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ABSTRACIT

A severe drought in the [hilippine Islands during 1968 and 1969 led the
Philip;mne Government to try cloud seeding as a means of rainfall augmentation.
W.ih the help of the United States. a silver 1odide seeding project, GROMET 1I, was
conducted over the entire archipelago from the end of April through mid-June 1969.
Pyrotechnically generated silver 10dide was released in updrafts in growing clouds,
and through judicial placement and timing of seeding events individual clouds were
orgamzed into larger cloud systems. Rainfall estimated as at least 3 X 1010 cubic
meters of water fell from seeded clouds. The precise extent of rainfall augmentation
esulting from seeding cannot be calculated: nonetheless. rainfail augmentation from
tropical cumulus clouds was accomplished in a simple operational manner. Benefits
derived. at least in part, from the project included marked improvement in the
agriculture, increased sugar production amounting to 43 million US. dollars. and
augmented crops of rice and com sufficient to make anticipated importation
unnecessary - In addition. local personnel were trained in seeding techniques. Because
of the success of GROMET 1l the Government of the Philippines conducted a
similar operation during 1970 and planned another for 1971.
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FOREWORD

GROMET i wa> a rain enhancement project undertaken in the Philippine
Islands at the request of the Phiippine Government toward the end of a period of
severe drought. The US. Air Force had operational responsibility for GROMET I,
and the Naval Weapons Center provided techmcal diection under AIRTASK
A5405401 216D (OW37170000. Airtborne Pyrotechnic Seeding Devices. from
AIR-540. Naval Air Systems Command.

Between 28 April and 18 June 1969, 58 seeding nussions were conducted.
Each had as its primary objective the production of useiul rain. The testing and
refinement of NWC-d:veloped cold cumulus seeding procedures were secondary
objectives. The extent to which each of these cbjectives was realized is the subject
of this report.

Released by Under authority of
PIERRE ST.-AMAND. Head HUGH W. HUNTER. Head

Earth and Planetary Sciences Division Research Depariment
12 Apul 1971
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INTRODUCTION

This report describes GROMET II, the Philippine rainfall augmentatior project
conducted by units of the US. Air Force and the Naval Weapons Ceuter with the
cooperation of Philippine agencies from April to mid-June 1969. (The name of the
project is derived from the words agronomy and meteorclogy.) Inciuded in the
report are discussions of data-gathering equipment, seeding materials and techniques,
details of a typical seeding mission, and iesults from visual, rain-gauge, and radar
interpretations of amounts of rainfall from treated clouds. The impact of GROMET
II on Philippine agriculture is considered. GROMET !l had the additional purpose of
training local Philippine personnel in secding techniques. Although GROMET Il was
not set up as a true experiment because of the urgency of the need for rain,
guidelines are also given here for the conduct of a more rigorous cloud seeding
experiment. A summary of all project operations appears in Appendix A. Appendix
B gives some suggestions based upon experience from this project for the efficient
couduct of future rainfall augmentation programs. Appendixes C and D are the
observations of two meteorological consultants.

BACKGROUND

The Philippine Islands, jewels of green in a calm biue sea. have been famous
for the bounteous climate that furnished all the water needed for domestic and
agricultural purposes and for the growing of some of the world’s finest hardwood
forests. With growing population and increased planting, however. water needs
became critical, and water storage and distribution systems could not keep pace with
the increased water demand.

Thus, in 1968 the cousitry begar to feel the effects of a gradually increasing
drought. Still dependent upon natural rainfall, crops suffered, with great danger to
the national economy (Ref. 1). The Philippine bureau of Agricultural Economics
estimated a Jdrop of 8% in rice production. Reports from the Visayan Islands
showed that Leyte faced a shortage of comn for the first time. The Philippine Sugar
Institute concluded that the drop in sugar yield would prevent the Philippines f-om
meeting the US. sugar quota and might lead to reduction of future sugar quotas.
The availability of domestic and irrigation water was reduced. Operations at some
mines were in danger of curtailment because of lack of water for milling and

|
|
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processing. As the season wore on and little or no rain fell between January and the
end of Apul 1909, crops in the fields turned brown and died, and the soil became
too hacd to plow.

Public alarm became widespread, the Philippine Government moved to let a
contract with a commercial firm to seed warm clouds over the sugar-producing areas,
and a simular, lasger effort was launched by the Philippine Air Force. From
mud-March until the end of June, warm clouds were seeded at cloud tops at
altitudes between 5000 and 10,000 feet with brine solution, crystalline salt, or
powdered urea.

Although this effort involving 196 flights was successful in producing rain, it
was early recognized that locally available resources were inadequate to meet the
widespread water requirements. Therefore, additional help was sought from the
United States. Project GROMET 1l was the name given the U.S. project.

PROJECT GROMET 1i

ORGANIZATION

Project GROMET U was organized in response to a request for help from the
United States from President Ferdinand Marcos of the Philippines. The request came
through the US. Embassy in Manila and the US. State Department to the
Department of Defense.

President Marcos appointed Mr. Edgardo Yap, his special consultant for water
resources and an officer of the Philippine Sugar [nstitute, as his special
representative to handle liaison with participating Philippine agencies. Control of the
US. effort resided with the American Minister, Mr. James Wilson, US. Chargé
d’Affzires. The Defense Attaché, COL Alfred Patterson, USAF, sewved as Project
Director; COL Phillip Loring, USAF. 13th Air Force Director of Operations, was
Project Coordinator; LTCOL Theodore Mace, USAF, Commander of Detachment 2,
9th Weather Reconnaissance Wing, was Orperation Director; and Dr. Pierre
St.-Amand of the Naval Wezpons Center was Scientific Director.

Operational responsibility was assigned to units of the US. Air Force, and
technical help was given by advisors from NWC. Clark %ir Base (AB) on Luzon was
the base of operations.

Participating Philippine agencies included the Philippine Air Force, the
Philippine Weather Bureau, and the Philippine Civil Aviation Authority.

AIR TRAFFIC CONTROL
Air traffic over the Philippines is not heavy, except around central Luzon

where numerous commercial flights converge on Manila International Airport and
military aircraft are operating out of Clark AB, Cubi Point Naval Air Station (NAS),

 —
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Sangley Puint Naval Stauon (NS). and Busa. Intensland waffic is modest.

It was decided, following discussion with cvil and miltary authorities, to
conduct the seeding operations under special visual flight rule clearances in a block
airspace between flight levels 180 and 220 (18.000 and 22.000 feet).

To make effective use of awrspace. the Philippine ar-lupelago was divided into
five areas. Clearance was granted by rudio to utilize one or imore of the GROMET
{I operating areas. occasionally dividing them nto eastern and western portions.

Communications were available plane to plune and with Clark Approach
Control, Clark Airways, Clark Weather Racar. Detachment 2 of the 9th Weather
Reconnaissance Wing (Dodo Contrel). Manila Approach Control. Manila Center. and
Cebu Center.

Navigational aids consisted of UHF tactical air navigation (TACAN) on Luzon,
a tew vortacs, and numerous nondirecional beacons. Navigation, especially
pinpointing seeding locations. was frequently done by radar.

The US. and Philippmme traffic control system functioned smoothly. and no
difficulties were experienced in navigation or m air traffic control.

EQUIPMENT AND INSTRUMENTATION

Aircraft

Project aircraft were two WC-130 Lockheed Hercules aircraft sent to Clark AB
by the 54th Weather Reconnaissance Squadron at Guam. The WC-130 (Fig. 1) is a
fonr-engine turboprop transport capable of extended flicht. Except for its cost (a
less expensive aircraft could aiso be used). it is an excellent aircraft for cloud

seeding and weather research.
NOT REPRODUCIBLE

F1G. 1. WC-130 Aircraft Used on GROMET 1t Misaons.
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The two awcraft were equipped for cloud seeding by the addition of onme or
two 26-umt A6 photoflash racks mounted on one or both sides of the plane below
and aft the wings. The thght deck area of each pline had an opening for a standard
Very pistol.

Seeding Agents

Pyrotechnic seeding agents (Fig. 2) were used exclusively in GROMET 1L
These were fired from either a standard photoflash ejector rack or a standard Very
signal pistol. (Fig. 3.)

Three different seeding agents were employed, LW83, EW20, and TB2. The
compositions are given in Table 1, and the agents are described in detail in Ref. 2.
The EW20 and TB2 agents differ only in type of polymeric binder. The charges are
of pressed pyrotechnic. Silver iodate is reduced by a metal fuel and the binder to
produce silver iodide, aluminum-magnesium oxide spinei, and. in the case of EW20
and TB2. some potassium oxide and a minor amount of potassium ixdide.

The activity curves shown in Fig. 4 are considered the most reliable, although
these values are a little lower at -20°C and higher at warmer temperatures than
values sometimes given.

The smoke particles produced by the burning seeding agents are mainly
between 005 and 0.1 micron in radius, with a relatively few particles approaching a
1-nicron size. The LW83 produces a more monodispersed smoke than the other two

FIG. 2. Cutaway View of Dummy
Pyrotechnic Round for the A6
Photoflash Rack. Note simulated
charge and balsa wood filler. Very
pistol rounds are shorter and therefore
require no balsa filler: they also have
percussion rather than  electrical FIG. 3. Weather Officer Firing Very
primers. Pistol in WC-130 Aircraft.
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E £ 3
I
: TABLE 1. Composition of
Seeding Agents.
1 ' Composition, wt. %
E . EW20
L Material Lwa3 or TB2
: l Precombustion:
'% Silver iodate ... ... 8 28
% Aluminum ... ... 12 n
s Magnesium ....... 4 1
1 Potassium nitrate . . 0 a4
Binder .......... 6 6
: Postcombustion:
i Silver iodide ... ... 79 20
H (100g) (209)
4 1015
.
101}
, ' 5 EW20
£ s T82
<
¢ 81013
l o LW83
3 w
hy /
3 12 z
l <10'2 | /
. [
3 >
14
[8)
l 010t
' 7/
2 1010 7 1 H 1
b ) -5 -10 15 -20
3 TEMPERATURE, 'C
3 FI1G.4. Activity Curves for GROMET 1 Seeding Agents. Multiple cloud chamber
) determinations at South Dakota School of Mines made by John A. Donnan and
3 l Donald N. Blair (Ref. 3). Initial liquid water content is 3.0 g/m3.
agents. The seeding devices are designed to fail for 6.000 to 8.000 feet while
burning. so that when dropped at the -4°C level. most of the material is placed in
' warm clouds at aititudes below the freezing level. This permits the updraft 1o seed
4 the subfreezing portion of the clouu for a period of 5 to 10 minutes after the
] original deposition..
. With LWS3 most of the nuclei work before the cloud reaches the -5°C level.
This agent is very effective on marginally cold clouds witl tops in the -235 to
-4.8°C range. but is too active 10 be used on thin. isolated ‘owers or on very cold
l clouds because the resultant growth is too fast. In generil. LW83 devices were
1 s
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reserved for use on marginal targets or on well-established systems of moderate
herght.

The EW20 and TB2 agents produced slower effects and were commonly used
on clouds that had aiready reached the -4°C level or were clearly going to do so in
a short time. Alo. because they were less expensive and less apt to cause
overdosage, EW20 and TB2 were the matenals of choice on most occasions.

The charges were, n general, too large in diameter and should be reduced for
future operations. If they were carefully placed. one to four charges were more than
adequate for a collection of several towers

Data-Gathering Equipment

The aircraft were equipped with Rosemount Engineering Co. temperature
gauges. with dropsondes. and with good. but uncalibrated. forward- and side-looking
X-band radars (AN/APN 39). The radars were useful in estimating rainfall area and
cloud turbulence as well as in navigation.

Figure 5 shows a Minilab data-gathering device manufactured by Weather
Science. Inc. (WSI). Norman. Okla.! The Minilab console was installed abaft the

FIG. 5.Minilab and Ice Nucleus Counter in WC-130 Aircraft. Magnetic tape and strip
chart recorder are on top of Mmilab.

! Weather Science. Inc. Manual “A™ Theory of Operation and Maintenance WSI Airborne
Meteorological System Serial Number 11-15. Research Park, Norman, Okla., WSL.  Naval Weapons
Center Contract No. N0012367-C-3007.)
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cockpit bulkhesd on a table mounted on the cargo deck. This console was
connected 1o sensors mounted on the outside of the airciaft (Fig. 6).

Cloud-physics and aircraft-flight data gathered for each sortie included liquid
water content, temperature, rain rate, airspeed. altitude, and rate of chmb,
Supplementary visual and observational data were recorded as coded digital indices
put 1nto the system by the Mimlab operator by means of a knee pad with
numbered push buttons. All this information was displayed on a strip chart and
recorded on digital magnetic tape for later reduction by computer. Figure 7 is a
portion of a Minilab record.

A WSI continuous ice nucleus counter of the National Center for Atmospheric
Research-Bollay type was also installed in the aircraft (Fig. 5). The counts were
automatically recorded on the digital tape, and an aural output was available for use
over the aircraft intercom system.

The only ground radar suitable for foilowing storms was the C-band weather
radar (AN/FPS 77V) belcnging to base weather at Clark AB.

FIG. 6. Outside Installation of Mimlab
Sensors. Rain-rate sensor is on top.
Johnson-Williams liqud water content gauge
in center. and revere-flow-thermometer
housing below.
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ZERO RATE OF CLIMB

A

RATE OF CcLIMB

DIGITAL INDEX TRACK

AIRCRAFT SPEED

ALTITUDE

LIQUID WATER CONTENT
TEMPERATURE N \L

/

|
END OF PENETRATION /
TIME

BEGINNING OF PENETRATIUN

FIG. 7. Partial Reproduction of a Minilab Stop Chart Corresponding to Seeding
Penetration Over Baguio (Mission 19, 11 May 1969). Note moderate downdrafts
immediately outside the cloud and the strong, sustained, and crratic updraft within the
cloud. The digital-index track indicates three shots were fired 1n the cloud, one in a
region of high liquid water content and two in the strong updraft.

PROJECT OPERATION

Typical Day’s Activity

A typical day’s operation began with a momning briefing conducted at Clark
AB at least 2 hours before takeoff. The synoptic situation over the whole of
Southeast Asia and the southwestern Pacific, with emphasis on the Philippines, was
given: wind-flow charts at various altitudes, temperature and humidity profiles,
satellite photographs, and forecasts for the day were presented. In spite of the
meager data available, these forecasts were remarkably good. At first they tended to
underestimate the degree of cumulus development, but as the project progressed, the
forecasts improved to the point that the predictions of degree of cloud growth and
isolation and of times and places of occurrence were as good as needed. and even
the :xtent of seedability was called out with a high degree of reliability. These
fore. as1s were more than adequate for operational decision making.

On the basis of the forecast, pilot reports of cloud occurrence, and word as to
the need for water in certain locations, the NWC crew selected the seeding arsas for
he dav. assigned seeding advisors to the aircraft, and specified urdnance loads.
Aircraft and crews were assigned to the selected areas; and communication
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procedures, operational restrnictions, special instructions. and emergency procedures
were agreed upon.

In keeving with the training function of GROMET 11, an instructional session
for new personnel and visitors was held after the bnefing. The theory and pracuce
of cloud seeding, ammumtion handling, and flight procedures were covered.

At approximately 1000 local standard time (LST) the planes took off and
proceeded to their assigned areas. Departures were timed so that aircraft arrived on
target before cumulus growth had become well established. If takeoff was for any
reason delayed. the operational area was changed to one near enough to be reached
in time.

Just after takeoff the aircraft flew out over the ocean, and on climb-out fired
one or more seeding rounds from each rack while in a tight turn. This permitted
visual check-out of the ejection and ignition of the seeding cartridges. The aircraft
then climbed to 18.000 feet and proceeded to the target area.

if possible, a dropsonde was released en route, and the data were reduced. The
weather officer made periodic observations as well as special observations in each
region seeded.

Once a tasget cloud or cloud system had been selected. seeding was done by
the crew. The cloud-top height was estimated, and the seeding altitude and outside
air temperature at drop were recorded. The navigator recorded the position of each
shot, and, when possible, the laboratory gear was activated. Emphasis was placed on
seeding of clouds over agricultural land and on developirg isolated clouds by
merging them into active mesoscale systems.

If time and terrain permitted, so-called rain runs. descents to observe and
measure rain below seeded clouds, were made.,

Occasionally the two aircraft operated as a team. one going in first to initiate
growth ir. clouds and the other following 15 minutes later to build up the clouds
more and to join them into systems.

Operations continued until new cloud growth seemed over for the day or
darkness was beginning to fall. During the return flight targets of opportunity were
seeded, and if possible. an additional dropsonde was released.

At the end of the flight a debriefing was held in which working areas were
described, results estimated, and difficulties discussed. Plans were then outlined for
the following day.

Training

During GROMET Il every oppcrtunity was taken to teach the local people
how to seed clouds for rain augmentation. Fifty Philippine officials, Air Force
pilots. and Weather Bureau personnel were given instruction in cloud physics and
cloud seeding theory and techniques and were taken aloft on operational missions.

On a typical mission the first target selected was usually an isolated cloud
tower so that seeding effects could be observed and described in detail. The mission
then proceeded with a discussion of each target cloud and the strategy to be
employed. After an hour or more, the students were given a chance to select and
seed targets.
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The response to this approach was remarkabie. After two hours of work the
students not only were convinced that the techniques worked but became
enthusiastic about it. Both Air Force and Weather Bureau personnel developed a .
keen interest in the processes, and the basis for further traiming in case of need was
firmly laid. As it happened, a number of the trainees were participants in the 1970
follow-on program financed by the Phidlippines. Thus, the technology was transferred
10 the host country for them to use if needed and desired.
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PHILIPPINE METEOROLOGICAL SITUATION

Ry

METEOROLOGICAL PERIODS

Two distinct meteorological periods occur each year in the Philippines: the
southwest monscon, from July through September, and the trade-wind epoch, from
December through April. During the southwest monsoon period a gentle
southwesterly flow sets in, giving widespread layer cloudiness associated with zones
of maximum wind speed. Frequent, extensive, and protracted rain showers are
common. Owing to pulses in the flow, however, rainy periods may alternate with
dry periods of several days to 2 weeks. The southwest monsoon affects most of the
islands, although the southernmost are thought to lie at times in a rain shadow from
Borneo and the Celebes. e

During part of the trade-wind epoch, in December and January, a small .
northeast monsoon moves over the northern islands. This pesiod is characterized by
low clouds, cumulus activity, and infrequent, but heavy rain. A strong subsidence
inversion develops (Fig. 8) with cloud growth capped by the inversion, above which
lies warmer, drier air. As the season wears on, the inversion lifts, and a more -
isothermal region is established.

The intertropical convergerce zone moves northwiud about this time. Clouds
develop along coastal hills and are maikedly affected by the presence of mountains
in the area (Fig. 9). The period of May and June, in which most of GROMET 11
was carried out, has a gradual transition to the southwest monsoon. Atmospheric
soundings for typical dry and moist days during this transitional period are shown in
Fig. 10 and 11.

Wide seasonal and geographic changes are reflected in the rainfall. Typical data
are summarized in Table 2. Cited cities are shown in Fig. 12. It must be
remembered that rainfall in the Philippines is usually measured at the larger cities,
mostly on the seacoast. Hence, the statistics more accurately represent rainfall from
monsoons and typhoons rather than that from cumulus activity. k

The effects of the southwest monsoon are clearly seen in the records from )
Manila and Baguio for July through September. Baguic has a strong orographic -
enhancement of rainfall most of the year. Dumaguete, on the east coast of southern :
Negros, lies in local and regional rain shadows, has relatively little rainfall by
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Philippine standards, and hi, almost no annual variation. On the other hand,
Borongan, on the east ceast ¢ . wunar, develops most of its rainfall during the
trade-wind epoch. Casiguran, on the east coast of northern Luzon, has a clear
addition to its rainfall during the short northeast monsoon.

A NATURAL RAINFALL PROCESS

During the period of the year in which a strong subsidence inversion covers
the archipelago, cloud growth is limited by the inversion, and clouds rarely reach
altitudes great enough to permit a vigorous coalescence process to take place.
Because the condensation nuclei on which water droplets form are numerous and
updrafts are limited, the cloud dropiets do not have a good chance to grow to sizes
large enough to permit high fall rates and effective capture of other drops.

Oc:asionally, in one of the more important rain processes, one tower will rise
above the others and, by slightly greater vigor, penetrate the inversion layer. The
cloud, while growing, has a fine white appearance and after a while reaches the apex
of its ascent, remaining well above the others. As the smaller droplets evaporate, the
appearance of the mass changes to a wispy striated gray. Shortly after, cooled by
evaporation of the smaller droplets, the tower falls rapidly into the mass beneath.
The lower mass darkens as falling drop: ; » by incorporating smaller, more slowly
falling drops, and a shower develops. No ice ir nzu2s3ary to this process. Indeed. the
Bergeron-Findiesen process plays little or no role in the clouds over the Philippines
because these cliuds are usually ice-free even at altitudes to 30,000 feet.

CLOUD SEEDING TECHNIQUES

In general, cloud seeding involves locating updrafts in clouds and releasing
small amounts of seeding material into the updrafts. The seeding agent causes
supercooled drops to freeze, releasing heat of fusion and setting in march a more
rapid condensation of water vapor on the frozen drops than is possible on the liquid
droplets, with, of course, concomitant release of heat of condensation at a greater
rate. The heating makes the air more buoyant. and the updraft is increased, sucking
in more air from beiow and causing increased condensation throughout the ascending
column.

