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froject STORMFUFY was establishec by = Iaterdepartmental
agreement between the Department of Commerce and the Department
of Defense, signed Juiy 30, 1962. Additional support has been
provided Yy the Hatinnal Science Foundation under Grant NSF-G-17993.

This report is the ninth of a series of annuai reports to
be prepared by the Office of vrhe Director in accordance with the
Project STORKFURY int:rdepartmental agreement.

Additional cogies of this report may e obtained from:

U. S. Haval Weather Service Command

Department of tihe Havy
Washington Mavy Yard
Washington, D. C. 20330

or

Hational Hurricane Research vraboratory
P. 0. Box B285, Univers:ty of Miami Branch
Coral Gables, Florida 33124,

NOTICE

The National Hurricane Research Laboratory and the MNaval
Weather Service Command, do not approve, recowmend, or endorse
any proprietary product or proprietary material mentioned in
this publication. No reference shall be made to either or-
ganization or to this publication in any advertising or sales
promotion which would indicate or imply that the National Hur-
ricane Research Laboratory or the Naval Weather Service Com-
mand approves, recommends, or endorses any proprietary product
or material mentioned herein, or which has as its purpose an
intent to cause directly or indirectly the advertised product

to be used or purchased because of this publication.
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PROJECT STORMFURY ANHUAL EEPORT - 19790

INTRODUCTION \

The apparently successful seeding operations on Hurri-
cane Debbte in 1969 made it most urgent that similar experi-
mevts be carriod out on a 1970 storm to provide further eval-
vation of the effectiveness of the technique. The 1970
hurricane season. however, produced ne tropical cyclones
which were eligible for seeding experiments. In spite of
this, or perhaps because of it, the 1970 season was undoubt-
edly the most productive research period for Project STORMFURY
to date.

Even though no eligible storm developed, the STORMFURY
forces did operate togethar during dry-run exercises, cloud-
line experiments, and on a data-gathering mission in Tropical
Sturm Dorothy. The dry-run exercises were conducted from
the Navai Station Roosevelt Roads, Puerto Rico, on 21 through
24 July, and these were followed immediateiy by the cloudiine
exercises during the last 6 days of the month. The STORMFURY |
forces were again deployed to Puerto Rico when it appeared
on 19 August that Tropical Storm Dorothy might develop into l
a hurricane and move into the Caribbean. Even if she did *
not internsify and become eligible for a modification experi- J
ment, she could still have provided a good storm for a STORM-
rURY monitoring mission if her intensity remained suffi-
ciently stable. On this basis, the STORMFURY forces moved
to Puerto Rico on 20 August. Dorothy, howezver, started to
weaken after crossirg the island ¢f Martinique, and the op- 3
eration reverted to a2 data-gathering mission tc provide badly .
needed information on a tropical wave.

With the lack of eligible storms ia 1970, the hurri-
cane research efforts were intensified and carried out with-
out operational interruptiions. The results of these various
research activities are extremely interesting particularly
as they relate te future STORMFURY operations, and the more
significant results are given in the Appendices to this re-
port. Of special interest in this conneciion is Appendix B
which details a new and better explanation for the apparent
success of the 1969 "Debbie" experiments than was possible
with the pre-existing hypothesis.

The optimism generated by the "Debbie® work also re-
sulted in increased emphasis being placed on the Project by
the Government. In 1970 Project STORMFURY was designated a
National Pilot Project by the Interdepartmental Committee for
Atmospheric Science (ICAS), and some additional STORMFURY
funding was made available in the FY-1971 budget of the
Department of Commerce.
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HISTORY AND ORGANIZATION

Project STORMFURY is a joint Department of Lommerce
(ROAA)-Department of Defense (Navy) program of scientific ex-
periments designed to explore the structure and dynamics of
tropical cyclones and their potential for modification. The
Project waich was formaliy established in 1962 has as its
priancipal ¢bjective experimentation directed towards changing
the hurricane's energy exchange by strategic se~ding from
aircraft with silver iodide crystals. The crystals are dis-
pensed from pyrcotechrnic devices developed by the U.S. Navy.
The hypothesis calls for a measurable decrease in the maximum
wind velocities near the center of the storm. HNavy and HOAA
scientists and aircraft, supplemented by those of the U.S.
Air Force, have cooperated in S7TORMFURY experimental opera-
tions since 1961 when the first informal agreement was pro-
posed. Tc date, the experiments conducted by the Project
consist of:

