 21 24 26 29
1.6 21 25 28 31 35 37
1.8 25 30 34 38 41 44
2.0 29 34 38 43 46 50
80 +200
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Fig. 3 Wind speed and adjusted D value (a measure of pressure) profiles for hurricane Anita on 2 September 1977

with computed wind profiles of Va X = constant for X = 0.5 and 0.6.
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Fig. 5 Hurricane Debbie wind speed profiles recorded on 18 August 1969 (after Gentry 1970).
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Table 3. Summary of experimental results of seeding hurricane

clouds near the eyewall. (After Gentry 1974).

Silver Jodide  Approx Max

No of Used* Wind Speed
Name Date Seedings (No/kg) Change (%)
Hurricane Esther 16 Sep 1961 1 8/35.13 -10+
Hurricane Esther 17 Sep 1961 1 8/35.13 0
Hurricane Beulah 23 Aug 1963 1 55/219.96 OT
Hurricane Beulah 24 Aug 1963 1 67/235.03 -14
Hurricane Debbie 18 Aug 1969 5 976/185.44 =30
Hurricane Debbie 20 Aug 1969 5 978/185.82 -15

*Values in column are for total number of units and total kilograms of
silver iodide used each day.

tPyrotechnics dropped outside seedable clouds.

In addition, a hurricane was seeded on 13 October 1947 and hurricane
Ginger was seeded on 26 and 28 September 1971. The clouds seeded in
these storms were far different and the seedings were done in a
different fashion than for the storms listed above,

Note:

No actual seeding experiments have been conducted since 1971 primarily
due to the non-availability of equipment from 1973 to 1977 and the non-
availability of suitable candidates in an approved operational area in
other years. Much observational and modelling work, however, that has
continued has resulted in refinements of the Stormfury hypothesis and experi-
mental design. In addition, other background studies have continued and
portions of this work are cited in this report.

CONCERNS

The primary questions raised concerning experiments conducted in tropical
cyclones can be placed in four distinct categories. These are possible
significant and/or detectable effects upon the storm's track, rainfall,
wind field and/or associated storm surge. Questions concerning these
aspects of the experiments can be addressed several ways; i.e., (a) theo-
retical calculations; (b) numerical simulations; (c) background studies of
nature creating changes similar to changes hypothesised to take place as a
result of modification experiment, and (d) analyses of actual experiments.
Each of these methods has significant limitations and the assessment of
the possible changes that might be expected from a modification experiment,
using these techniques, is often more qualitative than quantitative. Never-
theless, the results of application of these techniques provide the most
accurate information currently available on possible impacts on Stormfury-
type experiments on the future storm structure and behaviour.
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Track

It has long been recognised that the dominant influence on the motion of

a tropical cyclone is the surrounding large scale flow in which the
tropical cyclone is embedded. This flow is often referred to as the
'steering current' and is the primary tool utilised in forecasting storm
motion. The other significant features contributing to the motion of the
storm are the interaction of the vortex with the environmental flow, in-
cluding possible resulting asymmetric heating, as well as the Magnus effect
(Kuo 1969).

Jones (1977) conducted some experiments on an f plane (no variation
of the Coriolis parameter) on vortex motion in a tropical cyclone model with
a mean current superimposed. The results indicated that approximately 90
ver cent of the motion of the vortex could be attributed to the mean current
with the remainder of the motion resulting from the vortex and mean current
interaction.

Jones (1976) conducted experiments using a three-level, three-dimen-
sional model of a tropical cyclone to artificially enhance the convective
heating rate in a manner that might occur as a result of modification experi-
ments, He found significant oscillations in all tracks including the control
case, but the oscillations were generally less than the diameter of the eye.
Jones attributed much of this deviation to model constraints. Jones recently
ran experiments similar to those described above except for the seeding, using
a new 12-level, three-dimensional model. The preliminary results of these
experiments indicated that the amplitudes of the oscillations during the 80 to
90-hour period are of the order of 5 km and apparently decrease with time in
contrast to the amplifying situation for the earlier three-level experiments,
thus somewhat confirming his earlier conclusions that the increasing ampli-
tude of the oscillations was primarily due to model constraints i.e., poor
vertical resolutions, etc.

George (1976) conducted studies of tropical cyclone motion versus
surrounding flow for composites of storms in the northwest Pacific. The
important aspect of his study relative to this paper is stated by the author
as '... the surrounding flow dictates the storm motion very well, regard-
less of storm latitude, speed, direction (of movement), intensity, and
intensity change. Thus, it appears that the structure of tropical cyclones
such as the inner convective activity is not a primary factor in influenc-
ing storm movement',

A study of the tracks of the four storms seeded under this program in
the past, utilising the official forecasts of the National Hurricane Center
and the objective NHC CLIPER (CLImatology and PERsistence) system (Neuman
1972), was used to evaluate the expected movement of the seeded storms
versus the actual movement. Although the sample is admittedly small (8
seeded periods), no obvious or detectable changes due to seeding were detected
as compared to other forecast periods for the given storm or compared to
seasonal statistics (Sheets 1980).