The techniques of seeding cumulus clouds, as used in GROMET II, represent a
combination of the best features of a number of seeding methods developed by
NWC and by cominercial cloud seeders.

Such cloud seeding is nou difficult: the proper procedures can be learned by an
intelligent, instrument-rated pilot in about 4 hours and can be developed to a high
degree of skill after a week’s practice. Specific procedures for handling the aircraft
are given in a later section. Flight Procedures in Cumulus Penetration. Seeding

11
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FIG.8 Misson 2, 1745 LST. Inversion capping air polluted by smoke, with small
stratocumulus developing on inversion top. Cumulus growth under these conditions is .

unlikels. Photographed from 19,500 feet over Negros Island, looking north toward R
Guimaras Island. f
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!
FIG.9. Visayan Sca. Looking North From Negros. Note development of clouds over
islands. Wind 1s hight and variable: air is moist and unstable.
12 3
$
id

L)




EALEVEN RTINS0 i mbonnyy

PRESSURE, MB

FI1G. 10. Atmo:
’/‘% Valley, 1 May 1
- PRESSURE ALTITUDE was cvident, the |
/ — T;\S (average 35% rels
G TENPE precluded significa
Some convective 2
indicated over su
north and west of
growth potential, -
/[/’T freczing level, be
/ Isolated clouds ¢
continued in a gr
DEWPOINT be artificially fu;
temperature o
//"AV"—W would ensure con
- \ from these isolatet
w0 \v IVE ENERGY
\
// \
/ \\\
“ 1
/ T .
| L o4 AN
a2~ :
/ — | \\ [~ -4°C 1
- T>/ —T | BN ) S——
d / ,__——-—‘"’_1 \\-\ T
/
P
/‘/’-
/ _‘________.-—1
700 / ]
/
800 / L
//
| — & -40 i 20 -0
1,000 /%m 50 TEMPERATURE, C
/ 70 L_____,__..——-‘L"”l— I l
35 30 25

-80
ALTITUDE THOUSANDS OF FEET
100
0
RELATIVE HUMIDITY, %




o
N

| NWC TP 5097

FIG 10. Atmosphene Conditions  Over Central Luzon
Valley. 1 May 1969 While sufficient low-evel instability
was evident. the absence of adequate jow-level mossture
(average 357 relative humidity in iower 100 mulliban)
precluded significant umulus development over the valley.
Some convective activity caused by orographic lifting was
indicated  over surrounding mountains, pnmarily to the
north and west of Clark AB. This activity would have htle
growth potential, with few clouds expected to exceed the
frenzing leves, because of the lack of instability aloft.
Isolated ciouds that did exceed the freczing level and
continued 1n a growth state through the -3°C level could
be amuficially treated at that point. An inciease in cloud
temperature of 2°C. with the release of the heat of fusion,
would ensure coatinued growth and localized rain showers
N\ rom these isolated cells.
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FIG. 11. Atmospheric Conditions
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! ~- . FIG. 11. Atmosphenc Conditions Over Central Luzon
» \ Vajley, 19 May 1969. Sufficient instability and moisture
3 \ PRESSURE ALTITUDE existed to trigger spontaneous convective activity.
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TABLE 2. Mean Monthly Rainfall for S=lected Philippine Cities.

Mean rainfali, in.
Period Manila | Baguo | Dumaguete | Darongan Casiguran

Tradewind

Dec. _.......... 25 20 5.1 253 155

{Northeast monsoan)
Jan. . .......... . 10 09 45 253 71
{Northeast monsoon)

Feb, ... ....... . 05 09 3.1 173 9.1

Mar, ... . ..... 0.7 1.7 21 122 122

Apr. ... ........ 12 43 18 10.3 54
Transitional

May ..........- . 5.1 1538 43 9.6 9.1

Jun. . .......... 99 17.2 5.3 9.3 8.3
Southwest monsoon . i

Jul. ..., 170 423 56 7.4 9.1

Aug. ........... . 160 45.7 43 5.7 109

Sept. . .......... 144 28.1 55 7.2 121
Transitional;

Oct. ........... : 78 150 7.7 130 131

Nov. ........... 5.6 49 58 212 250
Anwdl ... ....... . 81.7 1788 55.1 1645 1369
Number of

years

observed ....... 73 » 27 36 10

success is based on visual observauon of the clouds. interpretation of the airflow m
and around the clouds, and placement of the seeding charges so that the processes
causing cloud growth are augmented. Figure 13 shows this growth.

Timing and restraint are important. Growing towers, recognizable by their
hard, cauliflower-like appearance. should be seeded just as they pass the -3°C level
and before they have begun io stabilize or fall back. Restraint is necessary to
preclude too rapid growth. which causes spindly towers (Fig. 14) to break off at
midcfoud level and separate. and also to prevent overseeding to such an extent that
an outflow shield develops.

The most productive techaique is to cause neighboring clouds 1o join. thereby
increasing the areal extent without causing growih io more than =houi 28000 or
30,000 feet of altitude. Fine examples of this are shown in Fig. i5 and 16.

The procedure of seeding the updrafts of clouds mimmizes the energy
dissipated in turbulence and in changing momenttm so that only delicate treatment
is necessary. It is unproductive of rain to seed the whole cloud top because such
overseeding induces too rapid growth. which results in disturbing the internal
organization of the cloud and the air currents sustaining it (Fig. 17).
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WIND SHEAR CONDITIONS

While almost all seeding of GROMET 1l was done between thr -2°C and the
-7°C level, the method of emplacement of the charges depended on the type of
cloud and the wind shear. Different wind shear situations required different
techniques. Three of these conditions are illustrated in Fig. 18 under arbitrary
categories Class A, Class B, and Class C clouds.

Class A Clouds

For clouds of Class A, where the wind shear was msignificant. the usual
approach was to select an altitude as near the -4°C level as possible and fiy over
the cloud top or penetrate the tower at that altitude.

Generally, when Class A clouds (Fig. 19) occurred as isolated towers. they
were seeded if they were more than 1 1/2 nautical miles in diameter. although some
smaller towers were seeded. The penetration technique was to approach the cloud
(Fig. 20) at a safe-penetration airspeed. with powe: and trim adjusted for level flight
at a distance of several nautical miles from the cloud. From that time on. the pilot
carefully maintained the same attitude that had been sei up after power adjustment.
The aircraft was headed toward the cel'. and the ccurse was adjusted so that
penetratior would occur in the most vigorously growing portion.

Before entry into the cloud. as the aircraft came within a distance of one to
one-half cloud radius, a downdraft was usually observed. Just before entry the
data-recording apparatus was placed on high paper speed. When the cloud was
entered, it could be seen that individual turbulent rolls in the cloud were moving
up, but that the air around the outside was moving down with respect to the
ascending roll. Some turbulence was noticeable, but the general up- and downdrafts
were light. A few seconds after penetration a hard jar was felt. followed by a
sustained updraft. Continuing to fly attitude rigorously. the pilot used only the gyro
horizon and gyrocompass and ignored altitude and rate of climb. Once the updraft
was well identified. one seeding cart..dge was fired. After 3 to 5 seconds the aircraft
penetrated the updraft core. The «ore was easily recognizable because ahundant
liquid water in the form of large drops appeared on the windshield and there was
occasional icing. Liquid water content jumped from less than 1 g/m3 1o from 1.5 to
5 g/m3. It was found that if the amount of liquid water was small. say less than
1.5 g/m3, or if the updrair velocity was less than 200 fi/min, seeding did not result
in appreciable cloud growth.

Normally, the forward speed of the aircraft. about 200 knots true airspeed
{TAS), carried the projectile into the updraft core. If the updraft core was
adequately wide so that the ligmd water content reading remained high for 10
seconds after the first shot, a second shot was sometimes fired.

The liquid water content gradualty diminished as the plane flew through and
past the core: the updraft decreased slightly. until suddenly there was another hard
jar, the aircraft began to drop to level flight. and the updraft changed to a more
turbulent regime. A few seconds later the aircraft broke into the clear. and a
sustained downdraft was encountered.
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a¥ 1212 LST. Area on north coast of Mindanao looving
east before seeding. Average clouds reach 18,000 to
20,000 feet,

(b) 1311 LST. Photographed from same position as view
fa). same arca after seeding: large, well-developed
cumulonimbus dominates area.

FI1G. 13. Examples of Cloud Growth, Mission 6i, 18 June
1969.
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(c) 1311 LST. Similar area, over Calabugoa Plains, near
area of (a) and (b) but not seeded. Clouds show oniy

slight growth.

(d) 1345 LST. Slightly more distant view of (a) and (b).
CQloud growth is continuing weil.

HG. 13 (Contd.)
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FIG. 14. Mission 26, 15 May, 1538 LST. The isolated high
cloud with virga was originally the top of the diffuse tower
in the near center of the picture. After the top was seeded,
it rose rapidly and pulled away and was blown to the right
by the wind, which increased sharply in velocity just above
cloud top.

FIG. 15. Mission S, 30 April 1969, 1550 LST. Mass of clouds grown together into a
large flat-topped storm.
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FIG. 16. Target 35c, 27 May 1969. Zamboanga Psninsula. western Mindanao. Lire of
clouds fused into single inass 10 by 150 nmi. Growth limited to about 25,000 feet.
Moderate to heavy rain fell for more than 3 hours.

FIG. 17. Mission 14, 1329 LST, Southwest Panay; Top of Overseeded Cloud Blowing
Off.
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(a) Zeto wind shear ((lass A clouds). (b) Wed ncreases with altitude (Qlass
B clouds).
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(¢) Wind decreases with altitude (Class C clouds).
FIG. 18. Various Wind Shear Conditions.

Ordinanly, the pilot would fly he aircraft away from the cloud for about 1
mnute and then make a 90- to 270-degree turn to look back at the point of
penetration. In almost every case enhanced growth of the tower cculd be noted on
completion of the tum. Such towers (Fig. 21) were not seeded again until
considerably more growth had cccurred and adventitious towers at the sides had
begun to develop.

By the time of reentry and repenetration of the updraft there was usually a4
notable increase n turbulence. mn liquid water content of the updraft, and in
updraft velocity. In addition to the increase in liquid water, large parucles of
graupel formed against the windshield and stuck, the water running off the dark ice
partsies that slid slowly along
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FI1G. 19. Qloud Over Trough of Philippine Fault Zonec. Bicol Peninsula. Central tower
seeded with one shot. Tower on right in collapsing state. Typical cloud from which
moderate growth and limited rainfail may be expected.

Repeated attempts to measure ice nuclei in such towers failed. primarily
because of rapid uptake of the nuclei by droplets or growth of ice embryos thereon.
Nuclei were always found in clear air tests and around the periphery oif seeded rain
showers at cloud base.

Seeded single small turrets of at feast 1 10 2 miles in diameter grew rapidly-at
rates of about 1,000 to 2000 ft/min-and had some increase in diameter. The
growth would proceed for a few minutes. the appearance of the upper part would
change from a hard, cauliflower-like white mass (Fig. 22a) 10 a light gray wispy
condition with the appearance of plucked cotton (Fig. 22b). This change was due to
evaporation of the smaller droplets. which made it possible (0 see further into the
cloud. Following a period of quiescence, the uplifted portion dropped back into the
mass beneath., and the portion below rapidly developed a dark appearance (Fiz 23).
At first a light rain would fall and then a rain shower. producing about 100 o 300
acre-ft of rain. would continue to fall for 15 15 20 minutes with an intensity of
about 1 to 2 in/hr (Fig. 24). Frequently, the center of the cloud would punch out
completely after the rain and leave a ring of disorganized cloud around the seeding
site.

In general. single towers vroperly seeded would regenerate. usuaily upwind. and
nearby towers would begin to grow. The mechanism for this 15 not clear. but it
appeared that the enhanced downdraft and cold air around the tower was lifting the
sarrounding moist air like a micro cold front. Possibly. a counterrotating vertical cell
(Fig. 25) was formed deside the cloud.
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After one tower had been seeded, it was usnally left to grow by itself, and
atiention was given to nearby towers. The more vigorous neighbors were selected,
the smaller ones left alone, and seeding was then done in such a way as to cause
the clouds to grow together. Once a sustained system was established, the larger
clouds would often incorporate the smaller, which frequently were sucked in
from the sides or from beiow along with whatever scud was present. Occasionally, a
clear aureole would develop around a family of towers that had been consolidated
into a vigarous mass.

About this time, the cloud base would begin to lower and widespread rain
would develop. Care was taken not to seed too much but to try to encourage
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FIG. 21. Mission 4, 30 April 1969, Northern Mindanao. Phoiographed from about
9,000 feet. Seeded target is thin tower growing into dry air in a weak wind field.
Typical un:eceded lower clouds surround seeded tower.

growth only to the 25.000- to 28,000-foot level. The use of caution would prevent
forming a cumulonimbus cloud by ejecting materiai into the high wind shear that
was usually present at 30.000 to 35,000 feet. Figure 26 shows the development of
such a cumulonimbus.

On occasion, tower complexes grew to heights in excess of 60.000 feet. as
measured by the weather radar at Clark. This growth (Fig. 27). while spectacular
and thrilling, is not desirable, because shadowing of sunlight by the outflow shield
can cause cloud growth to be discouraged in adjacent areas.

In a low-wind field. ammunition ~vpenditures in excess of 10 rounds per hour
did not result in more rain and usually deteriorated performunce of the clouds.
Timing is extremely important in that one must arrive at the seeding pcint while
the cloud is still growing. or at least before the top has begun evaporation and 1s
beginning to fall. Such clouds can occasionally be rejuvenated. but the prognosis is
generally poor. Seeding of puffy masses projecting from larger clouds with no
substantial amount of cloud below them is fruitless.

Seeding should be confined tv updrafts because it is more effective in that
slight supersaturations. larger drops., and higher liquid water concentrations exisi.
These ensure more rapid activation of the nuclei by diffusion and faster heat release
because of more rapid conversion of water to ice by contact nucleation of drops.

Seeding in downdrafts should be assiduouslv avoided. The nuclei 2 ne* so
active under the conditions of subsuturation, the liquid water content is less. and
the material is soon carried down below the freczing level where ice cannot form at
all. Moreover, it appears that meddhing with the downdraft can interfere with cloud
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(a) 1414 LST. Note hard, cauhflower-like appearance of seedable
towers. Tower to left was sceded with two Very pistol rounds. Tower
to nght has reached chmax.

(b) 1425 LST. Sceded tower. looking west. One more Very pistol
shot has been put into sceded tower. Seeded tower has climaxed at
consderabic  height above nonsecded tower and is falling back.
dropping virga. Unsceded neighbor has begun to regrow. This is an
example of good target clouds and overenthusiastic sceding.

£1G. 22, Mission 11, Southern Zambales Mountains Looking South.
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FIG. 23. Mission 14, 1308 LST. Southwest Comer of Panay. Seeded tower collapsing.
falling through scud, and producing rain.

There are also dynamic reasons for seeding an updraft. It already has somne
upward momentum and is embedded in a circulation pattern associated with its rise.
Seeding a downdraft tends to inhibit an eswablished circulation pattern that in itself
may help the total cloud activity. For example. seeding of isolated towers with a
fuzee by flying around the tower often results in rapid disappearance of the cloud.

Seeding for rainfall augmen:ation must always be done so as to aid cloud
development by emphasizing the large-scale features of the circulaiion and
mininiizing activity that would lead to dissipation of energy in small-scale
turbulence.

Class B Ciouds

Class B clouds are those subjected to a mild wind shear of about 3 to 10
knots over a vertical distance of a few thousand feet when the wind velocity
increases with altitude. These clouds lean slightly with the wind because the upper
parts are carried along faster than the lower parts. Seeding of this type (Fig. 28) is
similar to that done for Class A single towers in a low or zero wind shear state.

In this case. however, seeding is not done in the exact center. but preferably
on the forward or upwind front of the cloud (Fig. 29). If the cloud is small.
penetration can be done in any direction. but prudence dictates entry of larger
clouds at right angles to the wind shear or penetration of the front portion only.

After it has been seeded. the front edge of the tower rises more steeply. and a
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new cloud begins to grow upwind. The second seeding should not be done on the
alredy stimulated mass seeded first. but on the newer cloud forming upwind of the
previously seeded area. Frequently, whole new towers form. and these shculd be
seeded.

Such clouds can easily be made to grow upwind but rarely downwind Lateral
growth 15 trequently easy to bring about. and isolated leaning clouds of crographic
ongin can be joned together to make a linear array of clouds. After a few hours,
however. such arrangements usually develop into one o1 more isolated cumuionimbus
clouds that dominate the scene.

While successful seeding of leaning clouds requires a larger cloud mass to begin
with than in the case of vertical towers, the leaning clouds can easily be made to
produce abundant ram. Care must be taken to prevent development of
cumulomimbus cfouds, which results in a narrow zone of very heavy rain and
mereased wind.

a) 1240 LST. The beginniig of a rain shower, 1 mile east of the seeded turret. At
1250 the Weather Officer in the aircraft above reported. “3,500-foot growth in 10
minutes: mass much larger: towers beginning to build adjacent to main cell;
considerable rain beneath.™

FIG. 24, Missions 12 and 13, 6 May 1969. Sequsnce of shower development over
town of San Pablo. southern Luzon. At i230 LST a small cloud was seeded with one
TB2 round at 17.800 feet, -2.5°C. by flying over ‘he highest tower. At 1251 a second
TB2 was placed 3 miles west at 20.700 feet. -8.5°C. The shot poirts wore slightly
north of San Pablo. At 1313 a third shot was placed just south of San Pablo at
19600 feer. -6 C. During this operation one aircraft remained above, the other below
the cloud. There was only a light wind of a few knots from the west at ground level.
The <ize of the cloud can be esiimated from tae shadows.
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(b) 1250 LST. The rain was now a light shower, in places moderate. as visually
estimated.

(c) 1300 LST. Same shower was raining heavily and was somewhat increased in size.
Note the larger shadow area in each successive picture. Radar runs gave rain rates
between 0.5 and 4.0 in/hr. During the time of observation. the rain shaft drifted <ome
5 nautical miles to the east.

FIG. 24. (Contd.)
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WIND

DOWNDRAFT ENHANCED
BY CLOUD GROWTH

SEEDE

INDUCED UPDRAFT LEADING
TO CLOUD FORMATION

FIG. 25. Possible Mechanism for the Regeneration of a Seeded Cloud.

Well-developed cumulomumbus in a good wind shear regime can be sometimes
cut off by very heavy seeding in the main trunk. Penetration is at right angles to
the wind shear. and a seeding unit is dropped every 5 seconds. Excessively rapid
growth results: the central column narrows and breaks off: and the anvil blows
away. The underlying cloud collapses and does not immediately regenerate. Updrafts
of 2.000 to 4000 ft/min have been noted in these shafis following seeding. It is
supposed that the increased vertical flow results in induction of excessive amounts
of drier air from the sides. and that the subsequernt evaporation and cooling cause
destruction of the cloud.

Occasionally. one encounters lines of towers arranged along the wind (Fig. 30).
These are best seeded by proceeding as far upwind as one wishes to develop rain
and seeding the nearest tower. The seeded tower grows. and its growth is followed
by development and growth of the towers downwind from it. By working back and
forth along the system. several clouds may be joined into a continuous line.

Seeding rates on leaning clouds are about the same or slightly higher than on
vertical towers: 10 units per hour is a reasonable expenditure rate.

Class C Clouds

With the onset of the southwest monsoon. a situation was frequently observed
in which the wind velocity decreased with altitude. The upper part of the cloud
moves downwind slower than the bottom. and the cloud appears to lean into the
wind rather than with it. Clouds shaped by this kind of reverse shear are labeled
here Class C clouds.

This situation can be foreseen from pilot balloon forecasts or recognized by
noung smoke near the ground or waves on water.
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(a) 1445 LST. Rising tower was seeded at 1448 at the
point indicated. The tallest tower was not seeded because
it was too late in the growth cycle. Cloud is over
shorehne in southwest corner of Lingayen Gulf, looking
west.

() 1459 LST. Qlose-up of seeded area. Seeded portion
has grown up to original lugh tower.

FIG. 26. Development of Cumulonimbus, Mission 8. 3
May 1969.
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(c) 1501 LST. Seeded area has
increased in height above its neighbors;
old tower in (a) has begun to fall, and
its base has pulled up. Cloud is now
beginning to rain.

«d) 1507 LST. Seeded iower is now well above all
neighbors: top is beginning to pull off and is being blown
over neighbor to left.

FIG. 26. (Contd.)
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(¢) 1514 LST. Top of seeded tower is still nsing
rapidly. Pileus is visible at the top; virga is falling
into unseeded neighbor to left. Celis n
foreground have been seeded ond arc rising
rapidly. Original unseeded high tower s
regenerating.

() 1520 LST. Seeded area is now spreading laterally. and
virga 18 causing rain from neighbors below. Original tower
is still regenerating.

FI1G. 26. (Contd.)
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(g) 1548 LST. Seeded tower has now grown a promnent
shield towering above nearby clouds. A new tower has
begun to grow to the left.