Hurricane Esther - seeded in 1961 - Singie seeding
Hurricane Beulah - seeded in 1963 - Single seeding
Tropical Cumulus Cloud Seadings - 1963

Tropical Cumulus Cloud Seedings - 1965

Tropical Cioudline Seedings - 1968

Tropical Cloudiine Seedings - 1969

Hurricane Debbie Seedings - 1969 - Multiple seediny
Trepical Cloudiine Seedings - 1970.

Since 1962, only two hurricanes have been seeded:. The
results ¢f the Hurricane Debbie multiple seeding experiments
conducted on 18 and 20 August 1969, were extremely encour-
aging in that a decrease in the maximum wind velocity of the
hurricane was observed on both days. Altkough by no means
conclusive, these cbservations coupled with radar and other
meteorolngical data strongly suggest that a modification to
Hurricane Debbie was achieved. The exact amount of effect
caused by seeding is still very difficult to determine due
to the naturai fluctuations which occur in each tropical cy-
cione.

The initial 1962 Project STORMFURY agreement between
the Department oF Commerce and the Department of the Navy
covered 3 years and was renewed annually from 1965 to 1968.
The 1969 renewal was extended to cover a 3 year period.

See Project STORMFURY Annual Reports 1963 through 1969.




2 Dr. Robert M. Whi%e, NOAA Administrator, and Rear
E: Admiral W. J. Kotsch, U.S. Navy, Commander Haval Weather

Service Command, had overall responsibiiity for the coopera-
i tively administered project.

The Project Director in 1970 was Dr. R. fecil Gentry,
Director of the National Hurricane Research Laboratory (HNHRL),
Miami, Fiorida. The Alternate Director was Dr. Harry F.
Hawkins, also of NHRL. The Assistant Project Director and
Navy Project Coordinateor was Captain L. J. Underwoed, U.S.
Navy, Commanding Officer of the Fleet Weather Facility,

E Jacksonviile, Florida {FLEWEAFAC JAX). The Aiternate to the
3 Assistant Project Director was Commander J. 0. Heft, U.S.
Navy, also of FLEWEAFAC JAX. Mr. Jerome H. Nickerson, Navy
Weather Research Facility, Norfolk, Virginia {(WEARSCHFAX),
was Technical Advisor to the Navy; Dr. S. D. Elliott, Jr.,
Naval Weapons {enter, China Lake, California, was NHC Pro-
ject Officer; Mr. Max Edelstein, Naval seather Service Com-
mand Headquarters, Washington, D.C., was assigned Tiaiscn
duties representing the HNavy; ard lr. William D. Mallinger
4 {NHRL) was assigned liaison duties fer the Project Director
E and NOAA and acted as Data Quality Control Coordinator.
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1 PROJECT STORMFURY ADVISORY PANEL

The Advisory Panel of five membzsrs is representative
of the scientific community and provides guidance thkrough its
consideration of various scientific and technicai probiems
involved with the project. Their recommendatiuas have proved
to be of great value to the project since its inception.

3 The Panel reviews results from previous experiments,

; proposals for new experiments and their priorities, and makes
recommendations concerning the effectiveness of data coliec-
tion and evaluation, eligibility criteria for storms to be
seeded, and octher items as appiicable.
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Puring 1570, the Advisory Panel censisted of the fol-
lowing prominent scientists: Professor Noel E. LaSuer,
Chairman (Florida Stats University), Professer Jercme Spar
{Department of Meteorology and fCceanography, New York Uni-
versity), Professor Edward Lorenz {Department of Meteoroloyy,
Massachusetts Institute ¢i Technology), Professor Charles ..
Hosler (Dean, College of Earth and Mineral Scierces, Pennsyl-
vania State University), and Professor James E. McDonaid
(Institute of Atmospheric Sciences, University of Arizona).
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ihe Pare: w2t ip Hiami on 29 3nd 30 Sepiecber 1970 o
cs5s nurerical hurricane :néeling research and the sinula-
eeding experiments with the nurricaze redels conducted

or. S. L. Rosenthel aad his grouwp a2t HHRL.

