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ABSTRACT. Foggy Cloud [ was a series of experiments in observation, modification, and
treatment of fog and stratus clouds conducted at or near the Arcata-Eureka airport, Humboldt
County, Calif, from late March through mid-November 1968.

Civil and military personnel from the Navy, Army. and Air Force participated in tl.e
experiments, aided by contractor personnel and local representatives of the Federal Aviaiion
Administration, Nationat Burezu of Standards, Humboldt County Director of Aviation, and the Coast
Guard,

A wide range ot prospective seeding agents, including smokes, liquids, and powders. that were
thought to offer pronise for stabilization ot clearance of fog were cystematically screene. by
ground-based and zirborne dissemiratior. Tae majer emphasis ‘was placed upon wne elimination of fog
rather than upon simply improving visibility.

Those agents showing enough identifizble effecis to indicate promise were investigated in c.etail
and improved upon. Observations were made of rog chaisctenstics, visuar effects, changes in cloud
physics parameters, and of the fallout from the fog.

Hygroscopic smokes were found useful for intensifying, stahilizing, and forming fog and stratus.
Hygroscopic powders. including sodium chloride, urea, and calcium chloride, were tried. Cf these,
calcium chionde showed the most promise, put testing was not completed.

Hygroscopic liquids showed the most immediate results and svccestful teste were made with
ammoniom witrate in solution, In October, a solution consisting of aramonium nitrate, urea, and
water wus developed that was used in several very successtul neld tnals.
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FOREWORD

Project Foggy Cioud is a continuing research and development program conducted by the Earth
and Planetary Sciences Division of the Research Department, Naval Weapons Center, under AIRTASK
A370-5401/216C/OW 3712-0000, Atmospheric Applications, from AIR-540, Naval Air Systems
Command.

The first field project in warm fog modification (Foggy Cloud I) began 25 March 1968 and
ended 15 November 1968. Seventy-two tests were performed. A primary objective for this initial
series was the screening of a broad variety of materials and methods to identify those that justific'
more detailed efforts later. From the results reported herein, a choice can be made of promising
leads for future work. o

This report is released at the working level. Because of the continuing nature of the warm fog
resezrch program, tentative conclusions presented here are subject to later review and charge.
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SUMMARY

From March to mid-November 1968, the Earth
and Planetary Sciences Division of the Naval
Weapons Center. the Atmospheric Physics Division,
White Sands Missile Range, (Army): the Air Force
Cambridge Research Laboratories; and the Navy
Weather Research Facility, working with Arcata,
Calif., wunits of the Federal Aviation
Administration, the National Bureau of Standards,
and the Coast Guard, conducted Project Foggy
Cloud 1. This project mainly evaluated techniques
and materials to modify warm fogs and low
stratus clouds. The project was based at the
Arcata-Eureka airport in northern California where
several such projects have been conducted in the
past.

In all, 72 seeding tests and 41 supporting tests
were run. Three classes of seeding agents were
tested: (1) pyrotechnic units, including four kinds
of airborne iusees and four other kinds ot
ground-based units; (2) hygroscopic powders
dispensed from one or two aircraft; and (3)
hygroscopic solutions dispensed in one test from a
ground-based spray system and in all other cases
from one, two, or three aircraft. The supporting
tests yielded information on various properties of
the local natural fog conditions or on aspects of
the seeding and data-taking techniques used in the
test series.

An analysis team was attached to the project.
On-site analysis established s feedback of results
on the basis of which subsequent tests were
planned. Thirteen progress reports were prepared
by the team. These reports were given only
limited distribution outside NWC and other groups
directly irvolved.

A variety of seedingaircralt  patterns  were
employed, with no single pattesn emerging as
conclusnely superior. In most cases, the sceding
patterns were flown skimming the top of the
cloud or fug layer. Putterns were hased on existing

airport navigation aids, or on control by either
1adar or topside aircraft during test- away from
the airport. Other supporting aircraft provided
cloud-physics data, as well as photographic and
visual observations, during the tests.

Large amounts of routine and special data were
gathered both with existing airport instrumentation
and with special devices furnished by the project
organizations. Data-gathering techniques were
augmented and improved continuously throughout
the project, and specific further refinements are
recommended for future projects. Project data for
each test are filed at NWC,

The airborne pyrotechnic units gave no clear
results. Ground-burned pyrotechnics sometimes
produced partial clearing, but usually intensified
the fog and on occasion produced a stable fog or
stratus in previously clear air.