FIG. 26. (Contd))

As m the case of Class B clouds. seeding shouid be don< on the upshear side
of the cloud so that the coalescence path of old cloud and new growth'is a
maximum. For Class C clouds, however. the upshear side is the downwind sidc.
Agamn, sceding may be by penetration as in Fig. 31, or from on top of a rising
tower. A properh seeded cloud in a reverse shear situation is shown in Fig. 32.
Figure 33 is an example of the complex cloud formatior cometimes associated with
thus wind conmtion.

FLIGHT PROCEDURES IN CUMULUS PENETRATION

The dangers of penetrating cumulus clouds are great for a pilot who does not
know how to do this. On the other hand. penetration can be done quite safely and
withont serious ditficulty if a {ew rules of good airmacship are applied.

The difficulty anses i1 part from aitempting to fly a combination of visual
and mstrument thght. As a pilot approaches a cumulus, he has a tendency to raise
the nos . either because the visval horizon aow becomes apparently the cloud top
or because the cloud is nsing. This results in a reduced airspeed. The airspeed can
be reduced to the point that a4 high-speed stail is possible in the presence of
turbulence. The loss of airspeed is conected by dropping the nose and adding power
until the rate-of-chmb indicator returns to near zero. By this time airspeed is often
excnsive and heading may be lost.

Subsequent to entry. primary reliance on the rate-of-climb indicator leads to
problems, because this device has a built-in time lag and often tells what the plane
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FIG. 27. Massive Cumulonimbus Developing Ove: Central Luzon.

FIG. 28. Mission 2. 29 Aprl 1969. Gver Negros Island. Typical leaning cloud in shear
field with wind increasing slightly with altitude. Updrafi< are found along right-hand
(upwind) cdges. downdrafts to left. Sinall apvil of liquid water has begun to form.
Cloud has been seeded on upwind edge: as 3 result the windward profilc 1s stcepened.
Mew low towers on nght can be expected to grow.
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FIG. 29. Behavior of a Leaning Cloud in a Uniform. Gentle Wind Shear.

was just domg and not what it is doing at the present moment. This leads to wide
excursions in  airspeed and extreme changes in pitch. The “instantaneous”
rate-of-climb nC’cators are better. but these. too. can lead to an unstable condition
if too ngorously followcd.

The techmque taught to almost all instrument-rated pilots works well. Upen
approach to a cloud. power and trim are adjusted so that level flight is established
at a safe speed for turbulence. This safe speed is usually 1.4 times the stall speed in
the condition in which the awcraft is being flown. For the WC-130s used in
GROMET 1l safe speed 1s about 170 knots indicated airspeed (IAS). and for a
Cessna 210 or 337 it 1s 110 knots [AS.

Upon estabiishing this speed and trim. the pidot then proceeds to fly eatirely
by us2 of the gyro honzon and gyrocompass. Awrspeed is used as a backup. and the
alumeter and rate-of-chmb indicator are ignored. If the gyro horizon should fail or.
in extreme crrcumstances, tumble. rehance should then be placed on the rate-of-tum
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FIG. 30. Mission 38, 31 May 1969, 1458 LET, Over Mt.
Arayat and Manila, Looking Southeast Along Southwest
Flank of a Line of Clouds. Cloud in center is well sceded
and growing. Next seeding points are indicated. The mass
is being merged into  larger system. The cloud has begun
tc dominate the local circulation and is sucking in
material from the south on the lower right. The wind at
seeding altitude is light and into the picture to the
southeast; at the aititude of the shield it is blowing to
the south. The line of clouds is now o~r 30 miles long
and 5 miles wide over the south Central Luzon Valley.

indicator. airspeed indicator. and gyrocompass: and operations should be terminated
as soon as possible.

Ideally. an angle-of-attack indicator should be used and a constant angle of
attack flown. but this instrument is generally not available.

Response to changes in pitch and bank should be rapid but not overcontrolled.
If this procedure is followed. the rate-of-climb indicator will give a good indication
of the velocity of the up- and downdrafts both inside and outside of clouds. This
information is vitally needed for effective seeding.

Changes in altitude during a 2- or 3-minute penetration are not consequential
unless the aircraft is flying cver mountains or has a poorly functioning oxyvgen
system. lcing occurs. but if pitot heat is us  titzle harm results. The ice evaporates
rapidly after the aircraft leaves the cloud. 1 the ice does not evaporate. a descent
to the -2°C level will usually cause it 1o fall off. especially in a high-airspeed
descent in which aerodynamic heating helps with the melting.

Turbulence in a well-grown cumulus congestus in the Philippines averaged 1.5
g. where stable conditions are taken as 1.0 g. The extreme noted was 2.1 g on one
occasion when pilotage added to the problem.

The prudent pilot will so plan cloud penetrations that a properlv chosen path
will bring him clear of other clouds upen flying out. To *h: end. a curved
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ta) (b)

FIG. 31. Behavior of Seeded Cloud in Reverse-Shear Wind Field.

trajectory is sometimes advisable. Penetrations should be planned so that exit is
possible within 1 to 2 minutes.

Penetration at altitudes between 8.000 and 16,000 feet leads to the worst
turbulence both inside and outside a cloud. This region should be avoided uniess
<loud physics data are needed.

Penetration along the wind shear in a cumulonimbus should be avoided, but
penetration in small cumulommbus at right angles to wind shear can be made safely,
especially if the penetration is only a partial penetration.

Seeding beneath clouds can be done to good effect. but in the Philippines it
was not practical owing to terrain and low cloud base. Cloud bases lower following
successful seeding. and it is unwise to be caught in high terran under these
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FIG. 32. Wind Is D'owing to the Right. The growing tower to the right was seeded.
Rain is falling from the main mass of the cloud. Seeding in the highest part wouid
probably result in separation of the overhanging bulge.
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FIG. 33. Complicated Structure at Cloud Top During Reverse-Shear Situation,
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conditions, pecause the only alternatives are 1o exit by visual flight rules under
marginal conditions of visibility or to attempt an instrument climb-out with no clear
wdea of which way to go.

With turbocharged aircraft at altitude, it is inadvisable to slow the aircraft
below 90 Knots, because ram air aids the turbocharger and too slow an airspeed
may result 1n too nch 4 mixture, causing momentary engine failure.

FACTORS AFFECTING SEEDING SUCCESS

High Wind Shear

It the wind skear is too severe (Fig. 14). or if in the case of an orographic
cloud. the wind is too strong. seeding may not result in much rain.

Figure 34 shows a situation in which a weak, mechanically sustained cloud in
a low-wind field is subjected to a high shear. that is 20 Ynots or more within . few
thousand feet just abov~ cloud top.

Layered Clouds

Frequently. a drier layer of air develops between the lower moist air and a
higher layer of moist air. Under these conditions clouds may grow through the drier
layer. thinming out m the middle (Fig. 35). and widening again at cloud top. This
situation requires great care to make seeding work. Too much seeding can cause the
towers to separate in the midsection. However, slow. careful seeding can make these
towers grow. Such clouds were frequent on central Luzon. just north of Manila.

The strategy that seemey to work best was to go to the middle of a field of
such clouds and select several o1 the larger. seeding them and causing enough growth
up through and drizzle back down through the dry layer to humidify it. After
about an hour of such activity, the middle air would be adequately moistened to
permit cloud gre sth and normal seeding.

Occasionally moist layers below and aloft with reasonably moist air. say 50 to
60’7 relative humidity, between them would form a stratocumulus deck below and a
higher stratus above. Seeding of rising towers in the lower mass would result in
growth. with the towers penetrating the upper layer. Usually the towers rose above
the upper layer and then settled back on the sides and spread out. although
sometimes they reached considerable altitude following perretration. Figure 36 shows
this effect on Luzon.

Orography

in the Philippines clouds tend to form over hills or chains of hills. Such
clouds develop earlier in .he day than clouds over lowlands, and even on the
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FIG. 34. Effects of Seeding in Rapidly Varying Wind Field.

generally cloudless days some orographic clouds worthy of attention do form and
can be successfully seeded.

When oiographic clouds occurred. they were worked. on the assumption that
some rain was better than none. 2ven if it fell ouly in the hills. It soon caveloped.
however. that when these clouds had been vigorously seeded and grown. the
development of clouds over plains and valleys appeared to be suppressed. This was
especially notable in central Luzon and on Panay.

Luzon. The central valley of Luzon is an alluviated graben about 40 miles
wide and 60 mles lons bounded by the Zambaies Mountains on the west and the
Sierra Madre Mingan Mountains on the east. Figure 37 is a map of central Luzon.

A possible explanation for cloud suppression over the Central Luzon Valley is
shown in Fig. 38. Air that has been uphfted over the hills descends over the valley.
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FiG 35. Cloud Growth Through Dry Layer.

with consequent adiabatic heating and destruction of the <louds in the valley. Under
these conditions waves on Manila Bay and on Lingayen Gulf indicated a seaward
drift of air.

I' on the other hand one waited until some clouds had formed over the
valley, usually to the south of Baguio, and then seeded those, an influx of air from
Lingayen Gulf was noted and a sea-breeze front consisting of a line of clouds across
the valley gradually formed some 10 to 20 miles inland. Once these were workea,
the whole valley began to develop cloudiness, and a second sea-breeze front began
1o form north of Manila.

Panay. The island of Panay frequently has clouds over the ..orth-south chain
of hills on the western side of the island. If these were seeded first, development of
clouds over the central and eastern portions of the island did not take place so
rapidly as would have occurred naiurally.

On days of very low wind the clouds over the valley were well developed
before those over the hills dominated the circulation. On such days clouds usually
appeared first on the southwestern and southeastern corners of the plains and then
on the northwestern and northeastern corners, over some low hills.

By carefully avoiding the wesiern mountain barrier and seeding the innermost
members of the cloud systems. it was frequently possible 10 cover almost all the flat
lands of Panay with rain. Once such an extensive system started, it was
seit-sustaining and rainfall continued for hours. At times rain rates between 3 and 5
n’hr were observed over large portions of the island. with lesser intensities between.

Air Pollution
Almost esery day in the vicinity of Manila and on many days elsewbere it was

difficult to start cloud growth by seeding. and rain was scant. Near Manila the cloud
bases were higher. generally around 5.000 to 8.00C feet: updrafts were less vigorous:
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FIG. 36. Mission 6, 1 May 1969, 1337 LST, North of Iba on Luzon. Seeded clouds
growing from lower scud through a drier layer and spreading out in all directions in a
highdevel inversion. Clouds lack buoyancy to penetrate further. Clouds originally
seeded at 17,200 feet; photographed from 19,900 feet.

liquid water content was lower: and droplets were smaller. at least as indicated by
the wetting of the aircraft windshield and by icing.

It is the opinion of the authors, an opinion corroborated by Ref. 4. that this
effect was the result of air pollution, and that air pollution was indeed a major
cause of the drought. The air was continually being polluted by the burning of
enormous amounts of brush, grass, and slash from logging operations and by the
burning of sugarcane waste.,

An appeal was made to Philippine Government and Sugar Institute officials.
with the result that the burning was stopped completely in some areas and confined
to certain scheduled periods in others. In a short time the visibility improved. cloud
bases lowered. droplet sizes increased. and seeding became more productive.

Seeding Frequency

At the beginning of GROMET 1l clouds were not widespread and the search
for suitable target clouds was difficult. After a few days of seeding the air became
more humid. ciouds formed more readily. and natural rainfall was more frequent.
Wind velocity was low and wind direction was quite variable. so that the humidified
air remained over the archipelago. Evaporation from the ground and transpiration
from plants increased.

Had a statistical experiment of “controlled™ or “one-day-on. one-day-off™
seeding been tried. the apparent effects of seeding would have been a rapidly
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PHILIPPINE SEA

AtANIL A BAY

VANILA

FIG. 37. Central Luzon.

DESCENDING
AIR

A5 ‘Q{‘? -

NALAALALAA,

SOUTH ZAMBALES MT. MT. ARAYAT SIERRA MADRE PHILIPPINE
CHINA SEA MINGAN MT. SEA

HIG 38, Cross Secttion of Central Luzon. Showing Suppression of Clouds Over Central
\alley
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decreusing seeding effectiveness, while in reality the overall precipitation would have
increased.

From experience we found that 1 day of heavy seeding over the Visiyan
Islands was more than enough for 3 or 4 days of rain. therefore. flights were
scheduled less frequently, the same areas being revisited only every thuird or fourth
day unless some operational requirements made 1t more convepient to ieturn.
Because of the permeable soil. most of the water would soak mn quickly in 1 day.
and the soil would soon again be dry.

TACTICS OF A TYPICAL MISSION

Mission 47 on 7 June 1969 resulted in good cloud growth and extensive rain,
and is a good example of the technique employed. Table 3. the day’s seeding log,
shows the details. After takeoff from Clark AB at 1110 local time (0310 GMT) the
GROMET team proceeded to Palawan. where a high overcast with bases at 19,000
feet made cumulus development unlikely: the aircraft, therefore, was diverted to the
Visayan Islands. previously agreed upon as a secondary target area and arrived at the
southwest corner of Panay at 1300 local time.

The weather officer reported cloud coverage as 2/8 cumulus with bases at
2000 and tops at 8.000 feet, 2/8 cumulus with bases at 2.000 and tops at 20.000
feet, and 5/8 cirrostratus between 22,000 and 25.000 feet. This cirrostratus was
patchy and contained no ice. At 19000 feet the outside air temperature was ~5°C
and the wind was estimated as 120 degrees at 20 knots. although it was probably
less.

An isolated growing tower with some lower scud just east of the hills was
seede . (poini 2. Fig. 39) at 1302 at 20.300 feet at ~8°C. Another much smaller
isolated tower (point 3) was then seeded 7 minutes later. Five minutes later. at
1314, enough new growth had developed around point 2 to permit seeding at pomnts
%. 5, and 6 in separate towers. Seven minutes later new growths haa appeared
around point 3 and had grown enough to permit shots 7. 8, and 9 in quick
succession into separate towers that had grown to the 19.500-foot level. These two
cloud families, designated A and B in Fig. 39, were left to grow by themseives, and
Group C to the north, consisting of two towers (points 10 and 11). was seeded 13
minutes later. Group D. with tops only at the -2.5°C level. was just starting up and
was seeded next at point 2. Group E was seeded next with one shot at point 13.
followed by a return to D (point 14), where a rapidly growing cell was seeded at
-4°C.

Six minutes later, Group F (points 15 and 16) was seeded. ana the aircra®t
returned to G (point 17). by now growing in an area where only low clouds had
been noted before.

Group D was filling in nicely. and point 138 was seeded next, some 25 minutes
after the first attack. in an effort to pull the separate clouds of Group D together.
They quickly merged. and F was struck again (points 19 and “0). followed by point
21 at the border of H. Next. two rapidly growing towers in Group E were merged
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Mission 47, 7 June 1969. Symbols such as
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FIG. 39. Target Locations,

9N

direction (105 degrees) and wind speed (10 knots).
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tollowing shots 22 and 23, and D was extended northward by shot 24. Shot 25 at
H completed the seeding in the yorthern part of the island.

By now the whole of the northern mass had merged mto a veritable wall of
cloud, with tops to about 30000 feet. A rain rur, was made under the group.
Heavy precipitation wias encountered all along the lme. Liquid water content in the
rain shaft reached 3 g/m3 as measured on the Johnson-Williams meter. Rain rate was
estimated at I to 3 in/hr. On climb-out Group G was reseeded at point 26,
extending the southern sector to the east. The clouds there had by then also grown
into one large mass.

Because both cloud groups were raining well, the aircraft departed Panay and
arrved at northern Negros at 1510, where three pomnts (27, 28, 29) in Group |
were seeded. These were small clouds that grew well and merged into a large
cumulus congestus. At 1330 the crew left Negros and worked central and southern
Cebu. where a collection of towers was grown into a line of cumulonimbus by
repeatedly working back and forth between various members of Groups J, K, and L,
points 30 threugh 45. These merged within 25 munutes, and work begun farther
north on Cebu at points 46 and 47. Group M developed slightly. merged. and raired
but did not appear promising. At 1619 one more shot. at point 48, was put into
Group 1 and a new group, N, was seeded with four shots (49 thrcugh 52) over a
12-minute penod.

At 1637 the team departed Negros and climbed and released a dropsonde (Fig.
40 and 41). By then the air v.as almosi saturated to 20,006 feet, probably from all
the cumulus activity.

The clouds or Zanay (Fig. 42) were still a formidable wall across most of the
flatter parts of the island when the aircraft returned to base some 4 hours after
start of sceding. Total rainfalt on Panay on this day from seeded clouds was
conse:vatively estimated as 160,000 acre-ft. Assuming 4.500 square statute miles as
the area of Panay. thic means an average rainfall of 0.7 inch over the whole of the
island. That more may have fallen locally may be inferred from Fig. 43, taken
during the rain run made early on this day.

PROJECT FINDINGS

Detailed tabulatios: of the 62 missions conducted during the course of
GROMET 1l is given in Appendix A. Tables in this section summarize some of the
information in this Appendix.

Generally. rainfall intensity was estimated visually. but in a few cases the
Weather Science. Inc.. rain-rate meter was used to measure rain intensity.

It one could see through the rain shaft to objects beyond, the rainfall was
called light (L). If one could recognize topographic features at least a mile into the
shaft. it was called moderate (M). ¥f one could see int. the shaft less than a half
mile, the rainfall was called heavy (H). These estimates vary, of course, with
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FIG.40. Misucn 47, 7 June 1969, Dropsonde  Data
Atmospheric conditions over water areas surrounding the
Visayan lstands. The dropsonde was released at 1645 LS,
approximately 6 miles northeast of the town of Bacolod on
Negros Isiand. Permission was obtained tor the release of
dropsondes over water areas only. and unfortunately. the
only land-based rawimsonde station in the Phihippine Islands
is at Clark AB and 1 100 dntant to be useful here. The
dropsonde indiated that the traverse of air from water to
fand areas would certanly give nw 10 considerable
convective activity The low-level streamhne  analy s
indicated a southwest flow over the Visayan Islands,
becoming south-southeast turther nortk over Luzon. With
this flow it 1v obvious that the hgher terrain of southern
and western Panay and that of Negros were most favored
for widespread rain shower activity.

V€ ENERGY ——
NG

\-

-20 10
TEMPERATURE. °C

1 l

30 F3

ALTITUDE. THOUSANDS OF FEET

51

=R SR WX



NWC TP 5097

TEMPERATURE PRESSURE ALTITUCE

N

EGATIVE ENERGY

\

/'

\
|
4
\
z

300

I
| |
||
|
P

400 N\
o N\
— \
/ \
wi \
[+ / -~
3 5001 1| N,
T

700

30 20
//J 50 TEMPERATU!
60 l ]
30
ALTITUDE, THOUSA

g

AT
T
[
il

o
s&
o]

O\'g
g

RELATIVE HUMIDITY, %




|

|

WEAK POSITIVE

ENERGY

N

N\

R

20 10
EMPERATURE. C

30 25

DE, THOUSANDS OF FEET

20

FIG. 41. Clark AB, 7 June 1969. The standurd Clark AB
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FI1G.42. Wall of Clouds Over Northern ranay at Termination of Mission 47.

flumination and the difficulties of seeing beneath the cloud and so are not entirely
reliable.

Correlation of these visual estimates with the few actual measurements taken
indicated that light rainfall corresponded to intensities between 0 and 1.0 in/hr,
moderate to rainfall between 1.0 and 2.0 in/hr. and heavy to rainfall in excess of
2.0 infhr (Table 4). Tables 5 through 11 summarize the more complete tabulation
of all GROMET H missions given in Appendix A. For Tables 5 through Il and
Appendix A the following key applies to column headings:

L Light rainfall
M  Moderate rainfali
H Heavy rainfall
No No rain
No(V) No rain from target cloud. but rain in vicinity within 10 nautical
miles
U  Unobserved

For the quantitative estimate of rainfall in Appendix A and in Tables 9

through 11. the following values are used:

L 05 in/tr
M 15 in/hr
H 25 in/hr

These estimates are used to describe cloud systems or targets. which may be a
single cloud. cloud complex, or several such that occurred in the same general area
and responded similarly to treatment.
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FIG. 43. Mission 47, 7 Junc 1969, Postseed. Well-wetted paddies and fields on Panay.
Rain in distance, dark cloud base above.

PRESEED AND POSTSEED RAIN INTENSITIES

Table 5 shows that of the 326 cloud targets worked, 258 were not raining
belore seeding. and only 74 of these were within about 10 nautical miles of raining
clouds. After seeding. rain was observed to fall from 266 cloud systems.

In four cases rainfal! intensity decreased after seeding. and in 36 no significant
intensity change occurred. Twenty-three cases did not result in rainfall. In 37 cases
clouds were seeded in passing. and rainfali that may have fallen was not observed.
An increase in sain intensity occurred in 249 cases.

Table 6 expresses the data of Table 5 as percentages. Of all the cases seeded,
ram did not fall or was reduced in Intensity in 7.4%. An additional 49% were
unchanged in intensity class, and 76.4% rained harder after than before seeding.

Table 7 expresses all cases in percentage of the preseed class. The low value of
percentages for M in the initially nonraining class is probably an artifact of the
assessment process wheresin observations reported as LM were reduced t¢ L and
those observed as MH were augmented to H.