Ca

The Parel agsir zet in YNashisgton, D.C., on 28-30
sary 1271. The first day, the Panel members participated
& bri2 .:ng to HOAA 2bout research on "Decision Analysis of
‘arricene Xodification” dome at the Stanford Rescarchk Insti-
The ?anel ceeting on 29 and 230 January wes &tteanded
s representatives froo coeparating agencies and inciuded
wil discussioms >f research on pas; expericents and future
70r the Project. Proiessor Lorenz resigned from the
“imel in QOciober due to the pressure of other worx in which
re is engaged. He was replaced by Professor Horcan A. Philiips
{Tepertrznt of Hetaoroicgoy, Massachuysetts Institute of Tech-
nolagy). Recscmzndations fron the Panel neetiags in HWiami,
florid:z, and ¥asnington, D.L., are included in this repsrt

as &ppendix .
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PUBLIC RFFRIRS

A coardinated press release and Tact sheei Tor STORY-
FURY ware d:rtr'bbted to the media prior to the experimentai
secason. Although nc hurricane seeding opportunities occur-
red, the pyklic affairs tean was prepared to opzrefe with a
glan sicilar to that used during the "Debbie” experimen.s of
1969. Two ceats on the Project aircratt were to be made
availatle on a pool basis to media representatives. One cect
was to g9 20 2 reporter and the other to a cameraman repre
senting TY notworks. Additional seats for the media may be
aosssibie for fTuture operations *7 sufficient interest for
additional! coverage becores apparent.

PYROGTECHNIC DEVICES - SILVER IODIDE

The pyrotechnics prepared for the 1970 seascn were
similar to the STORMFURY I unit used in the 1969 seeding
experiments, bput incorporated several improvements that made
them safer to handle. This new unit, developed under the
leadership of Dr. Pierre St. Amand of the Haval Weapons Cen-
ter, China Lake, Catifornia, was provisionally designated
WMu-2(xCL-1)/8B.




The new unit is fired from the same type of ratCi angJ
cartridge case as is the STORMFURY { round. [Its pyrotecion:c
grain is also similar ia composition and performance tc that
of the eariier unit, but it incorporates pressure relief,
bore-safety, and time delay fTunctions that will permit i¢ to
be certified for general use in all appropriate racks and
aircraft without special supervision.

Yore details of the pyrotecnnics used can be found in
Appendix © of the 1369 Project STORMFURY Annual Report.

AREAS OF OPERATIONS

Eiigidble areas for experimentation in 1970 were the
Gulf of Mexice, the Caribbeanr Sea, and the southwestern
fiorth Atlaniic region.

Operations in these areas were iVimited by the fcllowing
guideline: A tropical cyclore was considered eligihle for
seeding as long as there was only a small probability {10
percent or less) of the hurricane center coming within 50
miles of a ponulated lend area within 18 hours after seeding.

There are two primary reasons for not seeding & storm
near land. First, a storm seeded further at sea wiil have
reverted to its natural state prior to affecting a land area
Second, large changes in the hurricane structure occur when
it passes over lard. These land-induced modifications would
obscure the short period effectis expected to be produced by
the seeding experiments and greatly complicate the scientific
evaluation of the resuits.

PLANS FOR FIELD OPERATIONS - 1970

The period 20 July to 31 October was established for
STORMFURY operations in 1970. The following aircraft were
planned as STORMFURY forces during the season:

1. Navy Weather Reconnaissance Squadron Four
Four WC-121N's

2. Marine All-Weather Attack Squadron Two Two Four
Four A-6 Intruders




3. NOAA Research Fiight Facility
Twe DL-6's
One B-57
One C-54 {replaced by a £-130 during the season)
4. Air Force 53rd Weather Reconnaissance Squadron
Twe HC-130's
5. Air Force 55th Heather Reconnaissance Sguadron

Gne WC-135

6. Air Force 58th Heather Reconnaissance Squaéron
Cne RB-57F

7. MNaval Air Test Center
One P3

8. Haval Yeapons Center
One Cessna 401.

Operations Plan Ro. 1-70 was provided to participants.
It covered flight operations, communications, instrument cal-
ibration and use, data cellection and distribution, logistic
and administrative procedures, airspace reservations agree-
ments, and public affairs.