The hygroscopic powders were not tested
extensively enough to warrant conclusive
comparisons, but urea and calcium chloride appear
promising. Possibly because of inadequate dosage.
no tests with hygroscopic powders yielded results
on 3 scale large encugh to be termed operationally
signiticant.

The most promising tests were those using 2
newly developed hygroscopic  solution.  This
solution consisis, by weight, of 4 parts ammonium
nitrate, 3 parts urea, and 0.78 puart water, giving a
solids-to-water rativ of 9:1. This material is judged
more effective  than  singlesolute  solutions  of
ammoniur  nitrate, urea, calcium  chloride, or
sodium chloride. The 9:1 sulution s intensely
hygroscopic, beneficial 1o plant  life,  and
noncortosive to most metals (except copper and
cadmium), protected surtaces, and animal fisues.

Twelve tests were run with the 91 material.
ustng 3 vatiely of seeding techniques. One ot these
12 was ground-based, and failed bevause of clearly
inadequate dosage resulting from mechannal failure
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in the seeding spray device. Two of the remaining
11 tests were conducted with small, warm cumnlus
clonds, whick dissipaied rapidly following the
treatment, The other ¢ tests used the material
dispensed in 650- to 2,700-gallon amounts »y one
to three aircraft in warm stratus or fog. Tui of
these 9 tests were inadequately observed to allow
conclusive analysis of results, but the remaining 7
included 3 tests in which dramatic, operationally

useful clearings are attributed to seeding.

The extent of dispersal to be expected from
airborne use of this material depends, in
yet-unknown ways, on interrclations between the
amount of material used, size of spray droplets,
flight patterns, and various characteristics of the
target cloud or fog. Further research is needed to
produce an optimized and reliable fog-clearing
technique.

INTRODUCTION

THE PROBLEM

The deleterious effects of fog and low stratus
on military activities are well known. Any
capability to modify unfavorable weather has
potential benefits for many segments of the
military and civilian community; fog dispersal is a
particularly attractive goal. Efforts at Arcata were
concentrated upon clearing of fog and stratus
rather than improvement of visibility by changing
drop sizes.

Fog anc stratus differ, by definition, in the
altitude of their bases, fog being based at or very
near the surface. Fog and stratus clouds differ in
the mechanism of genesis and development, in the
degree ol stability above and below the cloud
tops, axd in the radiational and meteorological
regimes in which they occur-and to some extent
in the microphysics. It is only an accident of
topugraphy that clouds touch the ground, and a
detinition of tog on this basis is not very useful in
terms of understanding the regime. Indeed the
treatment required for fog and for stratus may
ditfer because of the inherent differences in the
cloud type. It is well to keep this distinc:inn in
mind  even though the iwo phenomens 2
sumelimes treated as one.

Fog and stratus that occur at temperatuies
above 0°C ate termed “warm.” Similar clouds of
hquid water occuning at temperatures below 0°C
are termed supercooled or  cold.” Supercooled
vlouds can be muodified easily ovn an operational
basis. Disupation of warnm fog has been much
more difficult. Progect Foggy Cloud was conducted
to mvestigate ways to sulve this problem.

PROJECT GOALS

The goals of Project Foggy Cloud were to
1. Test potential agents for fog dissipation
or intensification
2. Improve seeding and dispersal techniques
3. Improve data collection and analysis
techniques
These goals support the ultimate objective:
seeding methods capable of operational warm fog
dissipation or intensification under specified
conditions.

PREVIOUS METHODS OF
TREATING WARM FOG

Research and development activities to modify
warm fog have been conducted for more than
three decades. The classical works with sprayed
calvium chloride solution pointed a way to fog
clearance (Ref. 1). Nevertheless, the concepts of
hygroscopic treatment to dry fog were not
sufficiently developed in ensuing years to generate
a reliable system.

During World War {I, the heavy tnaffic of
military aircraft at fog-bound bases in the United
Kingdom led to the development and use of
drying by themmal systems the direct application
of the heat of combustion of petroleum fucls.
Althvugh this method {called FIDO) did clear fog,
there are many drawbacks, including immobility,
cost, maintenance, pollution by smoke and water
vapur, and the hazarde of open fames near
runways. Betterenginccred FIDO installations were
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tested with good results after the war (eg., at
Arcata, Calif., 1948). The use of jet engines as a
heat source has also been tested with varying
results in  warm fog. Although engineering
developments might remove some of the
drawbacks of a thermal system, one fundamental
limitation remains. Each site where fog clearance is
needed would require its own installation. Under
most tactical conditions in the field, a capability is
needed to take the treatment to the fog.