Of 23 cases witlt. no postseed rain (Table 5), 5 cases coula not have beea
expected to work because the clouds were too low or too warm. Table 8 combines
classes No and No(V). eliminates U of Table 5. and is corrected for seven
questionable cases in which rain was not revorted following seeding. These dubious
cases are explammed in a ‘ootnote to Table 3. In this table 6.4% of the cases {No) in
which the cloud was not raining beforchand were unexplained failures.
Mismanagement in terms of seeding too fate or overseeding, ordnance misfire or
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TABLE 4. Measured Rain Rates Used To Quantify Observer's Rain Intensity Estimates?

Average Length of Average Length of
Target no. rain rate, in/hrb rasn cun, nmi Tacget no. ramn rate, m/hfb rain rvn, nmi
Observer's Quahtauve Characterizatior:: Light Heavy
12a ... 0.05 18 25e ... 3.4 09
0.2 4.2 10d ... 39 1.7
(0.3) (2.1 49 19
03 11 Observations Not Characterized
(2.4) 0.2}
12a ... 0.4 1.3
1.1 1.3 0.6 19
{1.8) {0.2) 0.6 14
19a . 0.2 20 {1.4) {0.3)
24c . 09 15 1.0 (13 :]
Light to Medium 1€ 06
23 .. 05 7.1 24 0.7
(15) {0.8) 3.2 23
%b . 0.7 26 {6.4)
{0.9) {(1.6) (5.3 c 4
292 . 1.7 26
{25) (1.5) 38 34
254 . 1.6 34 {2.1) (0.3)
" 40 23
Medium to Heavy 122) (02
18b . 14 30 8.1 {0.2)
21 38 {8.9) (0.2}
{338) (1.9}
10a ... 18 2.7 40 22
(39) {1.0) {9.2) {0.2)
(08) {0.5) {8.7) (0.2

2 These estimates apply only 1o the rain run and may differ from those 1.~ the whole target.
® Entries offset to the righ refer to a portion of the preceding non-uffset entry. For
example, an average rain rate of 0.3 in/hr was sustained over 3 continuous 2.1-nmi section of
the 4.2-nmi rain run over whose ertire course the average was 0.2 in/hr.

TABL E 5. Correlation of Preseed and
Postseed Rain Intensities

TABLE 6. Data ot Table 5 Expressed as

for All Targets. Percentages of Total Cases.
Number of seeded targets Percent of totat number of seeded
Preseed by postseed clase Freseed targets by postseed class

cass | Nof L IM | H { U] Tow das [ nol LI M B | U | Tow
No . 16 | 65| 32 471 24 184 No . 49 | 260 98 | 144 74 56.5
No(V) 4] 151} 18 8 9 74 Noivi . 1.2 4.6 55 8.6 28 227
L ..... 3] 11} 18 22 3 57 L o..... 09 4 5% 68 09 175
M ..... 0 1] 1 4 0 5 M.....| 00 G.0 03 1.2 0.0 5
H ..... 0 0 1 4 1 6 H .. 00 09 03 1.2 03 18
Total 231 9] 70 1051 37 326 Towd 72112791 215 | 322 | 11.3 | 100
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TABLE 7. Data of Table 5 Expressed as
Percentages ot Preseed Class, All Cases.

Preseed B Postseed, percent of preseed class
class No | t M H U | Towl
No . 87} 33| 174 | 256 | 130 | 100
NolV) 541 203] 243} 378|122} 100
Lo..... 531193} 316 ] 386 53¢ 100
LY, I o (1] 200 | 80G 0 100
[ S 0 1] 16.7 } 66.7 | 16.7 100

TABLE 8. Data of Tatie 5 Modified.

Postseed class
Preseed No L M H Totat number
class of cases
Number | % ]| Number % Number % Number %
No ... 14 64 80 365 50 228 75 342 219
Lt ..., 2 38 " 208 18 340 22 a5 53
ML 0 0 1 200 4 800 5
H ... 4] ] 1 200 4 800 5

¥ No and No(V) combinad; U of Tabie 5 eluranzted.
Table 15 cases efimunated: 6¢. 6f, 9¢c, 9, 21e, as 00 warm; 261, as having rained on first seeding;
A4f, as probably not observed.

TABLE 9. Water Yield, All Storms With Sufficient Information for Estimate.

Postseed rainfall
Preseed T 1 M H Total
Class Tot' yield, | Number of | Tctal yield, | Number of | Total yield, | Number of Yield, Number of
acre-it storms acre-ft ! storms acre-ft storms acre-ft storms
No . 36x 10° 43 1.2x 105 0 12x 107 a4 t.4x 107 117
Nol(V) 14X 16° 15 1.7 x 10° 15 3.1x 108 P 34x 106 55
Lo..... 82~ 10% 9 15x 108 18 34x 108 20 5.0x 108 47
M. 42x 103 1 1.7 x 106 3 1.7 x 106 4
H ..... 12x 10 1 85 x 10° 3 8.6x 10° 4
Total 58 x 10° 67 29x 108 65 22x 107 95 25x 107 227
TABLE 10. Dataof Tab':9
as Percentages.
Percentage of total estimated
Preseed ra.nfall by postseed class
class
L M H Toztat
Nc ... 14 a8 497 | 560
NofV) 06 0.7 125 | 128
L 03 6.0 137 | 200
WMo Negligible 6.8 6.8
H .. . | Negimuble 34 34
Totat . 2.3 115 86.: | '
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TABLE 11. Water Yield per Storm (Data of Table 9).
Average
Preseed Average postseed water yield, acre-ft water yield
class by preseed
L M H intensity class,
acre-ft
No ...... ...] 83x10%| 40x10% | 28x 10% 1.2x 108
NofV} ...... g5x 103 | 1.1 x10% ]| 1.3x10° 6.3x 104
91x10% | 84x 10% | 1.7 x 10° 1.1 x 10°
M ... 42x 103 | 5.7x 10° 43x 10°
H o ........ 1.2x 108 | 28 x 10° 2.2 % 10°
Average
water yieid by
postseed inten-
styclass ....| 87x103 ] 14x10% | 23x 10° 11x 10°

malfunction. or poor choice of cloud w.s probuably responsible in most of these
cases. Some of this. with the exception of crdrance 1ialfunction. was deliberate in
order to emphauze the importance of target selection und management. Of the
lightly raining clouds (L). only 3.8% stopped raming. Agum. this was probably
caused by seeding too late or by overseeding. Sometime, total rain was actually
increased ‘.hereas the intensity may have been reported as unchanged. or perhaps
decreased..

ESTIMATES OF AMOUNT OF RAINFALL

Enough is known about 227 of the 266 raining cloud systems tc estimate the
amount of rainfall. and thesc form the basis for Tables 9 through 11 and Fig. 3
through 46. The aggregate from the 227 cases is 25 million acre-ft or 31 billion
metric tons of water. The rainfall estimates are. of course. c¢rude. and at present it
cannot be told if they are systematically high or low. It is not claimed that all the
rain that fell was the result of seeding: we have no way of assessing this. We do feel
that more than 507 was artificially induced.

Table 9 shows the estimated water yield from all storms for which estimates
are available. The number of such <torms is also indicated Clearly. the largest part
of the rain came from the originally nonraining clouds. This is probably due to our
policy of seeding nonraining clouds as well as to the fact that few already raming
clouds were available, particularly at the beginning of the project. Those that were
already raining were usually caused to grow 'o one side or the other or merged to
nearby clouds. some raining. others not. In a few cases cumulonimbus clouds were
deliberately cut off to show that this could be done.

Table 10 gives the data of Table 9 as percentages of the total estimated
rain‘all. About 70% of this total esuimated ranfall fell from ongmally nonraimng
clouds and of this. 627 came from clouds induced to ram heavily. Figure 43 shows
these izla. except that No and No{V) are combined.

The estimated water yield per storm is presented in Table 1. Within each
class of postseed rainfall intensity the vield ver storm is almost constznt. This may
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62.2

FIG. 44. Graphical Representation of Data of Table 10.

be an artifact of estimation, but more likely it is due to a relationship between the
area of the storm. its duration, and the intensity of rainfall. It probably indicates
that the same conditions that permit the development of a certain rainfall intensity
determine the height of growth and the area of the storm as well, and that these
are related to the duration.

Figure 45a shows the number of storms as a function of water yield. This is,
of course, only applicable to the GROMET Il experience. In Fig. 45b these data are
normalized to 100 storms and adjusted to a constant class interval of 100 acre-ft. .

The rain produced by all the storms in each logarithmic class interval both as
a linear curve and as a logarithmic curve is given in Fig. 46. Clearly, most of the
water came from the larger storms. This suggests the importance of {nining
individual clouds into major systems.

SEEDING-AGENT REQUIREMENT

Usage rate of seeding rounds is shown in Fig. 47. Average agent expenditure
increased from a few shots for small clouds to 20 shots for the largest systems.
Some of the high usage rate was due to overenthusiasm, some to poor management,
and some to refractory clouds. The lower curve shows a more prudent possible
usage rate and would. in our opinio.:, correspond to usage by a skilled seeder.
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FIG. 46. Total Rain Yicld as Function of Storm Size.

Average water yield per round rose from about 40 acre-ft for small clouds
to nearly 100.07) acre-ft for the largest systems. This clearly indicates the economy
gained by uniting separate clouds into large storms.

GROUND MEASUREMENTS OF RAIN AT CLARK AB

Records of the totai annual rainfall in the Philippines are incomplete because
most of the rainfall from cumulus clouds occurs inland ané most of the rain gauges
are located at seaports. where cumulus showers are less frequent. Rain from
monsoons and typhoons is well reported, but the important contributions from
other sources are not often measured.

Thus, quantitative estimstion of the effects of seeding was difficult, and
reliance had to be placed on the visual observations of the seeding teams and on
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FIG. 47. Sceding-Agent Usage as Funcuon of Water Produced by Sceded Storms. =
numbcer of rounds averaged over all storms with estimated water sicld i wume tenth of
a loganthmic decade. - = number of rounds averaged over all storms with estimated
water yicld tn the same loganthmic decade

occasional rain runs made with the rain-rate meter. In most cases ran shafts could
nat be penetrated safely because of poor viabihity. This factor and the loss of
seeding time dunng rain runs precluded making such etforts trequently.

There was a good ramn gauge at Clarhk AB. and both asreraft had structions
during the month of May 1o hold back a few «eedmg rounds and 10 retuin to
central Luzon ¢ hitle carly. say by 1700. 10 secd all the sunable clouds near Clark.

The average -aintall over a recent 18-year pennod at Clark for the month of
May was some 4.5 .aches. with a standard deviation of 2.6 inches. In spite of the
drought. reported to be the worst in 100 vears. 883 inches fell in May 1969, If nt
is assumed that the vanous May ramfalls are normally distributed with a mean of
4.5 inches and a sandard deviation of 2.6 nches. the chance that the 885 inches
of May 1969 were the result of natural ramfall s less than 1 20. In other words,
the hypothesis that the May 1969 rainfall was not all due w natural causes stands
with a significance level ot 005,

Of the 883 inches. 6.33 fell from 11 eeded storms. and 2.32 mches fell from
9 unseeded ones. 1f 1t 15 assumed that m the absence of seedmg. the T seeded
storms would. in the aggregate. have behaved as 11 unsceded storma. cach with the
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TABLE 12. May Weather Statistics for Clark AB.

ttem 18.yr av for May May 1959
Total rainfaii, n . . 45 885
(0.3 low, 11.7 hugh yr)

Seedec rain {11 rains), in .. 6.53
No of days with 0004 in oo 7 20 (11 seedad)
No of days with ~ 099 n 1 2 (2 seeded)
No of days with thunderstcems 20 16
Mean relative humidity at G500, % . . 84 775
Mean relative humidity at 1400, % 54 495
Mean cloudiness

A1 0200 % U ... 58 58

At0800.% . ... .. . . ... 69 60

At 1400, % .. e e n 65

At12000,% . . e e 74 71
No of days with  6/8 cloudiness.

At0200 .. . ...... e 14 14

At0800 ...... ........... 19 15

AiL1400 .. .. .. ... ........ . 20 16

At 2000 . .. .. [ 21 20
No of days with & 2/8 cloud.ness

A10200 . ..... e e e . 10 8

At0800 ............ ...... 6 5

At1400 ... ... ... .a.. 3 2

AL2000 . ...............%.. 5 6
Mean daily maximum temperature, °F . . 93 944
Mean darly mimmum temperature, °F . ., 76 77.2
Absolute maximum temperature, °F . . . 99 (18-yr high) 98.6
Absolute mintmum temperature, °F . . 70 (18-yr low) 75.2

rainfall of the average unseeded storm, then this partition of the May rain implies
an increase of 3.70 inches, which is 72% of the remaining 5.15 inches of rain and
131% of that fraction that came from the seeded storms.

Table 12 compares the Clark statistics for May 1969 with an 18-year average
for May.

Rainfall totals for Cubi Point NAS and Sangley Point NS. neither of which
areas was extensively seeded, are

Rainfall, n:.
May av. May 1969
Cubi (Olongapo) . .. .. 12.9 (22 years) 7.34
Sangley (Cavite) ..... 6.4 (21 years) 0.65

The rain received at Sangley. just southwest of Manila. is typical of the 1969 spring
rainfall i the heavily polluted Manila area.
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RADAR INTERPRETATIONS OF RAINFALL FOR
TWO OPERATIONS

Of the two operations discussed n this section Mission 29 iy conuidered first
as @ typteas seeding mission, and Missions 22 and 23 represent especially successtul
seeding vperations.

Mission 29

On the afternoon of 19 May 196Y. seeding operatsens {Mision 29) were
conducted in the Central Luzon Valley. Atmospheric cornditions tavored cloud
formation and growth as shown by the Clark AB rawinsondes (Fig. 11 and 4¥).

The proximity of Clark AB permitied extended radar surveillance of
subsequent storms. The approximate position of each storm as inferred from routine
hourly observations with the C-band weather radar (AN/FPS 77V) at Clark AB is
shown in Fig. 49. While these locations are accurate within about 5 nautical miles.
they rcpreseni only some of the more intense portions of the storas. The less
intense sections were either undetected or unreported. In addition. some of the
more intense areas undoubtedly lay in the radar shadow of those shown. From the
seeding team’s log it is clear that these intense portions comstitute only a matrix
within a larger raining area. Nonetheless, these radar observations are valuable in that
they provide a useful indication of the movement of portions of the storm and
permit the calculation of a lowe, Yimit for rainfall.

Seedin: was accomplished by means of 28 EW20 Very puniol rounds. The
position and time of firing of about half of these. as indicated n Fig. 49, make
their association with a particular storm obvious. Most of the remainder correspond
to untracked portions of the storm, although a few may be amociated with cumuli
that failed tc mature into rain.

The storms shown were not raining at the beginning of sceding. No presced
rain was observed visually or on ground or airborne radar. Sceded clouds grew and
me:zed with a concomitant disappearance of small “feeder™ clouds nearby  Runtall
was detected 20 minutes te an hour after seeding.

At about 0830 GMT a rain run was made in Storm E. Although heavy rain
and cloud-to-cloud and cloud-to-ground hghining precluded a traverse through the
heart of the storm, a flight along a 2.6-mile. relatively exierior chord vielded an
average rain rate of 1.7 injhr. The central 1.5 miles of this chosd mveraged 2.5 w hr.
From this traverse, it is conservatively estimated that the rainfall intensity averaged
1.7 in/hr over a 5-nautical-mile-diameter circle at the time of measurement.

With this intensity and this geometry and with the indnidual storm durations
as indicated by the weather radar. it 1s possible to estimate the amount of ranfall
for Storm E and each of the other seeded storms. The resulis are given in Table 13,
From the calculated amount of rainfali. the S-nautical-mile width. and the disiance
traveled by each storm as inferred from the radar tracks. an average depth of ram
on the 2:ound can be calculated. These values are also giwven in Table 13
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TABLE 13 Parameters for Seedad Storms Over Central Luzon,

19 May 1969.
Dutauct, | Pawnfall, | Length of storm Implied average depth
Storm g
hr acre-ft path, nm: cf re nfall n
A 5 11.600 S0 082
gY 5 23,200 57 0.66
[ 3 7,000 45 0.44
D 2 4,600 15 087
E K] 7.000 25 0.79

4 Radar records indicate this storm was approximately 7 nmi :n diameter.

Dunng the standard 11530 to 1600 GMT reporuing period, Clark AB received
0.77 wnch of rain. Storms A and E appeared headed for Clark. but could not be
tracked closer than 3 nautical miles to the radar antenna. It seems reasonable to
assume one or both of these storms contributed to the observed 0.77 inch.

Seeded storms persisted from 2 to 5 hours, while the only unseeded storm
observed that afternoon. Storm F south of Manila Bay, lasted abour 2 hours.
Sangley Point NS. on the periphery of ihe storm, reported 0.29 inch of rain
between 0600 and 1200 GMT.

Thunderstorm activity was still so intense in the evening that air traffic from
Clark to Manila was suspended.

Missions 22 and 23

Part of Mission 22 and the entire Mission 23 took place late on the afternocon
of 13 May 1969. over central Luzon. Atmospheric conditions (see Fig. 50 and 51)
were particularly suitable for convective grow:h and rain.

Of the 47 TB seeding units used this day. 35 may be assigred to 6 of the
10 storms whose tracks. deduced from radar, are shown in Fig. 52. None of these
storms was identifiable on radar before initial seeding except Storm F,. In several
cases. light rain was cbserved visuaily from the target clouds or adjacent clouds at
the time of nitial seeding.

Careful seeding of the upwind edges of Storms ¥; aad F, joined them into a
massive storm. F. Penetration of the rain shaft was not poussible because of low
visibility in the rain and because of widespreadlightning. A rain run through the edge
of F wvielded an average rain rate of 0.3 n/hr over 7.1 nautical miles. with a 0.8
nautical-mile segment averaging 1.5 in/hr.

The observer on the seeding aircraft reported “heavy™ rain. His “heavy™ was
determined by calibration on other rain runs to correspond to rainfall rates of 2 to
S in/hr. The conservative value of 2 infhr is used in Table 14 for all the storms that
afternoon because they were all repeatedly described as **heavy.” except for Storm
E. which was unobserved.

The rain run under the edge of F gave a storm width of at least 15 nautical
mules., The other seeding aircraft some time later estimated a width of 20 nautical
miles: this value 1s used to calculate the rainfall for Storm F in Table 14. Weather
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F1G. 50. Rawwnsonde Data, Clark AB, 13 May 1969, 0800 LST.
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TABLE 14 Parameters for Seeded Storms Over Central Lazon
on the Eveming of 13 May 1965.

Duration, | Ramnfali, | Length of storm imphied averaee depth
Storm
hr acre-ft path, nm of rainfall, in,

A 512 49,500 75 113
8 134 15,800 45 055
C 13/4 15,800 40 062
D 3i4 6,800 10 1.06
E 13 117,090 190 097
£y 3 8,300 40 as9
Fob 34 31,200 15 152
F¢ . 8 355,400 145 1.73
Total 599,800

' Radar recorcs indicate a diameter of about 5 nmi

% The diameter of “F,", about 19 nm:, was determined so that the sum
of the cross sections of “F," and “F," equalled the cross section of “F".

¢“F" was formed by joining “F,” and “F,", and its diameter, as
deszribed in the text, i1s estimated to be about 20 nmi.

radar reports of storm widths were scant that day. One young storm was measured
as 4 and later 5 nautical miles in diameter. A diameter of 9 nautical miles was
reported for one mature storm, and this value is used for the remaining storins in
Table 14, for lack of better information.

The rain depths shown in Table 14 (calculated as in Table 13 for Mission 29)
may be compared with actual measurement. At Clark AB, 1.77 inches were recorded
between 1150 and 1600 GMT, and 0.93 inch fell at Cubi Point NAS between 1200
and 1800.

Upon descent for landing at the return to Clark AB it could be seen that
paddies and streams over the eastern part of the central valley of Luzon were full
of water (Fig. 53).

A comparison of the Mission 22/23 rainfall estimates of Tables 14 and 15
(Appendix A} is enlightening. Radar interpretations of Storms A and B,
corresponding to particularly intense portions of entry 22a of Table 15, clearly
underestimate the rainfall for the Zambales area west of Clark AB, while the
methods of Table 15 almost certainly overestimate the rainfall. On tue other hand,
entry 23b of Taole 15 sevesely underestimates the rainfall from Storms F,, F,, and
F. because aerial observation of this storm stopped after 2 hours, while rader
indicates the storm lasted at leasi 8 hours. Storms C, D, and E, with a minimum
rainfall of almost 140000 acre-fi, do nct contribute to the total rainfall of Table
15 since entries 22b and 23a were not sufficiently observed by the seeding teams to
provide a basis for estimation of ramfall. For a more detailed discussion of the
methods ot Table 15, see Appendix A.

It is. of course. impossible to estimate the amount of raiafall added by seeding
as compared to what would have fallen naturally, but the authors feel that the
augmentation by cloud seeding was an important pe:centage of the rain that fell.