The plan also provided for a series of fall-back re-
search missions to be used when ro eligible hurricane was
available for seeding after deplioyment of project forces.
These research mis:=ions are primarily data gathering or
storm monitoring missions in unseeded cloud systems or storms.

As recommended by the STORMFURY Advisory Panel, first
priority was given to the eyewall experiment in order to gain
additional data which couid pe correlated with those collicted
during the 1969 "Dehbie" seeding experiments.

This multiple seeding of the clouds in the annulus
radially outward from the maximum hurricane winds calls for
five seedings at 2-hour intervals. Each seeding consists of
drepping 208 pyvrotechnic units along a radially outward flight
path, starting just outside the radius of maximum winds. The
hypothesis in 1969 and early 1970 stated that the introduction
of freezing nuclei (silver iodide crystals produced by the
pyrotechnics) into the clouds in and around the eyewall should
cause a chain of events that includes the release of latent
heat, warming of the air outside the central core, changes in
temperature and pressure gradients, and a reduction in maxi-
mum winds. Data from several experiments and individual
cases are needed before definite conclusions regarding the
validity of this hypotehsis can be assumed.




Because the magnitude of natural variations in hurri-
canes is sometimes as large as ihe hypothesized artificially
indyced changes, it is frequently difficult to distinguish
between the two.

Second priority was given to the rainsector and third
- to the rainband experiments. The rainsector experiment is
designed to test whether some of the latent energy in the
air flowing toward the center of the hurricanme can be inter-
cepted and released while it is still between 50 and 100
miles from the center. If successful, this experiment should
result in the dispersal of the energy over a larger area
rather than concentration near the center. Clouds in a 45-
degree sector between 50 and 75 miles radius are seeded to
stimulate growth. This sector is seslected because it is an
area where an abundance of warm moist tropical air is being
carried by the low-level winds toward the clouds nearer the
center of the storm. If cloud growth in this sectoir causes
meist air to ascend to the outflow layer at a relatively
large radius, some of the energy normaliy released near the
center of the storm would be released at greater radius and
could result in a reduction in the storms' wind maxima.

A1l suitable clouds in the designated sector are
seeded while monitoring aircraft continue to collect data to
document changes in storm structure cr intensity. The seed-
ings are made in four periods of 50 minutes each, separated
by non-seeding periods of 50 minutes.

The Rainband Experiment has the same objectives as
does the Rainsector Experiment and, in addition, should per-
mit the opportunity to study the interacticn of seeded clouds
with other clouds in the same and nearby rainbands. Clouds
are seeded along a rainband (a line of clouds spiraling a-
round and toward the center of the storm) at 50 to 150 miles
from the storm center. Seeding of such a rainband may pro-
duce a dispersion of the energy of the hurricane over a larger
area and should provide information and data needed to improve
the design of other modification experiments. The rainband
experiment provides data needed for studies of cloud inter-
actions. A rainband can be selected that is well removed
from the central vortex area and not obscured by the main
cioud system of the hurricane. This selection facilitates
visual observations.

-




The Aivisor, Panel has recommended that cloudline ex-
perirents continue to be conducted in order to collect cata
vital tc the understanding of the dynamics of clouds organized
inte systiems such as rainbzuds. These experiments can be con-
ducted when there are ngs hurricanes and should provide addi-
tional opporiunitiss for evaluation of seeding effects. Dur-
ing these experiments, tests of various seeding agents and
dispersing techniques can eiso be conducied. Cloudline 2x-
periments were scheduled for 24-31 July 1970, in the military
operational areas near Puerto Rico.

Project STORMFURY Ti1eld experiments are extremely com-
plex operations that require extensive planning and effective
cecordination. During the multiple seeding experiments, there
are as many as 12 aircraft simultaneously operating in the
hurricane circulation. Safety of the aircraft and persornel
is paramount throughout the cxperiment. It is obvious that
training, orofessionalism, and dedication are vital te safe
and successful operations in the weather extremes encountered.
Radars, cameras, radios, and data collection systems must be
in peak operating condition. The seeder aircraft must be
carefully and accurately vectored by radar and voice communi-
caticns for the seeding runs. Teamwork is mandatory. Ffor
these veasons, it is also imperative that dry-run exercises
be conducted prior to operations in a hurricane enviroament.
This dry-run also provides opportunities for testing equip-
ment and procedures, and for crew training.