Junge (Ref. 2) surveyed the state of the art in
fog dispersal to 1958. He commesited on both
field-tested methods, including FIDO, and those
that even now remain in the category of untried
ideas. An updated, critical review of fog dispersal
theory and practice is badly needed. The remarks
in this section are intended only to point out a
few highlights in the rapidly expanding efforts to
fight warm fog.

Warm fog research and development efforts
have muliiplied significantly in the last decade.
Fundamental studies of the properties of natural
fog and computer modeling of fog-dispersal
methods have been developed. A number of field
tests have evaluated fog-seeding or alternative
dispersal methods. Once caiibrated with
representative numbers by field experimentation,
computer modeling offers great promise to
investigate fog-seeding effects under a wide range
of meteorological conditions. R.alism in numerical
modeling demands great complexity, because the
interaction of physical processes is itself complex.
Nevertheless, progress is being made in computer
studies at  Desert Research Institute, Cornell
Acronautical Laboratory, Navy Weather Research
Facility, and Air Force Cambridge Research
Laboratories. These agencies furnished technical
advice or assistance in the performance or
understanding of some aspects of the work
reported herein.

Most of the field-trial emphasis has been placed
ecently on the use  of hygroscopic  seeding
materials  dispensed  from  aircraft or from
ground-based units.  After a  distillation  of
theoreticul  and  experimental  work, the
fog-modification community has largely discarded
nonhygroscopic  agents  (eg., carbon  black,

surfactants, charged inerts) as materials with which
to treat existing warm fogs. Including Project
Foggy Cloud, no fewer than five field projects
have been conducted with hygroscopic agents in
the United States since the beginning of 1968 (by
Air  Weather Service, Cornell Aeronautical
Laboratory, Cambridge Research Laboratories,
E.G.&G. Associates, and Naval Weapons Center).
There may be others; only a few reports have
been published (Ref. 3 and 4), and the materials
used in the teils sponsored by the Airline
Transport Association' at Sacramento have not
been disclosed because they are proprietary.

SELECTION OF SITE

The project was based at the Arcata-Fureka
airport, McKinleyville, Calif. (Fig. 1). Most of the
experiments were conducted over the airport or in
a specially designated area offshore (Fig. 2). The
remaining tests were run cither in remote areas
over land or, in one case, by special arrangement
at Medford, Ore. In addition to having a high
frequency of advective fog and stratus, Arcata was
a suitable choice for several other reasons: space
was available for offices, conferences, and
briefings; although not a heavily used airport,
Arcata has radio, navigation, and instrument
landing system equipment; other nearby airports
provide safe landing alternates when Arcata has
below-minimum weather; the airport has a special
network of transmissometers (Fig. 3) that provide
data useful in evaluating test results; and personnel
of the National Bureau of Standards, Federal
Aviation  Administration, and the Humboldt
County Department of Aviativn at the airport are
extremely cooperative in  supporting projects of
this type.

Fog generation at Arcata is controlled by the
season of the year and the wind flow patterns. As
shown in Fig. 4, taken from National Bureau of
Standards Report 9958 (Ref. S), the greatest
incidence is during summer months. Moisture-laden
air advects from the sea when the airflow pattern
is from the southwest to northwest.  “Onshore”
flow is aided during the war summer months by

' Naval Weapons Center. Obrervgtion and 1o resiom of Airline Warm Fog Duperwl Tests st Sicramenio. Coliforn,
5 Janugry 1o 29 Februgry 1968, by T. 1 Weght. China Lake, Calif, NWC, August 1968, Prehmiman Repont
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FIG. 1. Arata-Fureka Airport.

the presence of o wasonal thermal low system that
torms over the hot anland desert and  mrountaie
HIURUTY

The topography of e Ascata area is buunded
to the ¢ast and south by mountans, forming a
basin conducee 1o agble  development  and
entzapiment. s that togs are commonly 1,500 feet
theh and ey range to more than 3000 lect,
wpiling over the mountans. Fuuee § 8 2
rmonde plot showing a0 fypical fog  that
aveurred 1D august 196X

During the autumn munths, radiaivn processes
cain also be effective in fog  formation. and
produce the puincipal typ* of fog in the inland
valleys to  the esst. As the winter regume
approsches, the necessary conditions of stability
are broken up by the passage of [rnal stonn
systemns.,

A large industry n the Anaty region s
lumbenng and awmill vperations. The bumning of
waste wood praducts contanunates the atmosphere
with  vesy-smallpartiele  smoke and haze nuvler,
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FIG. 2. Test Arca.

complivating the probleras of fog clearing with
hygroscopic materials.