Assuming $20 per acre-ft as the value of the water. the integrated rainfall
from the eight storms in Table 14 would be valued at $12,000,000. The
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FIG. 53. Flooded Paddies in Soutiieast Central Luzon Valles. Note low clouds and rain
in distance.

ammunition cost was under S60U, and a reasonable rental fee for aircraft and pilot
for a small plane capable of doing this would have been under S400. Hence the
benefit to cost ratio on this day might approach 10.000 1o 1.

IMPACT OF GROMET I1I ON PHILIPPINE ECONOMY

When the project began, in late April after many months of drought. the fields
in central Luzon were brown, and the sugarcane and other plants were dying. By
the time the project was completed in June, the islands were verdant.

An analysis of rainfall records is not easy to accomplish. Therefore. the
Philippine Sugar Institate assembled agricultura: information from which they tried
to estimate the impact on the economy. Rice planting was begun 3 weeks earlier
than in the previous year. Alfredo Montelibano, Sr.. of the Rice and Corn
Administration stated: “The country will not have to import rice and corn in 1970,
as a result of the rain that fell during May and June. This leads to a saving of 25
million U.S. dollars in foreign exchange.”

Based on predicted sugarcane production corrected for area planted. type of
cane, fertilizers used. etc.. the Philippine Sugar Institute estimates the annuazl sugar
crop. For the last 10 years, these estimates proved optimistic. buing a little over the
actual production. The 1970 crop was 107 in excess of the estimate. Had the
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drought condiions persisted. production wonld certamly have fallen low. The guin
estunated to. tes merease s 43 muithon US, dollars,

The Fiiptmos were pleased with the effort and wita the results. Vice President
Femando  Loprz, acting  as  Secretary  of  Agniculture,  presented  plaques  of
appreciation to the agencies mvolved. He said in part. “On behalf of the Philippine
Government, | wish to express our sincere apprecistion for the help extended us by
the US. Government  This s probably one of the few projects jointly underiaken
by the 1wo governments whose benefits shpped down from the large-scale
agricultural producers to ithe smallest farmer in the field.”

it would be rash to say that the project really was responsible for all the
things reported o> agricultural gains o1 even to clum that all the rain that fell
followmng seeding was the result of the efforts of the GROMET I team. However,
the fact that the Filipinos conunued the work at their own e ~en- *he succeeding
year and made turther plans tor 1971 speaks well for the :ith they placed in it.

It now remains to conduct a carefully planned. weil-executed expe.iment using
the techmiques of GROMET 1I to evalu.te the 1+ihed and det~rmine the
cost-benefit satios as well as 1o leain more abeut .. po.entially usetul ecological
tool.

CONCLUSIONS

1. The matenals and techniques discussed in this report. namely those
developed a2t NWC for the stimulation and enhancement of rainfall from cold
cumulus clouds. are well suited to tropical cumulus.

2. Seeding-agent requirernents vary from an average of a few pyrotechnic
rounds for siagle clouds to an average of almost two dozen for large systems.

3. Jowing two or more clouds inte a continuous. raining system not only
gieatly increases rainfall over what could be obtained from the clouds as individual
raning units, but also sharply reduces th: seeding-agent cost per unit of water yield.

4. The water yield of seeded tropical storms correlates well with rain intensity.
Thus suggests that those conditions that permit the development of a certain
wtensity also largely determine the lateral extension and duration of a storm.

5. In the absence of an adequate water management system, the rain
encouragement meihods described n this report are a valuable tool for the
alleviauon of agricultural problems associated with drcught.

RECOMMENDATIONS
GENERAL

The methods described m this report should be employed at agricultural
locations around the world where (1) drought and the state of water management
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combmne to provide o+ need and (2) susigble clouds exint. Some suggestions tor the
conduct of such operattons api.car in Appendin B,

SPECIFIC

Project GROMET 11 was by need and by mstrucuon not a  scenttic
experiment. No time was avarlable to et up the operatton as such. and even it there
had been time, the cost would have been tripled without adding much to the
amtall. We would not willingly have conducted the operation ds an experiment
because the water need was so great.

Had it been conducted as a carefully planned experiment. however. the results
would have shown unequivocally that rain augmentation processes are sucvessful n
that climate. Such an experiment could be performed m the Philippines. pethaps to
beiter advaniage than almost anywhere ebe. We recommend that such an experiment
be conducted and here set down our ideas as to s useful way to proceed.

Location

The Visavan Islands (Fig. 54) are recommznded 45 a 1avorable site. The
weather conditions are excelient, the agricultural need is preseni. and because of the
nature of the soil it is almost imdossible to depostt 1o much win. Panay . Negros.
and Bohol have flat areas and hills. Cebu is mostly hilly <o that a choice between
orographic and air mass clouds is usually available.

Operations could be based at Mactun. A good airport. hangars. storage
magazines, and fuel are available. as 1s a verv pleasant city. Secondary bases are
available at Bacolod. Ho:lo. and Roxas A safe airtield is within gliding distance at
all times.

One well-calibrated radar should be put on une of the two mountam peaks. at
8.000 or 6.200 feet. on northern Negros.

Aircraft

Two turbocharged Cessna 210s or two turbocharged Cessna 337s snould be
based at Mactan. They should be equipped with seeding rachs. Very pistols, and
Minilab or other cloud physics apparatis, including a rain-rate indicator.
Evaluation Equipment

Several thousand plastic rain gauges should be straiegically placed on the
islands. Reporting should be done daily by neans of {ranked postcnds. This

reporting is to supplement the mair determination to be made by the ground radar.
The radar, equipped t. measure rain and fecord wrcraft posiion. would run day and
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120 é 125’

FIG. 54. Visayan Islands. Small open circles indicats landing fiedds.
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night throughout the whole period of the experiment.

A few automatic recording rain gauges and anemometers should be available
for installation in places where expenience indicates showers occur frequently.
Ground meteorological devices (GMD) should be installed at Bacolod and at Mactan
and soundings should be made at frequent mtervals.

Procedures

In February or March the GMD and radar should begin surveillance of natural
conditions. About 1 April seeding should tegin and continue through July. The
GMD and radar should :ostinue in operatior through Augusi. A small computer.
adequate to process mathematical models. shou d be placed at Mactan.

Seeding would be done on one or, at the most. two islands in 1 day. For
example, if Panay were chosen for seeding one day, then Negros. Cebu. and Bchol
would go unseeded. The next day Negros would be worked, the ihird day Cebu.
and the fourth day Bohol. The fifth day Panay ‘vouid be revisited.

All seedable targets on a given island would be wotked unless some
developments were for some reason to be favored over others. On all days all
rainfall would be measured by radar and confirmed by rain gauges.

Thus, 1arget and control situations would be on an isltand-to-island basis rather
than a cloug-to-cloud basis. Because 1t now seems clear that a good soaking down
on one day leads to betier cloud development the next. the 4 days between
seedings would permit an evaluation of long term effects induced by seeding.

This scheme wculd probably yield adequate rainfall for agriculture anu offers
the advantage of three control areas for each target area. Meanwhile. the islands of
Yeyie and Masbate could serve as constant control areas as might northern
Mindanao. provided some ramn gauges were made available.

Cost of Experiment

A ciude estimate of the costs of such an expenment follows.
This cost schedule assumes that no cost will be levied for use of local facilities
and that the radars. GMD. and similar devices will be furnished from military or

other government stores. Write-up. analysis. and computer time are included under
overhead.

Seeding:
Aircraftremal (?) .. .. .. ....... S 30.000
Pilots(2) ....... e, 10.000
Mechanic (1) ....... _..... "o 5900
Ammunition. 6000rds .. ........ 90.000
$135.000
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Evaluatnion:

Manager . ... ... e iimeseaee. .. §$ 10000
Metevrologest .. .. ... .o oy 6,000
Seeding assistant .. ... e .. 5.000
Radar men (6)- <« « wvv e v cvvann.n 24,000
Clerks (). ... . .- e __6000
S 51,000
Supply:

GMD expendables .. ... ... un---- 8 5000
Raingauges .. ....... ........ 5,000
Postcards .. ... N . 1.000
S 11.000

Total ............. “sea-- S197000
Contingency and lecal labor . . .. .. . 20,000
$217,000

Overhead ... . e iwreenan. .. 217000
$434,000

Results

Analysis would reveal the normal rainfall rate, the augmentation achieved for
cach island. the time variations due to seeding. and the cost effectiveness of the
operation: the analysis would also fumish data for computer evaluation of various
models. Cloud-physics data would be collected by the aircraft.

Such a definitive experiment is clearly .ceded and should be performed soon
in order to obtain data on atwainable rain yields and cost effectiveness.
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air traffic control procedures. Director Roman Kintanar of the Philippine Weather
Bureau made avaluble cunent weather data for the archipelago.

Major Thomus Studor. USAF, Air  Weather Service Headquarters,
enthusiastically shuared his knowledge of meteorology and cloud physics.

Licutenant Colonel Theodore Mace. USAF, Commander of Detachment 2. 9th
Weather Reconnaissance Wing, and his Operations Otticer, LTCOL Frank Ross,
USAF, did an exceptional wb of supenvising the mynad operational details necessanly
a part of a project ot the scope and mtensity ot GROMET i

The US. Air Force thght crews from the 354th Weather Reconnaissance
Squadron (MAC). Andersen Air Base. Guam, were ouistanding in the performance of
their duties and in the skills they were repeaiedly cailed upor 10 demonstrate. Their
can-do spirit and professional zeal and their sense of camaiadenie were an inspiring
asset to the program.

Major F. Youni. USAF. of Detachment 2. 9th Weather Reconnassance Wing.
and his maintenance team. includimg ILT M. R. Hollobaugh. USAF. of the 54h
Weather Reconnaissance  Sguadron:  (MAC) should be commended for their
uncompromising maintenance work., which permitted u. to keep each of two
WC-130 aircraft in the air up to 8 hours a day for periods of several days.

Base weather (Detachment 5. 1st Weather Wing) under LTCUL W. B. Hellkamp

sted in numerous ways in the provision of working space for the NWC technical

o, the acquisition and nterpretaion of various meteorolegical data. and the

AHtime loan of an enlisted man. They are most remeribered. however. for the

willingness and cheeriulness with which they helped in innumerable small tasks,

often on short notice. US Air Force CAPT L. L. Hawkins. MSGT W. J. Scott. and
SSGT D. A. Pukall stand out among many.

GROMET 1l greatly benzfited by the guidance and broad meteorological
background of CAPT E. L. Snopkowski, USN.

Dr. D. R. Booker. Wzatner Science. Inc.. Norman. Okla.. provided the “Miniiabs
and nucleus counter. supervised their nstallztion. and trained Air Force personnel
their use. In addition. both he and Dr. E. X. Beny of Deseri Rescaich Institute.
Reno. Nev.. shared freely and frequently of their wide experience and expertise in
cold cumulus seeding.

Dr. Htugh W. Hunier. Head of the Research Department at NWC. contributed
to the program by his strong support and guidance.

Particular recognition is owing t» CAPT Robert B. Mottern. USN (Ret.). who
gave so unselfishly of his time. talent. and health 10 the developmem of techniques
used in this venture. That GROMET II should have been an importan: step forward
in using the technology he so skillfully and wholeheartedly helped deveten as a tool
in furthering human weitarc and dipfomatic relations is a credit and tribute to his
outstanding career.
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Appendix A
SUMMARY OF OPERATIONS

Table 15 » a tabulavion of all GROMET Il operations by date, mussion and
target number. geographic location, and preseed and postseed condition. The
headnote to the table provides a Key to the abbreviations used.

Targets. Individual targets may be a single cloud. a cloud complex, or several
such occurnng i the same general area and responding similarly to t:eatment.

Locations. The locadions named in the “Place” column are the nearest
geographical features that could be identified (Fig. 55).

Rain Intensity. For a discussion of rain intensities see the section Project
Findings. page 50.

Radar Echoes. Preseed and postseed radar echoes are estimated or m.asured
trom the radar in the WC-130 aircraft.

Rain Area. The area experiewcing rain is estimated from radar or from
topographic features and navigational data. P means only a part has been estimated
and that the area is la.ger. In some cases the dimensions of the major and minor
axes of the area are given.

Rain Duration. Duration is time from ouset following seeding to the last
observation. If possible. estimates to the nearest tenth of an hour are given. Most
storms were noi observed over their full course. and the actual duration of the
larger storms is almost invariably longer than shown.

Rain Rate. Rain rates other than the standard L, M, or H are determined from
rain runs made through a portion of the shower. When the Weather Science, Inc.,
rain-rate meter data were used. a drop size of 2.5 millimeters was assumed in crder
to convert rainwater content to rain rate. This corresponds to the volume mean
determined for several showers in the United States. Since Philippine drops were
generally larger. the estimated rain raie is probably low. Where no numerical value is
shown, the assumed values are L = 0.5 infhr, M = 1.5 in/hr, H = 2.5 in/hr.

Estimated Rainfall. Calculated amounts of rainfall are shown for all cases
sutficiently well observed to make a reasorable estimate of area. duration. and rain
rate. Calculated rainfzll values tend 10 be overestimates in the sense that it generally
wis not raining over the whole area at the indicated intensity for the entire time.
More usually. each of several subareas received rain of a varying intensity for a
portion of the period. While it is not possible to supply this detail. the
overestimates implied by the gross accounting are partially compensated by the fact
that mos! of the tabulated areas were raining at the termination of observations and
continued to rain for an unknown time. The estimation procedure is consistent and
provides a hasis for the companson of different cases.

We make no claim that all the rain that fell was produced by seeding. Our
own expenence leads us to believe that somewhat less than 50% would have fallen
naturzlly and that less than 25% of the clouds would have developed beavy natural
ratnfall, but these values cannot be substantiated rigorously.

Comments. The comments in the last column are from observers’ notes.

Preceding page blank L
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TABLE 15 Summary of €
Key AB Air base CU Cumulus L Light
B Between D Diameter LWC Liquid water cont
C Central E Eaut M  Moderate
CB Cumulonimbus H Heavy N North
Temperature end rain duration values
Geographic location Preseed Seeding
Date, Mission no.
1969 and target Istand Place Rain Radar echoes, | Altitude, | Temp., | No. of Rain Radar e
intensity nmt ftx 103 °c unmits | intensity nm
28 Apr 1 Reconnasssance U v}
29 Apr 2a Panay B Mt. Balabag and
Mt. Congcong L U 185 U 5 M V)
b Negros E of Biniguil No ¥} 186 u 2 L U
3a Mindoro B Mt. Halcon and
Mt. Calavite No U 19.2 -65 5 L +
b Luzon W of Lake Taal No U 185 65 9 L +
30 Apr 42 Mindanao V Lake Lanao No 7x 3 8(D) 192 55 12 B 24 (
b Do. N of Davao Gulf No U 185 -35 10 L U
5a Do. S Tran Grande R. No U 170 -3.0 7 M 101
b Do. Mt. Matibao No 1.5 (D} 206 -75 4 L +
c Do. S of Mt. Busa No (V] 193 -6.0 3 L +
1 May 6a Panay C Cordillera Fange No {L V) No 21.2 -10.5 4 H +
b Negros SE of Sipalay No (L V) 6x3 195 -55 4q H 5
k¥
c Cebu V Maiboc No J 180 -25 1 No N¢
d Botwot SW of Bantolinao No J 188 45 1 L U
e Luzon V Lake Taal No No 182 ~20 3 L -
f Do. B8 W Coast and
C Zambales Mt. No (¥] 173 -20 2 No u
'] Do. S Zambales and
N Cabusilan Mt. No u 179 -25 4 L +
h Do. V Baguio No + 213 -90 1 L +
2 May 7a Samar V Janabatas Channel No U 182 -20 6 L 42
b Mindanao V Katanglad Mt. No + 298 -80 11 H U
c Do. Nanapan and
Aracan Plains No U 195 -30 n H U
d Do. E of Alah Valley No L)) 215 -8.0 2 H U
e Do. E of Sarangani Bay No V) 209 -79 7 H u
3 May 8a Luzon W Corditlera Central M + 04 (-6.0) 28 H 7x 17
b Do. V Rosales L U 201 (-6.0} 14 M 2x 1!
c Do. Zambales and
N Cabusilan Mt. No U 205 (-8.0) 23 M U
4 May 9a Luzon C Bicol Pen. No No 195 6.0 16 l H +
b Do. N Bondoc Pen. No No 170 -35 13 H +
c Do. Cabusilan Mt. No No 179 -20 17 No Nc
d Do. NW of Baguio L + 200 -8.0 6 M +
e Do. N and C Zambales Mt. L + 178 -25 15 M +
f Do. W Mamparang Mt. No No 180 -25 2 No +
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NWC 1P 5097
15 Summary of GROMET I Qperatons
L Lght NAS Naval Air Station U Unnbserved
Liquid water content No {V) None from targ#t, but from vicimity V  Vicinity of
M Moderace P Paruat W Wes:
N North S South + Noted but not measured
rain duration values in parentheses are estimates
Postseed
Rain Radar echoes, Lineat dimensions Ramn area, Rain Rain Esumated Comments
niensity nmy of rain area, nmu nmiZ duratian, | rate, rantalt, a
! : hr n/hr | acre-ft X 187
M u 152 5 75 18 M 143 Precipitation increased, limited by strong wind shear
L U 3%§ 15 08 . 04 Cloud top blew off
L + [V} U U Low wind shear
L + 5(D, P) 20(P) U . .. One of three shafts
H 24 (D) U 4,000 >3 H 2,120
L U U U 02 . .
M 10 (D) 8x 10 80 >1 M 85 .
L + 8x 10 80 U
L + 8x 4 32 V) .o .
H + 25+ 16 400 >2 H 141 Joined two nonramning clouds to two adjacent CB
H 5% 12 5% 20 100 2 H 354 Light precipitatic.. over coastal farmlands
3Ix4
No No u U U - I Clouds too warm
L U U 10 02 L 01 Dissipated rapidly
L 3 U U 05 Top separated
No u [V} u U Clouds too warm
L + 1 (D) 1 2 L 0.1 20-nmi drift; cyclic coliapse and reformation
L + V] u 0.3 Cioud collapsec
L 4\ 2(P) U U U .. Two light showers; Clouds too warm
H U 30 x 10 300 >1 H 53.0 -
H U >10 (D) >80 >1 H 141 Farmland
H U 5 (D) 20 >1 H 35 Farmiland
H u 10 (DY 80 >1 H 141 e s
H 7> 172(P) 180 x 50 9,000 >1 H 1,590 Joined clouds along range: storm grew to east
M 2x15(P) 5 (D), 20 (D) 330 {n M 350 Scattered showers
m U 15 x 55 825 >1 M 875 Scattered showwrs; joined to target 8b
H + 40 (D) 1,250 >6 H 1,330 Fields wet
H + 30 (D) 700 >6 H 742 -
No No U U u e . Clouds too wi'rm
M + 20x 14 280 [4)} M 398 Extended natural precipitation
M + 5% 30 150 >1 M 159 Joined CU to make CB
No + u [¥] u oL Clouds too werm
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TABLE 15. {Cortd )