FIELD OPERATIONS

Dry-runs were conducted from the Naval Station Roose-
velt Roads, Puerto Rico, on 21 and 23 July, following a c¢en-
eral briefing on 206 July. Participating in the dry-runs
were aircraft from the Navy Weather Reconnaissance Squadron
FOUR (V%-4), MAS Jacksonville, Florida; NOAA's Research
Flight Facility, Miami, Florida; Marine All-Weather Attack
Squadron Two Two Four (VMA-AW-224), MCAS Cherry Point, North
Carolina; Air Force 53rd Yeather Reconnaissance Squadron,
Ramey AFB, Puerto Rico; and “he 55th lleather Reconnaissance
Squadron, McClellan AFB, Sacramento, California.

Also taking part were scientists from the Naval Weather
Service Command Heacquarters, Yashington, D.C.; Naval HWeapoaus
Center, China Lake, California; Fleet Weather Facility,
Jacksonville, Florida; Mavy Weather Research Facility, Norfoik,
Virginia; University of Miami, Coral Gables, Florida; and
NOAA's MNational Hurricane Research Laboratory, Coral Gables,
Florida.




Dry-run exercises for the STORMFUFY eyewail esperinent
were conducted on 21 July and for the rainssctor/-ainiand ex-
periment on 23 July. Extensive individual debriefs of each
flight were made followed by a general critique covering the
total operations after each experinent.

A series of cloudline type experiments were carried
out at the ccnclusion of the dry-runs with & portion of the
forces. (The Marine A-6 aircreft, the Air Force WC-135,
and two of the Mavy HC-121H's were released.) Flight opera-
tions were carried out on 24, 27, 23, 29, 30, and 31 July,
utiiizing three types of seeding aircraft {Cessnz 401, DC-%,
B-57). See apprendix ! for report on the Cessna 40! opera-
tions.

The DC-6 was used on the last three operating days to
seed with various silver iodide compositions geaerated from
3 burner attached to the wine. A report on these cperations
is inciuded as appendix E.

On 19 August, Tropical Storm Dorotry developed east
of the Caribbean Sea and was predicted to move into the Car-
ibbean on the 20th. 1In anticipation that the storm would
either intensify into a hurricane or remain stabie snough
in intensity as a tropical storm to serve as a fit subject
for a STORMFURY monitering mission, the forces (with the
exceptiorn of seeder aircraft) were requested to deploy to
Puerto Rico on 20 August. The monitoring mission was to
include the flight patterns used to monitor a seeded hurri-
cane, These data collected in an unseeded storm were to be
used for comparison purposes and for research on the natural
variability of cstorms.

The Research Flight Facility flew a three-plane wis-
sion of the monitoring type on 21 Augqust, and the other pro-
ject aircraft (less seeders) arrived for the major effort on
Saturday, 22 August.

After crossing Martinique, Dorothy started weakering
slowly. On Friday, the 21st, there was still a closed cir-
culation, but the Research Flight Facility aircraft had
difficulty orienting their flight patterns about the broad
weak center. By Saturday, the 22nd, the storm had reverted
to a tropical wave with maximum winds of about 45 knots. The
STORMFURY moritoring mission was then changed to a fali-back
reseavch flight mission which collects data at severail levels
on a tropical wave. These data should prove to be very valu-
able for studying the structurs of easterly waves, for data
of this type have been extremely rare in the past,.

'



Forces perfcrmed in an outstanding manner thraughout
the dry-run exercises, the cloudline experiments, and the
Trepical Storm Dorothy cperations. T1The fali-back exercise
gave the first oppartunity to work with all three of the
Air Force participants {WC-130, WC-3135, RB57F). Several
problems were found in data collection ana were resolved as
a result of experience gained during these operations.