Geographic location Preseed Seeding
Date, Mission no.
1969 and target istand Place Ramn Radar echoes, | Altitude, | Temp., | No.of Ram Radar echoas, Lt
intensity nmi ft x 105 °C umits | intensity nmy o
5 May 10a Luzon Bicol Pen. and
N Bondoc Pen. No U 186 -50 76 H 20 x 4 (P}
b Samar N of Calbayog ] U 19.1 -65 5 H ]
c Leyte B Babatngon and
San Jose M u 185 -65 1 H u
d Masbate E Mandaon No U 183 -50 5 H V]
1ta Luzon Cabusilan Mt. L u 200 -80 12 L [V}
b Do. NE of Manila L u 225 -135 4 L u
6 May 122 Luzon S Central Luzon Valley No U 18.8 -5.0 14 L 3(D,P)
13a Do. V Naulo Pt. No 7] 18.7 -50 11 L +
b Do. V Lake Taal No U 179 -25 9 H +
7 May 14a Panay Cordillera and
Central Valley No No 189 {(-3.5) 41 M +
b Negros V Sipalay No No 184 ~-30 10 M 12 (D)
c Luzon SE of Lake Taal No No 185 -35 7 M +
d Do. B Manila and Negrito No {V) No (V) 191 {-4.5) 27 L +
e Do. NE of Rosales No No 195 {-5.00 6 M U
9 May 153 Masbate S of Lahong No No 200 -6.0 3 H +
b Panay W of Bagacay Bay No (V) + 19.7 -75 3 H +
c Luzon N Bondoc Pen. No + 200 6.5 2 U U
d Do. € of San Rafael No + 19.7 -55 3 u u
16a Sibuyan w t U 19.2 (-5.5) 4 H +
b Tablas s No + 19.1 {-5.5) 3 L u
c Panay V Mt. Congcong L J 189 {-5.5) 7 H 7+10
d Guimaras | S No U 19.0 (-5.5) 3 M 8]
e Negros B Soledad and
Dns Hermanas H + 19.3 (-5.5) 4 H +
f Panay B Tibiao Pt. and
Lipata Pt No (V] 19.2 {-5.5) 2 u U
g Mindoro V Bugusanga L + 19.0 (-5.5} 5 L u
h Luzon V N Ragay Guif L U 189 -5.00 23 M U
‘ Do. N of Pampanga Bay L u 189 -50) 4 M ] U
10 May 17a Tablas Whole island H V] 200 {(-65) 5 U U
b Luzon W of Lingayen Guif No V] 183 {-5.0} 2 U V)
18a Tablas V Looc Bay No No 193 -5.5 3 L +
b Mindoro Bugusanga and
Caguray Valleys No No 198 -55 12 H +
c Do. NE of Dongon Pt. No No 193 45 5 H +
d Panay 8 Tibiao Pt. and
Sara No (V) U 190 ! 40 1% H U
e Negros SE of Concepcion No No 18.6 ~-35 1 H U
£ Do. NE of Razorback Mz. L + 19.6 -C0 4 h U
g Cebu 8 Tuburan and Carcar Bay L + 190 -4.5 13 H +
h Luzon V San Pablo No No 202 -5.0 3 ¥} U
i Do. 8 Ibg and Angat Reservoir No No i L u
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15 (Contd )
Posiseed
T
kochoes I Lineal dimensions Rain area, Rain Rain Esumated Comments
- of ram area, nm 2 duration, | rate, rainfall,
: ne mie |acre-ft x 10°
—
4 (P 150 < 20 3.000 =1 18 382 Widesgread, scattered storms bult to major storms
7] ' 30x 12 360 (}1] H 64.6 Enhanced natural rain
V) 25 % 12 300 (n H 530 Enhanced natural rain
J] 45x27 12 >-0.8 44 30 Downwind cells developed from seeded cell
11 (D) 100 23 L 8.1 Ordnance rack functioning pooriy; many misfires
(¢] u u v ce. Ordnance rack functioning poorly, many misfires
. F1 45x 10 450 {1) 16 509 . s
10 (D) 80 03 L 038
U 200 5 H 177 .
80 ¢ 17 1.020 2 M 216 .o
{D} it (D) 100 >05 M 53 Over farmland
51(D) 20 4 M 85 P
50\ 10 500 >1 L 177 PR
U U -4 .. ... JRP
8 (D) £0 >3 H 88 Rack failure over Bantayan, Panay, Negros, Cebu, Bolwol,
and Camotes
4 U V) U .
U V] (V] Growth suggested at least light rain wouid eventually fall
U U U Approaching CB condition
U U <18 Extended rain from coas: inland
: v u 1.8 ..
10 u u u - - . increased rain area and moved over lowlands
10x 20 260 :0.3 M 14 e s
+ v u u v .
7] U U U u .. i
v 10x 20 200 2 L 141 ...
v 20 x 40 =00 >2 M 170 Merged into a large storm
U S 20 1.5 M 3.2 Augmented rain
i V] U V] U Large CB later in aay
r ! ) u v - No growth, littie moisture
+ u u u . .
+ 12 (D}, 5 (D) 134 >1 1.75 16.6 Good growth
+ 10 (DY 80 >1 H 141 -
u 0 x 60 600 >2 n 212
V) 20 {D) 310 2 H 110 .
jU 5(D) 20 >1 H 35 Worked edge of natural storm
+ 10 ¥ 48 480 >2 H 176 Grew storm towards Cebu
U \i u v . L.
U v Y Rack failed; no seeding; small natural showers developed

v
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TABLE
Geographic location Preszed Seeding
Date, Missicn no . .
1969 and tasget Rain Radar echoes, | Altutude, | Temp., | No.o ain Redai
* Island Place intensity nm fux102 | °c units | ntensity '
11 May 19a Mindoro Caguray Valley No U 180 -30 8 L
b Tablas N of Looc Bay No u 180 -33 1 L
c Mannduque | V Bonaliw No V] 150 +3 1 L
d Luzon V Tagaytay Ridge No U 187 -30 3 L
e Do V Angat Reservoir No ¥] 195 -5.0 18 L
f Do S Zambales and
Cabusilan Mt. No U 196 -55 27 H
[} Do. SW of Rosales No U 201 -55 2 H
h Do. V Baguio No u 19.2 -45 10 H
i Do N of Dingalan Bay M U 19.7 -5.0 20 H
12 May 20a Luzon Cabusitan Mt. No No 189 -6.0 5 LY
b Marinduque | Whole islang No No 189 55 9 H 5
c Luzon S of Gurnaca No No 128 -35 3 H
d Do B Lake Taal and
Lamon Bay No No 189 -30 49 L
e Do NE of Tanay No No 18.6 -30 2 U
{ Do W of Angat Reservoir No u 19.1 -5.0 1 L
9 Do SE of Mt. Arayat H + 190 -4.5 6 H Vi
h Do E of Angat Reservoir No U 19.0 -55 2 L
21a Do W of Clark No + 198 -55 9 vV 214Di
b Do. SE Centra! Valley L No (V) 200 ~55 7 L
c Do. N Bataan Pen. No (V] 200 -6.0 3 No
] Do V Tarlac and
Cabanatuan L u 205 -55 17 M
e Do VOsuk AB No u ige -25% 13 No
13 May 22a tuzon 5 Zambales and
Cabusilan M. No (v} U 19.2 -45 6 H
3 Do V Rosaies No (V) u 185 -35 7 H
¢ Do S Cagayan Valiey L U 208 -95 22 tA
23z Do B Angat Reservor and
Lagurs de Bay Ne + 19.0 -35 5 u
b Do 8 Cabanatuan anc
Angat Heservow L + 19.8 -%5 2 H
14 May 24, Panay B Lipato Pt. and Tapaz L U 201 (-6.0) 7 L
b Negros V Bacolod No U 19.7 -5.0 3 L
c Do. SE Sipalay No [ ¥] 196 -3.0 3 L
d Mindoro NE of Mt. Baco No u 19.0 -60 4 U
e Luzon B Cubi and Clark AB L (V] 20.3 t 65) 3 H
f Do. B Tarlac and Baler No v 196 (-5.0) 6 H




NWC TP 5097

TABLE 15 (Conud)

Postseed
) i I Rain Rain Estimated Comments
n Radar echoes L qear dumensions Rain grea
1ty nme of ramn area nem A duration, rate rainfall,
hy i ki |acredfr ¥ 103
. 100 P 80 (P 2 0z 23 .
U €] U V] .
u V] U u No growth; clouds 100 tow
u U U U ..
¥ 10 - 30 300 -3 L 318 .
U 20 - 60 1,200 25 H 530 N
L 10 . 20 200 25 H 88.4 -
U 10 (D) 20 bR Tops to 50,000 ft
U 10 (O 80 U Couid not estimate rain
* U U U PP
5.7 U U 2 3 celis merged ta form CB; tops at 40,000 ft; rair. run
zborted because of heavy ran
. 30«15 450 -3 H 239 2 ceits merged tc form CB
. 20 -~ 50 1000 t-25) L 884 Manv celis merged together
' U Y U P
U U U U . P
PN 0« 10 800 -3 H 424 Aborted rain run due to lightning
2D, 12 (D3 25+ 15 315 -3 M 19 .
u 20 « 30 €00 25 L 53.0 50,000-ft tops: same as target 20g
¥} Cloud dissipated
. 30 - 50 1.500 -4 M 636 v o
u 60 < 20 1.200 -3 H 636
U . - .- LI
u 85 « 20 1.700 >3 NV 541 Extended storm E3E over Cagayan Valley: widespread
gentle rain from stratus deck in addition to showers
v - s
EH ¢ 5> 30 150 2 H 110 Worked earlier by Mission 22, joined two cloud systems,
thunder and lightning; storm too intense at center for
rain run penetration
L . v u v No suitable targets
L . U u u - No suitsble targets
L U 251D} 5 o 03 0.2 | Most precipitation feil over water
U U u A u u . Seeded in passing
H U 5.2 125 in H 221 Increased and extended hine of cells
H V] 10+ 30 400 in H 70.7 | Expiosive growth; lightning
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Geographic focation Preseed Seeding
Dats, Mission 0. N T o of “ Radar ech
" Rain Radar echoss, | Altitude, emp , 0 O an r echoes,
1969 and target island Place intensity ami ft x 103 “C umits | intensity nme
15 May Ba Luzon € of Lake Taal No No 1990 5% 3 L U
b Mindoro B Mt. Halcon and
Calavite Passage L + 19.3 -65 13 H +
c Luzon V San Rafael No N 190 65 12 H +
d Do. B Malglos and
M:. Arayat No No 19.2 -68% 28 L 5¥ 20
e Do B Rosales and
Cabanatuan No No 19.0 -65 11 H ¥}
26a Panay Cordtliera Range and
W Plain No (V) U 195 -7.0 22 L U
Negros V Ma-a20 No (V) U 19.0 -70 10 H 12400
[ Do. V Bacolod No (V) U 200 -79 5 L 250}
d 8ohol B Clarin and
Guindulman Bay No U 230 -120 2 V] 3]
e Cebu E of Baiamban Bay No (v} U 200 -80 2 v U
f tuzon V Lake Tsat L U 190 -40 7 No u
16 May 27.
19 May 23 2uZon Cand E Central Valley No Ho 19.2 -64 28 H +
21 May 302 Negros V Bacoloc¢t No No 260 -55 8 M +
b Boho! SW of San isidro No 10D 200 -6.0 1 t U
4 Mindanao N and E of
Calabugac Plain No (V} No (V) 200 -6.0 4 M U
d Do.. E C Agusan Valley L{20f3) + 199 -55 5 M U
e Leyte SE of Bato No + 20.1 -65 1 L u
f Do. € Layog R. No No 195 -45 1 No u
] Do. Vv Paiompon No (V) u 197 -60 3 "M U
h Masbate V Daraga - No + 193 -50 2 U V]
i Luzon B Carabalio Mt. and
Angat Reservoir ! L + 209 -70 10 H U
i Co. W of Clark AB No Ne 194 60 2 No u
k Cebu V Kambangog No + 200 -5.0 1 ) U
22 May 31a Mindanao B Mt. Lanumbaan and
Calabugao Plain No (V) No (V) 19.0 -60 E) L +
b Co. CUmayan R, No (V) No (V) 19.0 6.5 2 No V]
< Do. V Tran Grande R. No (Vi No (V) 19.0 -60 6 H +
d Do. V Mt. Matindang No + 190 -65 5 H 1
e | Samar N of Caibay 09 City No No (V) 190 -6.0 7 H U
f , Luzon SE of Angat Reservoir No No 190 -70 1 No No
1

" o
AN P sy oy 1

- 84




TAB

6D

TABLE 15, (Conmd }

Postsead
Rain Rain Estimated Comments
Lineal dimensions Rain area,
of sain wrea, nmi ) duration, | rae, ramnfall,
: hr v |acre ft x 103
2{D),2 (D} 6 (02} L ..
20 (D! ~310 >3 H 164 Rain run abortad due to rain intensity; clouds merged to
cs
15D) 175 (-3 H 928
5% 30 150 {2} 16 339 Seedcd over Clark first st 1648; heavy rain at 1749; 2
towers were overseeded and collspsed
6iD, 6(0),6(0),8(0); 115 ~6 34 166 .
15« 45 675 >3 L 716 Gooc runoff in streams; scattered and intermittent rain
over farmiand
u 150 >1 H 265 Bacolod confirmed rain
V] 15 >2 L 1.1 .
V] U V) e
U (3] U cow
U U U initial light rain due to Mission 25; overseeded; cloud tops
blew off
Mission aborted; no seeding accomplished
100 X 50 5,000 >3 H 2,650 Lightning prevented rain run under CB
1€ (D) 200 >1 M 21.2 Bacolod reported rain 25 min. after seeding
25(D) 5 >1 L 02 ..
5 (D), 5 (D). 8 (D) 20 >1 M 95 “
25x 10 250 >0.3 M 80 .
1 D} 1 >0.2 L ‘e
u v U . ... .
20x 10 200 >1 M 212 .
V) U U .
10x 15 150 >15 H 398 Cloud group rejuvenated; good growth
U (V] 3] «es
u U U .o
5Y5 25 {0.5) L 04 ..
] u v ... -
50 « 30 1.500 (>2) H 530
1020 200 >2) H 70.7
10 ¥ 30 300 >2) H 106 .
U u (¥] Cioua top blew off
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TABLE 15 (Contd.)

Geographic location Preseed Seeding
Date, Mission no.
1969 and target Rain Radar echoes, | Altitude, | Temp, | N) of Rain Rada
* Istand Place intensity nm ft x 103 “C umits | intensity
23 May 32a Panay V Mt Liorente No 3] 18.6 45 L g
b Do. NE Pototan No (V) (9] 190 65 1" L 3
c Do. B8 Capiz and Ajuy Bays No (V) u 18.8 -65 5 V)
d Negros B Victorias and
Razorback Mt. No V) 188 -65 2 V]
e Cebu V Cebu City No (V] 188 55 6 [N
f Do. N of Carcar Bay No {V} U 18.7 -55 3 M
] Masbate S of Masbate No 10 18.1 G0 3 H 12
k Luzon W of Tarlac L (V] 19.1 -65 3 L
1 Do. SW of Cabanatuan No U 19.1 60 5 M
24 May 33a Luzon B Silang and
Dingalan Bay No No 180 25| 22 L
b Do. V Subic Bay No * 194 -6.0 1 L
[ Do. V Cabalete Istand No (L V) + 19.1 -55 5 M
d Do. N of Rosales No No 195 -7.0 4 M
e Do. W of Tarlac No No 19.2 ~-6.0 2 L
f Do. Eof Iba No No 193 -5.0 1 (V]
27 May 35a Mindoro NE of Mt. Baco No (L V) v 1938 -8.0 2 H
b Negros E of Dos Hermanas L + 19.1 -7.0 4 M
c Mindanao W Zamboanga Pen. L + 190 -65 21 H
d Luzon B Tarlac and Rosales No + 180 -45 9 N
28 May 3b6a Palawan V Calauag L U 185 -55 5 M
b Do. NE of Cleopatra Needle L 9] 18.7 -6.0 5 H
c Do. W of Verde istands No U 188 -6.0 1 U
d Do. N W of Puerto Princesa No (L V) No (V) 18.6 -50 6 M
e Do. NE of Victoria Peaks No + 185 -5.0 6 L
f Do, N of Mt. Corumi No (V) No (V) 188 -55 3 No
g Do. V Escapardo No No (V) 19.3 -70 2 U
h Do. E of Brooke's Pt. L V) 19.2 -80 3 U
i Do. B ipolote and
San Antonio Bays L [¥] 182 -45 4 M
i Luzon B Laguna de Bay and
Sangley Pt. NAS L (15 0mi?) u 190 -65 4 L
k Do. V Sitang L (3 nmi?) v 189 -65 2 H
30 May 37a» Tablas N of Looc Bay No No 16.5 05 2 L
b Bohol V Bantolinao No (L V} + 18.6 -45 5 H
c Mindanao E of Lake Lanao L + 195 -55 12 H
d Do. B Linguasan Marsh and
Mt. Apo No No 189 -45 18 L
e Do. B Alah Valiley and E of
Sarangani Bay L + 19.0 -5.0 H
f Do. Nanapon Plain No (V) No (V) 195 6.0 1 U
.. 9 Do. N of Malaybalay No No 19.2 -50 L
h Luzon B Angat Reservoir and
Cabanatuan L + 195 -55 13 H
.
m———— DA o
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Postseed
Hatr i Hadar ¢ roes Lineat dimensions Ran area, Rain Ran Estimated Comments
bﬂk‘”sxl\ ey of 110 grea nom ami? duration, | rate, rainfall,
hr inhr Jacre-ft x 103

L Ha1 5.2 10 1 L 04

i 3.4 50} 20 1 L 07

U V] 8] u V]

¥ U u V] V) . ..

L U 44D} 13 3 L 13 Extended to Mactan

A u 50 20 (n M 21

H 12+ 4 124 43 03 H 25 .

L U 5 (D) 20 0t L 04 s
LY} U 3:6 18 -1 M 19 R
L + 50 - 16 300 3 L 8438 Variable LMH rain

L V) 11 (D) 100 0.5 L 18

M U 5+ 20 100 08 W 85 o
M U 16 (D) 200 1 M 21.2 N
L U 8 (D} 50 038 L 14 P
u U 8] 9] u . .. s
.. . Mission aborted; no seeding accomplished
H + 20 40 | 800 -5 H 707 .
M + 205 *-100 <2 M 212 3 seeded towers merged into CB
H + 10+ 150 1,500 -3 H 795 ..
A U 10 < 15 150 25 ] 3938 ..
M u 25(D), 25 (D) 20 -03 A 06 .

25(D),25(D)

H ] 5+ 10 50 28 H 247 Ve
V] V] U [§) (V] . o
M u u U u - . Growth added to area

L + 50} 20 -2 L 14 .
No U U U V) . . o
u u v u u s L
u v v u u ; . L.
M U 310 30 05 M 1.6 Extended rain area inland

L V) 251(D) 5 2 L 04 Extended rain area

H U 3% .0 0 >05 H 27 .
L v 55 (D) p.] > 05 L 0.4 Demonstration )
H y 15% w0 150 4 H 106 2 towers merged into CB

H U 40~ 20 800 >3 H 424 L
L v 30 10 300 08 L 85 Y
H U 40+ 5 200 | H 354 Lowiands

U v U U U e - .
L U £5 (D) 2% 05 L 04 Stratiform

H + 50 - 26 1,000 6 H 1.060 increased area and duration of natural storm: hghtning

¥5




NWC TP 5097
TABLE 15. (Contd )
Geographic location Preseed Seeding
Date, Mission no, R
1969 and t Rain Kadar echoes, | Altitude, | Temp,, | No.of ain Radar echoes,
et Istand Place intensity nmi ftx 10° “C units intensity nmi
31 May 38Ba Luzon V Cubi L + 19.3 6.0 7 H 3,10
b Do V Negrito No No 18.2 -35 3 No No
c Do. S of Claveria L U 18.6 -45 11 H 551(D,P)
d Do. 8 Tarlac and N of
Malolos No (V) No {V) 195 -70 17 H (V]
e Do NE Manila Bay No (V) No (V) 198 -7.0 4 H U
f Do B8 Cabanatuan and
S Cagayan Valley L + 185 -45 8 No U
1 Jun 3Ya Luzon V Clark AB No U 90 -50 3 L U
b Do. V Malalos No V) U 19.6 -55 7 H (V]
c Do. NW Cabusilan Mt. and
SW Zambales Mt. No (V) U 18.4 -35 13 H u
d Do. NW Lingayen Guif No U 185 -30 2 L U
e Do. SW of Baguio No (V) u 195 -55 13 H 3]
f Do. Carabalio Mt. No (V) u 188 -35 6 H V]
] Do. Extreme S Cagayan
Valley No (V) U 18.7 -35 6 t U
2 Jun 402 Luzon Sierra Madre
B Casiguran Sound
and Baguio Pt, No (V) U 19.2 -85 14 H u
b Do. V Binongan R. No V) 190 -55 5 L U
c Do. NW of Baguio No U 19.0 -55 3 L ¥}
d Do. SW of Baguio L U 176 -30 4 L U
3Jun a1a Negros V Sojoton Pt. No U 195 -65 1 M u
b Do. E of Soledad No {L V) (¥] 195 -55 2 M U
c Bohol V San Isidro No (L V) U 196 -6.0 5 H U
d Cebu S of Tuburan No (V) 182 -30 1 L U
e Do. € of Copton Pt. No U 194 {(-5.5) 1 L u
£ Do. S of Malboc No U 184 {-3.5) 1 L V)
g Negros N,W,andE ot
Bais Bays No (L V) 194 {-5.5) 7 M U
h Leyte B E of Ormoc Bay and
N of Palompon No V) 195 {-5.5) 5 L u
i Masbate W of Malabago No U 195 {(-5.5) 2 M U
] Luzon NW Bondoc Pen. No (V) V] 19.1 {-5.0) 4 H U
k M:induqug E of Boac No (L V) U 196 {-5.5) 1 H [¥)
1 Luzon 8 Laguna de Bay and
Mt. Mayon M U 188 {(-4.5) 14 H (V]
m Do. B Zambales and
Cabusitan Mt. H U 19.1 (-5.0) 6 H v
:
¢
H
i
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Fostseed
hoes, Lineal dimensions Rawn area, Rain Rain Estimated ! Comments
i of tan area, nm omi2 duration, | rate, rainfall,
R : hr infhr | acre-ft x 10°

3x 10 15 (D) 175 ~5 H 155

No U [¥) e .
b (D, P} 7{D} 40 % | H 7.1
V) IBx5 175 15 H 464 Clark AB weather radar indicated tops of 62,000 ft
u 8{D) 50 >15 H 132 included demonstration of blowing cloud apart
(V] U u U - v
V] 8 (D} 50 0.3 L 05
U 5.5 25 2 H 88 Increased rainfall
(V] 10 (D} 80 >2 H 28.3 ‘e
(V] 2(D) 3 0.2 L R Single tower grew and then collapsed
v 20 (D) 310 {2 H 110 Massive storm
(V] 5x 2 10 2 H 35
v 10 3 30 >2 L 2.1 -
U 5(D), 10 (D) 120 i2) H 420 Developed isolated clouds in line of CB
5(D), 2(D)

u - 8 8} L 0.3 Good growth
(V] 25 (D) 5 ~03 L 0.1 Good growth
v 25(D) 5 {n L 0.2 Good growth
u 35(D) 10 >2 M 21 isolated cell
U 5{D) 20 >1 M 21
7] 10x 30 300 >3 H 159
U 35(D) 10 1 L 04 S
(V] 35(D) 10 >1 L 04
U 35(D) 10 >1 L 04
u 10x 20 200 2 M 424
u 5x 20 100 >1 L 18
V] 5{D) 20 >1 M 21 Excelient growth
U 5% 20 100 >1 H 17.7
U 5x 15 75 2 H 265
(¥] 10x 50 500 >3 H 265 Enlarged raining area (probably reached Maniia)
L ¥] 20(D) 310 3 H 164 Merged 2 CB into major storm
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Geugraphic location Preseed Seeding
Date, Mission no. N
1969 and t Rain Radar echoes, | Altitude, emp., | No.of Rain
toree Istand Place intensity nmi ftx 10° ‘c units | intensity
7 Jun 46a Luzon NE of Pampanga Bay L 25(D) 188 -45 2 M
b Do. E of Cabanatuan No U 19.0 -50 1 L
[ Do. S of Mt, Nanaabung L U 19.0 -5.0 3 M
d Do. V of Mt. Nanaabung No U 19.1 -50 2 No
e Do. NE of Rosales No (V) U 19.1 -55 6 M
f Do. NW of Mt. Arayat No (V) V] 20.0 -7.0 9 M
g Do. V Tarlac No (V) U 19.2 55 13 L
h Do. V Negrito No (V} U 198 -6.0 3 M
i Marinduque | NC L (2 omi?) u 19.0 55 4 L
i Luzon 8 San Pablo and
Verde Island
Passage No + 19.1 -55 4 U
k Do. S of Mt. Binuang No [¥] 19.0 -55 4 L
§ Do. W of Mt. Binuang No U 193 -6.0 3 U
4732 Panay E tloilo and Putotan No U 203 -80 10 M
b Do. B8 Topaz and Sara No [§) 19.4 -40 15 H
c Negros S of Mt. Mandalagan No U 18.6 —40 8 M
d Cebu B Carcar Bay and Boljoon No U 200 -65 16 H
e Do. SW of Balamban Bay No U 201 -65 2 U
9 Jun 48 a Luzon SE of Manila No U 193 -35 14 H
b Do. B Tagaytay Ridge and
Salang No U 18.6 -25 9 M
c Do. B Angat Reservoir and
Rosales No U 19.3 -35 27 H
d Do. B Mt. Arayat and
Manila Bay No U 189 -25 14 H
e Do. NW of Casiguran Sound No U 20.0 -45 6 M
f Do. Angat Reservoir No U 20.7 -70 4q M
g Do. E of Laguna de Bay L u 188 -30 1 M
49a Samar W Garmay Bay No No 190 -6.0 8 H
b Do. S of Oot Pt. L 1(D) 190 -60 7 M
c Do, B Mt. Capoti-an and
Port Libas L 2% 2 18.4 -50 6 H
d Do. NE Cabay Bay No No 18.3 -45 2 No
e Leyte S of Alangalang L 3x15 185 -50 3 H
f Do. NE of Leyte No No 185 -5.0 2 t
9 Biliran NW of Caibiran No No 185 -50 2 L
h Leyte NW of Tacloban City No (V) No (V) 184 -5.0 2 L
i Samar V San Antonio No (V) No (V) 180 -45 1 No
i Do. V Santa Rita No (V) No (V) 184 5.0 6 L
k Do. NE of Santa Rita No (V) No (V) 18.0 -45 4 H
| Do, V Catar. an No No (V) 184 -5.0 9 M
88
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TABLE 15 (Contd )

Postseed
Rain Radar vchoes, Lineal dimensions Rain area, Rain Rain Estfmated Comments
fintensity nrm of rain area, nmi nmid duration, | rate, rainfall,
: hr infhr | acre-f2 X 103
M V) 5{D) 20 05 M 1.1
L J 2{0} 3 03 L .- .
M 55(D) 5{Di 20 15 M 3.2 PP
Nao u U U V] P e Dissipated without significant precipstation
M 6 (D) 5¢10 50 15 M 88
M V) 3 7 0.6 M 04
L U 5.2 10 1.5 L 05
M U 35(D) 10 1 M 1.1 -
L U 2.5{Di 5 (3] L 0.2 Dense cirrus overcast; seeded 1 of 2 identical towers;
each grew and rained
U u U U V) .
L U U U U
V] U U V) V] . ce fa e
M U 30+ 10 300 25 M 795 W
H U 40+ 3 120 4 H 848 LWC 39/“13 on rain run; paddies, ponds, and streams full
M U 5.5 (D) 25 (.2) M 5.3
H U 20+ 10 200 =2 H 70.7 J.
U u V) U u . ee. e
] U 325 75 3 H 398 Initially weak tine of clouds became “wall of rain”;
drifted toward Manila
M U 5{D} 20 3 M 6.4
H U 69« 20 1,200 >5 H 1,060 .
H U 50, 80 70 -1 H 124 v .
M U 1545 75 =1 M 8.0 Heavy rain to east in mountain valleys; rain over main
valley light to moderate
M v 2«10 20 05 M 1.1 e
M U 25 (D) 5 ~2 M 1.1 Rapid development; enlarged raining area
H 20~ 10 20x 10 200 ~45 H 159
M + 8(D} 50 =33 M 175 N
H + 5 (D! 20 ~Z5 H 88 RN
No U ] v U Cloud top collapsed
H + 51D 20 18 H 64 Top biew off after first seeding: subsequently worked into
CB; -ain run
L U ¥ U U . .o
L U U U ¥} . - PN
L U 15(D) 2 ~1 L 01 Rain run
No U U U U . . Ram rin
L U 1{D) 1 >1 L e Rain run
H U 345 15 =1 H 27 Ramn run
M + 5(D) 20 ~05 M 11 Rain run




TABLE 15. (Contd } ©

Geographic location Preseed Seeding
Date, Mission no.
1969 and Rain Radar echoes, | Altitude, | Temp., | No. of Rain Radar echoes, Linea!
e Island Place intensity nmi ft £ 103 °C units irtensity nmi of rai
S Jun 42a Negros SW Ma-20 No {V} U 186 -50 9 H u 1
b Do. V Mt. Mandalagan No (V) V) 18.6 -4.0 8 L U
c Do. E Victorias No (V) U 20.2 -85 9 M u :
d Do. B Biniguil
and Tarjau No (HV) No (V) 18.7 -45 10 u u
e Siquijor Whole island No (M V) No (V) 189 -45 2 L u
f Bohol B Tagbilaran and
San Pascua No(HV) No (V) 186 -55 9 t U
9 Panay S plain No (H V) ) 194 -6.0 5 u |
h Luzon 8 Canlubang and Manila No U 200 -65 1c H 3»10 1
i Do NE of Manila No U 189 -45 1 L U :
j Do E of Angat Reservoir L 2x3 19.6 ~70 2 U 5% 6
k Panay N Pandan Bay No No 18.2 -5.0 1 U U
43a Burias NwW 2No,1L (V] 200 -70 3 H U
b Masbate 8 Lahong and
Malobago No (M V) U 125 -6.0 17 H U ‘
c Samar 8 Catarman and
WUt R, No U 195 -£.0 8 H U
d Luzon V Bulusan Volcano No (L. V) u 195 -6.0 1 u u
e Do. C Caramoan Pen. No {L V) U 195 -55 1 U U
f Do. V CadigMt. No (L V) v 190 55| 6 " u
g Do. SE Cagavan Valley
ang Siorra Madre
8 Baler Bay and
Nanandatan Pt. L Y 195 60 21 H u 5 X
5(D)!
6 Jun 42 Luzon V Bolinac No V) 203 -70 2 M U
b Do. W of Bagabag No [¥) 216 -80 4 [ U
c Do. NE of Itagan No U 19.1 -50 5 M u
d Do. NE of Tuguegarao No {V) U 200 -55 9 M u
e Do. SE of Bagabag No U 195 -65 3 M U
f Do. S of Tulung No V] 18.7 -50 1 No U
g Do. N of Lapanto No U 19.2 -5.0 6 M u
h Do. B S of Rosales and
Carabalio Mz, No U 211 -75 12 Y u
i Do. N of Mt. Arayat No U 166 -30 8 H U
i Do, S of Cabanatuan No (V) U 204 ~-75 4 M U
k Do. N of Canlubang No (V) U 180 -60 5 u U
45a Panay SW of Bulacaue Pt. No (V) u 18.7 45 1 L U
b Mindanao B Bakulin Bay and SE
of Mt. Lanumbaan No (L V) u 184 -40 2 L U
c Do. E of Lianga Bay L U 185 -40 4 L U
d Do. S of Mt. Lanumbaan L U 185 -35 4q L J
e Leyte NE of Cabalian Bay No + 18.3 -30 1 U V)
f Do. S of Carigara L U 19.1 -45 2 U U
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Postsved
dimensions Ran arcea, Rain Rain Estimated Comments
oI area, nmi i duration, | rate, rainfall,
SERE S he infhe facre-ft s 10°
125(D) 120 3 H 62.6
5(D) 20 {0 5) t 04
25(D}) 5 1 M 0.5
V] ¥} u . e
5 (D) 20 a5 L 04 Celt dissipated
5« 35 100 1 L 6.2 PPN
U v U - s Worked upwind side of area between 2 raining cells
10+ 20 200 2 H 70.7 First worked by Mission 43. Joined to natural raining systems {heavy rain in Manila later}
25(D) 5 0.6 L 0.1
U U U
V) U U .- Ce
5« 10 50 -4 H 35.4 3 towers nitially
b w5 200 3 H 106
10+ 5¢ 500 ~3 H 265 R
U U U Increased rain area
[V} U u Increased rain area
V] J U increased rain area
tX 25.25(D) 400 2 H 141 Developed 5 CB
N5-2030<5
35D} 10 1 ] 19
11(D) 100 1 M 106
165 80 -1 A 85
22(D) 380 -1 M 403 ..
{ 3.10 30 : ) 32 -
U U U e . Seeding under overhang: abandoned due to poor visbility
20« 10 20) [§1] M 212 Rev'talized large collapsing cloud mass
20- 30 600 -3 H 318 C e
1 (D} 100 45 1 795 Heavy rain from low unpromising clouds
-5 150 (v ™M 159 ..
U u 1] . Attempt to revitalize oid tower; no apparent success
11(D} 1 01 L . Cioud grew 1,000 ft and coliapsec
10« 50 50U A L 354 Moed W over valley
15«10 150 (k1] R 5.3 Precipitation in addition to that from naturatly raining
] {see comments) area
2(D) 3 {0.% v . ..
¥} (V] J . .
U U L .. B
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TABLE 15, {Contdl)
Geographic location Preseed Seeding
Date, Mission no,
1969 and target Rain Radar echoes, | Altitude, | Temp.,, | No. of Rain Radar echoes,
tstand Place intensity nmi ft X 10° °C umits | intensity nmi
10 Jun 50a Palawan V Calauag No u 19.7 ~55 6 L U
b Do. SE of Mayday Bay No u 182 -30 1 L U
c Do. S of Barton No U 190 -50 1 M (V]
d Do. V Cleopatra Needle No (V] 19.3 -50 2 L V)
e Do. B Mt. Peel and
Inagauan K. No U 198 55 15 H V]
f Do. V of Victoria Peaks No U 18.6 -40 5 L V)
9 Do. E and NE of
Tarumpitao Pt. No U . 186 -40 1 H (V]
5t1a Luzon S of Binongan R. No No 18.3 -40 11 M +
b Do. E and NE of Lapanto L + 18.2 -35 42 H U
11 Jun 52a Cebu NE of Old Carmen No No 18.7 -40 3 No U
533 Bohol W of San Isidro No No 19.0 {-4.5} 2 No No
13 Jun 54a Samar SW of Catarman No No 194 -6.0 3 L (V]
b Do. S of Catarman and
Oot Pt, L + 193 -6.0 7 M U
c Do. SE of Oot Pt. L 3%x2 189 -85 1 H 3x2
d Do. V Mt. Capotoan No {V) No (V) 19.0 -40 1} L U
e Do. NW of Cabay Bay H + 195 -6.0 3 H-L (V]
f Leyte NE of Sogod Bay No (V) U 190 -50 1 No U
] Do. E of S Layog R. No (V) U 19.2 -5.0 2 M 1{D)
h Do. E of Plaridel No {V) U 194 -50 4 M 25x 15
i Do. NE of Ormoc Say No (V) U 19.6 -5.0 3 U V]
14 Jun 553 Luzon N of Catabang:n Bay No (V) No (V) 19.7 -55 15 H 15X 6
b Do. SE of Lake Bu'si L 1D 20.6 -70 2 No U
© Samar B Utut R_and Pt.
Borongan L + 19.3 -50 12 H +
d Leyte S of Babatngon No (V) No (V) 198 -50 8 H +
e Samar V Mt. Capotoan No U 19.0 -45 14 H +
56a Marirduque! NE No U 20.0 -65 3 L U
b Panay Cordillera Range B Mt.
Llorente and
Lipatz ®4. No v 195 -6.0 7 H U
c Do. N of Sara No V] 184 -45 4 M U
d Negros NE of Victorias No (V) V] 193 -6.0 1 M (V]
. Do. E of Mawo No {V) V] 196 -65 4 H 1]
f Cebu B Tuburan and Liloan Pt. No V] 200 -7.0 18 H U
g Bantayan V Bantique No U 195 -6.0 3 L 3]
h Masbate N of Masbate No v 190 -55 1 L U
i Luzon SW of Mayon Volcano No U 18.0 -45 5 L U
15 Jun 57a Luzon £ Clark AB and
Dingalan Bay No U 195 -5.0 2 H U
b Do. S of Baguio No V) 19.0 -40 6 H U
c Do. E and N of Hosales No U 18.7 ~-4.0 16 L U
58a Leyte B Ormoc Bay and Leyte No (V) No (V) 200 -85 10 H 10 (D)
b Samar NE of San Pedro and
San Pablo Bay No No (V) 19.2 -65 8 L 35({D}
c Do. NE of Santa Rita M U 18.7 -5.0 2 L] U
d Leyte E of Plandel No No 185 -50 1 No U
e Luzon N and E of Lake Bato L 15(D) "o ~75 5 M 6(D)
15(D)
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Postseed
s, L-.eal dimensions Rain area, Ram Rain |~ Estimated Comments
of ram area. nm e durauon, | rate, rainfall,
' nr in/hr | acreft s 103
16 (D) 200 3 L 212 Wind reversal at aititude
u v u ... .
8 (D) 50 3 M 159
3«10 30 ) L 11 Fused two celis together
30+ 15 450 (N H 795 .
8 (D} 50 2 L 35 Orginally four towers
15.20 300 3 H 189 ..
5 (D) 20 2 M 42 .
40 - 15 600 2 H 212 .
U u U - Widespread natural rain over most of Philippines this day:
this target marginal
8] U u Poor target; demonstration only
3(D) 7 02 L . ..
2(D) 3 07 M 0.2 Cverseeded
) 4(D} 13 2 H 46 ..
5 15 75 22 Lt 58 .
5% 15 75 15 M 119 Ramn run
U 8] u .- e Coilapsed immediately after seeding
251(D) 5 03 M 0.2 ..
5 25 (D) 5 03 M 02 s
v U U L . Good growth
107 70 43 H 532 .
U V] U Seeded 100 late
M5 150 15 H 398 Rejuvenated decaying system
6(D) 30 1.2 H 6.4 .
25 12 300 -1 H 530
u U U
5+ 30 150 -2 H 530 Jo:ned: most of island covered by raining clouds
50 8 250 -2 M 530 Jeined; most of ssland covered by raining clouds
U U U N ..
U U U - .en -
(D), 10{D), 15 (D} 2715 2 H 972
5({D) 20 03 L 0.2 P
25(D) 5 03 L 0.1 Poor cloud; demonstration
8 (D} 590 ~05 L 09 Rapid growth
10+ 30 300 2 H 06 + veloped line of towers; rain run aborted due 10 heavy
rain
8 (D) 50 ~2 H 17.7 Joired
305 150 .2 L 1C.6 Joined
) 155 75 2 H 26.5 Subsequent regeneration unassessed
) 351D 10 1 L 04
5 (D) 20 2 M 42 Joined natural CB
U U U . . Marginal target
P 0.3 30 05 ™M 16 | Jomed o cells
I 1
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Geographic location Preseed Seeding
Date, Mission no.
1969 and target Rain Radar echoes, | Altitude, | Temp., | No. of Rain
Istand Place intensity nmi ftx 103 “C units intensi:
17 Jun 53a Panay Cordiliera Range No U 134 -4.0 33 H
b Do. B Ajuy Bay and
Cordhllera Rarge No 3] 18.6 50 21 LM,
c Guimaras SW of Hoilo No U 196 -50 9 M
60a Luzon Caramoan Pen. No (V) U 195 -6.0 1 H
b Do.. Bicol Bay B8 San Miguet
Bay and San
Bernardino Strait No {V} U 195 -6.0 8 M
c Ticao N No + 18.3 -5.0 6 L
18 Jun 61a Mindanao B Mt. Hilong Hilong and
Lianga Bay No U 189 -5.0 25 H
62a Mindoro W of B.ngabong No U 19.6 -7.0 1 U
b Negros E of Birguil No U 18.7 -6.0 4 L
c Do. VSllogR. No U 18.7 -65 5 (¥}
d Do. W of Dumaguete City No v 18.6 -6.0 10 M
e Do. 8 Razcrback Mt. and
Victorias No U 19.0 -6.0 20 H
f Tablas N of Looc No V] 205 -3.0 2 U
g Marinduque|{ C No v 195 -7.0 2 3)
Total 2,447




19 (Countd )
Postseed
echoes, Lineal dimensions Rain area, Ran Rain Estfnmed Comments
nms of rain area, nms nmi duration, | rate, rainfall,
. hr wn/hr | acre-ft x 103
u 60\ 20 1,200 -3 H 636
u 40x 35 1.400 ~3 M 445 LWC 3.6 a/m3; rain run
u 3x5 15 =3 M 48 Extended ciouds inland from N coast
U U 60 3 H 318 Filled in gaps among natural storms
U U 50 25 M 133 Filled 1n gaps among natural storms
3 10 10Xx 15 150 (81} L 53 Partially over Masbate Strait
U v [§) U . PN
9] v U (¢] P .. “n e
u 5x 2 10 {0.2) L 0.1 Cloud dissipated
[§) U U [§) . ... Siow arowth
61{D) 2%x 10 20 R }] ™ 2.1 s
‘ U 15 (D) 175 {2) H 6:8 Entire island covered with CU; Bacolod confirmed rain
U U V] V) ... .
U (V] [§) ) . .e .
B . . 5,100 R

— e g
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Appendix B
OPERATIOMAL CONSIDERATIONS

The seeding done by the GROMLT H team was clearly adequate to augment
rainfall from the type of clouds found over the Phiippmnes and indeed in many
places in the world. From these experiences 1 s well perhaps to suggest some
guidelines for the use of rain enhancement techniques in areas outside the United
States.

Forecasts

With rawinsonde and other dats avoilable. a capable forecaster can predict
cloud locations adequately to be of use in deciding on the seeding plan for the
day’s operations. Although helpful computer models exist, computers are not usually
available or are too expensive to consider for routine use: nor are they necessary.

In general. a forecast will include the possibihiy 07 orographic cloud
development. even under conditions unfavorable to purely convectve cumulus
growth.

Once the forecast is in hand. aircraft should be launched. even under marginal
conditions, to take advantage of any clouds that may be found. There are usually
some that can be worke¢. Conditions change with time and place. and often
weather stations do not report clouds. even though they may be seen from the air
at a little distance. In drought conditions. air pollution often precludes good sky
observation.

Aircraft

Although the WC-130 military aircraft used during GROMET U would be harg
to surpass in safety. comfort. and convenience. the work could have been done with
much less expznsive equipment.

At NWC we have uscd the ~heapest single-engine light aircraft availab'e. In
most areas of the world this 1s satisfactory. but in some situations a multiengine
aircraft is preferable.

Frequently. the local military can furnish crews arnd aircraft capable of
reaching the seeding altitude. but fuel costs for such aircrait may be prohibitive.
Moreover. surplus reciprocating engine aircraft built in the 1940s and 1950s
generally cannot operate effectively at the altitudes required because ihey do not
have supercharged engines. Jets operate effectively at alutude but do not reman
long enough on st.tion and fly so fast that targeting is difficult. Their fuel
consumption is also inordinately high.

Any sapercharged reciprocating or turbine-powered aircraft capable of sustained
operation at 25000 feet will do. A reasonably high cruise speed at altitude and a
high rate »f climb are important.
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The Cessna 210 v o good aircratt tor the purpose. Two external seeding racks
tor droppable units can be carried. one under cach wing. An excellent twin-engine
atieratt s the Cessng 337, This inodel can be operated on one engine at 18,000 feet
o comene tuel while wating tor development of clouds. Operating cost for the
Cessnia 210 o about S45 per hour, and tor the Cessna 337 the cost is about S60
per hour. One such ancraft can work an ares sbout 100 miles in radius very
ettectnely.

Caretul consderation should be given to arcraft supphes and equipment:

1. Supplemental oxygen should be carried becsuse the usual supplies are
mnadequate. Pressurized cabms are more comtortable but not necessary.