RESEARCH ACTIVITIES

Progress in the hurricane modification work was quite
considerable in 1970 evern though nature did not provide a
suitablie hurricane for a field experiment. This progress was
due to the efforts of the res:zarch workers, and their find-
ings provide a much broader and firmer base for the future
work of the Project. This research tcok place primarily at
the National Hurricane Research Laboratory, Coral Gables,
Florida: the Navy Yeather Research Facility, Norfolk, Vir-
ginia; and at cooperating Universities. Appendices B through
! are reports on some of these STORMFURY research efforts.

Appendix B "A hypothesis for modification of hurri-
canes,” by Drs. R. C. Gentry and H. F. Hawkins, explains the
new hypothesis on hurricane modification experiments that
was developed this year. The article summarizes the evolu-
tion of ideas concerning the use of freezing nuciei for mod-
ifying hurricanes, explains hew the new hypothesis accounts
for the apparentiy favorable results from the experiments on
Hurricanes Esther (1961), Beulah (1963). and Debbie (1969),
and discusses some oF the questiorns concerning hurricane
modification which still need to be answered either by the
theoretical investigations or by the field experiments.

Appendix C "Hurricane modeiing at the National Hurri-
cane Research Laboratory, 1970," by Dr. S. L. Rosenthal, re-
views the NHRL's more significant achievements in the general
area of time-dependent hurricane modeling. Dr. Rosenthal dis-
cusses the specific problem of modeling a Debkie-like field
experiment and summarizes efforts less directly related to the
development of time-dependent models. He also cutlines inves-
tigatiors planned by this group for the next few years.

Appendix D "Summary of the preliminary results from an
asymmetric model of the tropical cyclone," by Dr. R. A. Anthes,
Dr. S. L. Rosenthal, and J. W. Trout, shcws that the asymmetri-
cal hurricane model reproduces many observed features of the
three-dimensional tropical cyclone. Realistic pcrtrayals of
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spiral rainbands and the strongly asymmetric structure of the
outflow layer are obtained. The kinetic enerqy budget of the
model compares favorably with empirical estimates and also
shows the loass of kinetic enerayv by truncation errors to be
very small. Large-scale horizontal asymmetries in the out-
flow are found to play a significant role in the radial trans-~
port of vorticity during the matire stage and are of the same
magnitude as the transport by the mean circulation. In agree-
ment with empirical studies, the cutflow layer of the model
storm shows substantial areas of negative absolute vorticity
and anomalous winds.

Appendix E “Response aof STORMFURY cloudline cumuli to
Ag! #nd AgI-Nal ice nuclei from a solution-combustion gerera-
tor," by E. E. {!indman, II., Dr. S. D. Elliott, Jr., Dr. W. G.
Finnegan, and B. T. Patton, studies the responses of cumulus
clouds to silver iodide seedings during the 1970 STORMFURY
cioudline operations and compares the effectiveness of two
different silver iodide solutions burned in a solution-
combustion generator.

Appendix F "Measurements of vertical motion in the
eyewall cloud region of Hurricane Debbie,"” by Dr. T. N. Carlson
discusses the estimates of cumulus cloud vertical motiens re-
cordad by an RFF DC-6 aircraft while flying ir Hirricane
Debb.e. The accuracy of the vertical motiors obtained is dis-
cussed, and various factors which may affect the accuracy are
explained.

Aprendix G "An estimate of the fraction ice in tropi-
cal storms,” by Dr. W. D. Scott and C. K. Dossett, presents
estimates of fraction ice in tropical storms collected in
Tropical Storm Inga and Tropical Depression ho. 14 as ob-
tained through the use of the foil impactor and formvar rep-
licator.

Appendix H "Ice phase modification potential of cumulus
clouds in hurricanes," by D. A. Matthews, presents an examina-
tion of ice-pnase modification potential of cumulus clouds.
Predicted resuits of rodification potential by a one-dimensional
steady-state cumulus model are used to test the suggestion
(Gentry, 1971) that an important effect on hurricanes may be
realized by seeding the less fully developed cumulus cells
that are located slightly outward from the mammoth clouds in
the inner eyewall. Mr. Matthews's paper also describes the
decreases in surface pressure, the increases in rainfall, and
the increases in cloud top height as derived from model simu-
lation of the ice-phase modification. In the calculations,
he uses 87 temperature soundings observed within 100 n miles
of hurricane eyes and five average hurricane soundings pre-
pared by Sheets (1969).
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