2. Dual  navigation communication gear s necessary. A distance-measuring
apparatus 1 destrable. but i most places is not very useful because of lack of
ground facihties. It possble the aircratt should have dual automatic direction finders
because most countries have many noundiiectional beacons. An instrument landing
system is desitable, In some areas lugh Jrejuency communication gear is advisable. A
transponder 1 genenaily requised for *igh altitude fhghts, but is not necessary unless
radar control is nvolved. Most air traffic control radar cannot track a light plane
long without a transponder. especially if the plane is . Bellanca or Windecker
aircraft.

3. Aircraft radar is a convenience and of great use in estimating distance to
targets and effects of seeding on targets, but is not required. It cannot be instailed
easily in any single-engine aircraft and is usually not used in twin-engine places
because of cost.

4. Spare parts peculiar to the project aircraft should be brought along to the
base of operations brcause. although most countries have good mechanics available.
spare parts are not often found in abundance.

Pilots

Local pilots who know and are intcrested in the country can serve very well.
They should be instrument-rated o: at leact be capable of short periods of
instrument flight in turbulence. If possible. after having listened to some lectures
and chalk talks on the subject. they should be trained to seed by another pilot
familiar with the technique.

Evaluation

Evaluation of the results may not be required, but it is a most important
factor and one of the most difficult to carry out. Because sesding projects are
generally conducted in dry areas where the need for maximum water production is
urgent, there is often little interest in a fullscale statistical experiment. Every
aircraft is needed io sced every cloud possible. Randomization to acquire scientific
information, so important to American experimenters, is generally not favored by
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NWC P 5097

local officials nor indeed is any evaluation process that exceeds 10°% of the project
cost.

Rainfall measurement is best done by well-cahbrated radars, but these are
rarely found in sufficient number in most countries because of the cost. Rain gauges
are perhaps the most practical means of measuring rain, but an enormous number
are needed. The observation and reporting are expensive even if the gauges are read
only once a day.

The real proof of effectiveness is in benefits to agriculture and wriguuion. In
many cases estimates of this sort can be made, but so many variables are at work
that one cannot always be sure the results isolated are ir-deed the ones needed.

Local Participation

It is important to secure the active cooperation of local people in the
rainmaking operations. They should be included in the work to as large an extent as
possible and their advice and help should be sought. The irrigation. power. and
water management people are usually enthusiastic. The weather people are not as a
iule vitally interested and mas even offer some resistance. There must be a
continuous effort made to involve them in making the decisions that have 1o be
made. Providing repsints from the seeding literzrure, holding seminars, and taking a
few local people along on seecing missions are some ways of gaining their interest in
the project. However, the people should be chosen with care. the activities limited
to good seeding days, and the air work confined at first t¢ only mild penetrations
because most people unaccustomed to such flights get airsick under conditions that
an experienced person would find dull.

Hold Harmless Agreement

Before any seeding is done, a formal hold harmless agrcement. a legal
agreement limiting liability on the part of the seeding party, should be entered o
by the participating governments and promulgated. Although there is little chance of
extensive damage, natural occurrences such as typhoons, hail. lightning strikes. and
similar phenomena of an unexpecied natwe, as well as complicated dis-benefits
befalling certain, perhaps unsympathetic, groups could lead to interminable litigation
and trouble.

The hold harmless clause together with vtelligent restraint in the conduct of
the operation and the wise use of local advice will preclude most such trouble.

Water Management

Often the lack of water points up a less than adequate ‘vater management
system. It must be emphasized to the vecipients that cloud seeding alone is not
enough to solve problems perhaps centuries in the making and that & proper storage
and distnibution system is often the real need.
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. PRELIMINARY CLOUD STUDIES
IN THE PHILIPPINES-1969
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1.0 Purpose.

I was ashed i Apnl of 1969 to patticipate i the early phases of a
cloud-seeding operaton i the Phbippines which became known as GROMET I1. My
purpose was

1. To stall two sirborne meteorological instrumentation systems on two Air
Force C-130 weather reconnasssance awreratt,

. To make prelizanary observations of clouds and their environments.
. To act as g saentific observer of seeding techniques and cloud reactions.

4. To tram muuary personnel in the use of equipment and making of
observations.

I departed Norman, Oklahoma. on 27 April and returned on 29 May 1969.

Al
by
Al

2.0 Equipment.

The equipment used for mstallation on the Air Force weather reconnaissance
atrcraft was removed from a Cessna 205 and a Piper Aztec where it had previously
been used in sinular measurements within the Continental United States. The
equipment was reconditioned pror to shipment to the Philippines. The equipment,
referred to as AMS-11 and AMS-15, was designed to measure various cloud and
environmental parameters including rainrate, liquid water content, temperature,
dewpoint and others. The AMS-15 was equipped with both anmalog and digital
recording systems operating in parallel. The AMS-11 produced only analog records.
The analog records were used for on-site preliminary analysis. The digital records
were returned to the United States for processing and use in a moi2 detailed
analysis.

The AMS-15 was additionally furnished with a continuous ice nucleus counier
of the NCAR-Bollay type. The ice nucleus counter produced printed digital records
independent of the analog and digital recordings previously mentioned.

For both aircraft. the instrumentation installations were made in the forward
right section of the cargo compartment. A shelf was improvised on the bulkhead to
support the instruments and power supplies while providing a place for the operator
to work. Sensors were mountzd on the aircraft skin on the right side of the aircraft.

Six military technicians were tramned in the techniques of installing, operating
and maintaining the instrument systems. Nine weather observers and weather officers
were trained in the use of the equipment and analysis of the data for meteorological
purposes. Operation of the equipment was transferred systematically to military
operators during my stay in _he Philippines.

3.0 Preliminary Observations.

I participated in seeding flights on about half of the operationai days while I
was w the Phili- pines. 1 used the aircraft instrumentation systems and visual
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observations i coming to the following preliminary conclusions:

Even though the Philippine Istands were expenencing an unprecedented
drought, we were able to find clouds suitable for sceding on every day on which 1
participated in flights. The ciouds grew over the highest peaks in the mid- and late
aftecnoons. Bases varied from 3.000-10000 fi. The clouds tended to organize
themselves along the mountain ranges. In general. they were extremely easy to
operate on because of their relative isolstion and a natural tendency to organize
themselves in short lines. The liqud water content meters indicated rather wet
conditions in most of the clouds. LWC values of 4 gm/m3 were common near the
tops of the cumuli. The clouds were generally shghtly sheared. Almost all
observations were made at or near the -7C level.

Very few rain measurements were made since the aircraft were used primarily
for seeding. Therefore. no conclusive results regarding the character of the rain can
be made from the rainrate measurements. However. the impression | have gained
from the ooservations and data is that the rain was of high intenstty. normally
reaching peak values above 100 mmjhr. Droplet concentrations were considerably
higher than those we experienced in seeding tests in New Mexico and Oklahoma.

Ice nucleus measurements were made on most of the flights. We generally
found very few ice nuclei except in areas where we had been seeding. Most of the
measurements were made at the -7C level. The environment, as might be expected.
was essentially clean at that level. The occasional ice nucleus checks at lower
altitudes indicated relatively few ice nuclei present.

I observed a great deal of smoke rising from cane fields on operational days.
This smoke was frequently observed to enter the bases of cumuli growing nearby.
The possibility that this air pollution was ineffective in modifying the clouds seems
remote to me. Although we had no quantitative way of measuring, my impression
was that the clouds became very much of Continental character by addition of
condensation nuclei rather than the more efficient maritime type which normally
prevails at these latitudes

4.0 Impression of Seeding Effectiveness.

Seeding was conducted by Dr. St-Amand and various members of the China
Lake team, and military trainees. A large number or military personnel and
Philippine crew members were trained in the theory and practice of cold cloud
seeding techniques.

The seeding material was placed carefully in the updraft. The number of
rounds was varied according to the strength and width of the updraft encountered.
The clouds were carefully observed for growth. organization and glaciation.

I was particularly impressed with the opportunity to enbance cloud
organization. Since the clouds tended to occur in short lines. as determined by
mountain ranges, the crews were able to watch the development carefully and to
seed those turrets which would enhance this tendency by filling in or extending a
line. My impression was that the seeding was «ffective in increasing cloud
organization. Theoretically, this should greatly increase the available precipitation
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since increased cloud efticiency rtesults from decreased entrainment and increased
instability due to line orientation.

Subsequent related experiences in Project Hotshot, which has been conducted
since returning from the Philippines, used the same seeding material. The ice nuclei
were introduced from the base rather than the top because of aircraft limitations.
The results indicated that rain at the cloud base was more than doubled as a result
of sceding. These results were statistically significant. We found that the raindrop
spectrum was significantly altered in a uniform manner as a result of seeding. Our
results would tend to indicate that similar results could be expected from the cold
clouds seeded in the Philippines.

5.0 Recommendations.

All evidence from the flights ot GROMET Il and subsequent Hotshot
experiments would indicate significant positive results from seeding. This potential
should have marked economic, military, and political significance. 1 would
recommend that a longterm agreement for further development of this technology
in cooperation with a friendly nation be devised. The results can and should be very
beneficial to both nations.
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OBSERVATIONS AT GROMET 11
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University of Nevada
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ABSTRACT

The systematic seeding of growing cumulus towers in a localized area with
pyrotechnic drops at about the -5C level regularly gave rise to large thunderstorms
with heavy rain-showers, while unseeded cloud areas in the general vicinity produced
little or no significant growth or rain. These are the qualitative conclusions of an
independent observer present at the GROMET Il seeding operation in the Philippine
Islands during two weeks in June 1969.
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INTRODUCTION

The following is an account of the GROMET Il cumulus seeding operation in
the Philippine Islands during the period June 1969, as wi.nessed by the author who
was invited to be zn independent observer. Since the purpose of the operation was to
make rzin fall in designated drought areas as opposed to being experimental. there
were no means available other than the qualitative judgments of the observers to
measure the outcome of this project. Exceptions are the rainfall and crop growth
data gathered by the farmers, which apparently showed a rainfall increase over the
previous five years. This account will only be concerned with observations of the
clouds and rain from aboard the C-139 seeding aircrafi.

METEOROLOGICAL CONDITIONS

The observations took place during a twc-week period near the end of the
transitional period during which the southwest monsoon was approaching There
were a few days during this period when the island of Luzon at least was
obliterated with rain and the operation was cancelled. Otherwise during the
operation over the southern Philippine islands there were scattered fair weather
cumulus with bases around 3,000 ft. MSL and tops 16.000 to 18.000 f1. None of
these produced any rain. They seemed to be only 2 momentury entity climbing
rapidly to their peak then dissipating. Their lifetime seemed 10 be about 15 minutes:
their diameters about half a kilometer. They were generally randomly scattered over
the land areas with some predom'nance of occurrence near mountain ranges and
upwintd shores. Occasionally (i.e. about once per 10%m° per day) a large cumulus
cloud would form and grow to about 30.000 fi.

SEEDING TECHNIGUE

A group of small cumulus clouds were selected which reached to at least the
-2C level and preferably to the -5C level which were over an area that needed
water. The aircraft was flown into the tops of the more active towers. which usually
meant flying about 19000 ft. MSL (-5C). and approximately one pyrotechnic flare
per 500 m was dropped in cach actively growing cloud top tiaversed. A few minutes
later the tops of more clouds which grew to st least - 2C were similarly seeded. This
technique was repeated for 135 1o 30 minuies as more and more cumulus tops in the
designated 2rca, usually no greater than 10 km X 10 km. begzn to grow near the
seeded towers. The seeding proceeded by trying to fill in the gaps between the
towers where growing cloud ueveloped between ther,
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The intention was 10 expand the total area of cloud and updraft in the
preferred region. If the whole cloud dnfted with a wind only the towers on the
upshear side were seeded in an attempt to make them grow together into one cloud.

As a Jarger cumulus cloud developed, perhaps now reaching 22,000 ft. and 1
km in diameter, the adjoining cumulus were seeded and frequently penetrations were
made of the towers while dving so. When the cloud was about 26,000 fi. and 2-3
km in diameter the seeding was discontinued. Then either another arca was sought
at least 80 km away o: the now growing storm was observed for about half an
hour.

OBSERVED RESULTS

Generally. a few minutes after a tower was seeded it was observed during a
turn. There was seldom any difficulty in distinguishing the seeded tower from the
others In virtually every case the seeded tower had grown approximately 2,000 ft.
higher than nearby unseeded towers in 3 to 5 minutes after seeding and glaciation
was usually apparent at the top of the seeded tower.

As more towers in the vicinity were seeded, more towers seemed to grow by
compartison to other areas within signt that were similar before the seeding began.
Whether by the influence of the seeding or by a clever anticipation of nature, when
towers were seeded to fill in space between clouds these areas invasiably filled in.
Some 15 to 20 towers were seeded during the formation of each cumulo-nimbus.
The observer witnessed some 8 cumulo-nimbus formaiions that developed subsequent
to the seeding and only two cases when the seeding was not foliowed by a
thunderstorm, and these were cases where the clouds were very scarce. When the
storm was about 3 km in diameter. small cu growth was suppressed to at least 20
km from the storm and the very small cu that did grow within 5 km of the storms
were noticezbly tilted toward the storm. Most of these storms reached about 35,000
ft., developed anvils, and persisted actively for about one hour during which time
moderzte to heavy ruin fell out the bottom. Four times the aircraft was flown down
below the cleud and partially into the rain to verify that what was seen from above
wzs indeed heavy rain. At times the visibility was less than one km in this rain.

Invariably the seeded storm was the most intense storm visible within about
100 km. About two hours after the seeding similar cu-nimbus sometimes developed
about 50 km from the seeded cell.

In one case a group of scattered small cumulus clouds on one end of an island
were purposely selected for the seeding by this observer while at the opposite end
of the island about 20 km away a larger cumulus group was forming that would
have been a better seeding target. The poorer target was chosen in order to see if
the seeding technique could compete with nature when starting with a handicap.

The group chosen for seeding was marginal end only two towers were high
enough for seeding on the first pass. It fook ten minutes for another tower to come
up and an additional five minutes for another. Each of Jhese was given one flare.
Although the group could still be classified as scattered cumulus, the convection
seemed to be intensifying. Thitty minutes zfter seeding began there were about three
towers topping xt 26,000 fi. and perhaps six coming up ‘o 18.00G ft. and the cloud
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INTRODUCTION

The following is an account of the GROMET If cumulus seeding operation in
the Philippine Islands during the period June 1969. as witnessed by the author who
was invited to be an independent observer. Since the purpcse of the operation was to
make rain fall in designated drought areas as opposed to being experimental, there
were no means available other than the qualitative judgments of the observers to
measure the outcome of this project. Exceptions are the rainfall and crop growth
data gathered by the farmers, which apparently showed a rainfall increase over the
previous five years. This account will only be concerned with observations of the
clouds and rain from aboard the C-130 seeding aircraft.

METEOROLOGICAL CONDITIONS

The observations took place during a two-week period near the end of the
transitional period during which the southwest monsoon was approaching. There
were a few days during this period when the island of Luzon at least was
obliterated with rain and the operation was cancelled. Otherwise during the
operation over the southern Philippine islands there were scattered fair weather
cumulus with bases around 3,000 ft. MSL and tops 16,000 to 18,000 ft. None of
these produced any rain. They seemed to be only a momentary entity climbing
rapidly to their peak then dissipating. Their lifetime seenied to be about 15 minutes:
their diameters about half a kilometer. They were generally randomly scattered over
the land areas with some predominance of occurrence aear mountain ranges and
upwind shores. Occasionally (i.e. about once per 10%km? per day) a large cumulus
cloud would form and grow to about 30.000 fi.

SEEDING TECHNIQUE

A group of small cumulus clouds were selected which reached to at least the
-2C level and preferably to the -5C level which were over an area thai needed
water. The aircraft was flown into the tops of the more active towers. which usually
meant flying about 19,000 ft. MSL (-5C). and approximately one pyrotechnic flare
per 500 m was dropped in each actively growing cloud top traversed. A few minutes
later the tops of more clouds which grew to at least -2C were similarly seeded. This
technique was repeated for 15 to 30 minutes as more and more cumulus tops in the
designated area, usuaily no greater tian 10 km X 10 km. began to grow near the
seeded towers. The seeding proceeded by trying to fill in the gaps between the
towers where growing cloud developed between them.
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The mtention was to expand the total ares of cloud and updraft in the
preterred region. If the whole cloud drifted with a wind only the towers on the
upshear side were seeded 1 an attemipt to make them grow together into one cloud.

As a larger cumulus cloud developed, perhaps now reaching 22,000 ft. and 1
km 1n diameter, the adjomning cumulus were seeded and frequently penetrations were
made of the towers while doing so. When the cloud was about 26,000 ft. and 2-3
km in dumeter the seeding was discontinued. Then either another area was sought
at least 80 km away or the now growing storm was obscrved for about half an
hour.

OBSERVED RESULTS

Generally, a few munutes after a tower was seeded it was observed during a
turn. There was seldom any difficulty in distinguishing the seeded tower from the
others. In virtually every case the seeded tower had grown approximately 2,000 ft.
higher than nearby unsecded towers in 3 to 5 minutes after seeding and glaciation
was usually apparent at the top of the seeded tower.

As more towers in the vicinity were seeded, more towers seemed to grow by
comparison 1o other areas within sight that were similar before the seeding began.
Whether by the influence of the seeding or by a clever anticipation of nature, when
towers were seeded to fill in space between clouds these areas invariably filled in.
Some 15 to 20 towers were seeded during the formation of each cumulo-nimbus.
The observer witnessed some 8 cumulo-nimbus formations that Geveloped subsequent
to the seeding und only two cases when the seeding was not followed by a
thunderstorm, and these were cases where the clouds were very scarce. When the
storm was about 3 km in diameter, small cu growth was suppressed to at least 20
km from the storm and the very small cu that did grow within 5 km of the storms
were noticeably tilted toward the storm. Most of these storms reached about 35,000
ft., developed anvils, and persisted actively for about one hour during which time
moderate to heavy rain fell out the bottom. Four times the aircraft was flown down
below the cioud and partially into the rain to verify that what was seen from above
was indeed heavy rain. At times the visibility was less than one km in this rain.

Invarizbly the seeded storm was the most intense sto-m visible within about
100 km. About two hours after the seeding similar cu-nimtus sometimes developed
about 50 km from the seeded ceil.

In one case a group of scattered small cumulus clouds on one end of an island
were purposely selected for the seeding by this observer while at the opposite end
of the istand about 20 km away a larger cumulus group was forming that would
have been a better seeding target. The poorer target was chosen in order to see if
the seeding technique could compete with nature when starting with a handicap.

The group chosen for seeding was marginal and only two towers were high
enough for seeding on the first pass. It took ten minutes for ancther tower to come
up and an additional five minutes for another. Each of these was given one flare.
Although the group could still be classified as scadered cumulus, the convection
seemed to be intensifying. Thirty minutes after seceding began there were about three
towers topping at 10.000 ft. and perhaps six coming up to 18,000 ft. and the cloud
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cover in this group went from scattered to broken. Meanwhile, at the other end of
the island, nature was still ahead with a strong group of clouds between 20.000 and
21,000 f1.

One hour after seeding begun the target arcd contamed a large cumulus cloud
about 5 km in diameter and growmg through 23000 fi. The natural cloud seemed
unchanged or even dumnshed durmg the previous halt hour. Sceding was
discontinued.

Ninety minutes after seeding began the target ares contamed o cumulo-mmbus
cloud with heavy rainfull. The clouds at the opposite end of the sland had all but
dissipated. and convection in that arca seenmed hindered by the cumulo-nimbus
the target area. The target area clouds we ¢ the only ones to delner raw 1o the
island that day.

IMPLICATIONS FOR THE FUTURE

Since the project wias not n experiment. per ~e. [Diere were no controls or
statistics, and the sequc..e of events observed cannot be used to strongly imply a
cause-effect relationship between the seeding and the rain. However. the evidem
possibility that such a relationship may have cxisted makes the seeding technique
worthy of description and worthy of future testing in a controlled experiment.

If the above described sceding technique does i-dced promote storms in
certain circumstances. then the upward acceleration of an individual cumulus must
modify the local air flow in such a way that nearby growth is encouraged: ctherwise
the result would be only higher single cells with ihe same area distribution as the
natural case. The relative importance of increased horizontal convergence and the
effect of vertical wind shear in causing mergers is not clearly known. If a way could
be found to measure the airflow around the lower regions of cumulus clouds dunng
a seeding experiment (or even in the natural case) much could be learned that might
suggest better seeding techniques.

Investigations into the formation of cloud merges and their aruficial simulation
are indeed at the heart of the future problems in cloud modification.

CONCLUSIONS

It is the author’s opinjon that this was an ideal situation for such a seeding
operation. Although no precise measurements were available. the repetitive apparent
success of each attempt io produce rain seems to be some evidence in itseif that the
seeding indeed formed the large cumulo-nimbus clouds when naiuie might not have
done so. The design of the seeding lc:iimique to use latent heat release due to
freezing and careful placement of the fiares to generate and organize a large strong
convective cell seems to make sense. It is the author’s feeling that additional rain
was produced by having the warm rain process operate in an organized intensive
updraft of longer duration than nature was producing and that the ice crysials
formed by seeding had a becring on the precipitation ovly indirectly through ther
intensification of the updraft.
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