The National Bureau of Standards has issued a
very interesting summary of low  visibility
cunditions 2t the Arcata-Eureka airport (Ref. 5).

PLANNING

NWC has conducted, since 1957, rewearch and
development in materials and methods of weather
modilication. A numbet of pyrotechnks genciating
we nuclet have been developed tur modifsing cold
ouds and cold fogs, and abo chemial wmokes
that theory suggests may have effects in warm

clouds and fogs. Supplies of pyrotechnic seeding
units of various Kinds were on hard when the
project began. These units were relatively untnied
in field experiments m warm fog. The minal phase
of the project emploved pyrotechnic  seeding
agents. Dunng  this  tune, capabilitics  to test
hygroscopic  powders and  solubions were being
developed fur testing i the sevond phase ot the
work.

In exploratony work condudted i 1960 near
Hollister, Cabif.. NWU  tested  an airdbpeinad
smmonium  miteate solution that showed  some
promise as a clowd dusipation agent. Ten tosts
were conducted using agivultural spray anrcrals
Approuumately 100 gallons were spraved m 2 tyght
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F1G. 5. Rawinsonde Plot, 12 August 1968,

turn at airspeeds of around 75 to 80 knots. Nine
trials resulted in rapid clearance of stratus,
producing holes big enough to fly through.
Dropiets of the order of 150 microns were
produced, and the solution was cold.

In planning Project Foggy Cloud, NWC hosted
discussions attended by personnel from the Ammy
Atmospheric  Sciences Laboratory, Cornell
Acronautical Laboratory, and the Navy Weather
Research Facility. During these discussions, Coinell
Aeronautical Labocatory personnel reviewed thew
theoretical and fog<chamber studies treating warm
fog with carcfully wed sodium chlorde powder.
Navy Weather Research Favdity sotentists discussed
sosults of computer modeling of weding warm fog
ad made ~ccommendations on several typey of

hygroscopic powders,

It was decided to test a wide variety of seeding
methods in search of a small aumber showing the
most promise under certain weather conditons. In
later projects, the number of methods will be
reduced o that more evaluation can be given 1o
cach in variable weather.

In May 1969, persunnel from the Cambndge
Research Laboratories snd Navy Weather Research
Facility offered assistance i umpending Voggy
Cloud tests with hygrosopw matenals. Statementy
prepared by  these  persons,  spealying  then
awsitanne, wete mcurporated  verbaiun mte the
proje Operatiunal  Plan,®  which  governs  the
testing of hygrosopw wlutions and powders.

£ Nav3l Weapoas Center. Poggy (Tosd, OF Plea 423 by Fasth and Planctany Sowtwer Divieon € bang §oake, § ahf

NWC', June 1963
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ORGANIZATI?N

The project was conducted from March to
mid-November 1968, in accordance with Operation
Plans 2-68 and 4-68 of the Earth and Planetary
Sciences Division, NWC. This group provided
overall sponsorship und direction for the project,
working in collaboration with the Army

Atmospheric Sciences Laboratory, the Cambridge
Research Laboratories, and the Navy Weathe: Re-
search Facility. Seventeen other government agencies
and civilian organizations contributed in some way
to technical or operational aspects of the work. The
principal contra-tor was Meteorological Operations,
Inc., Hollister, Calif., which furnished men, aircraft,
and other equipment.

EXPERIMENTAL TECHNIQUES

SEEDING AND DATA-GATHERING
EQUIPMENT

The equipment used for project testing varied
according to the work phase, but in general was as
is shown in Table 1. Other devices used were field
electrometers, a meteorological van for measurirg
physical properties of the fogs, and two large
vertical-wind machines, tested  briefly as
ground-based seeding methods.

PROJECT AIRCRAFT

The B-25 spray aircraft is shown in Fig. 6. It

has been modified by the addition of an
agriculturai-type spraying system fo: dispensing
hygroscopic  solutions. Wind-driven pumps feed
booms under each wing. A storage tank holds
1,000 gallons, but weight limits reduce usable
loads to a lesser amount, depending on solution
density. In addition, during the last week of the
project, two Air Force C-123s were used. ihese
aircraft (Fig. 7) carry 1,000 gallons, so the
solution capability of the three aircraft was 2,700
gallons,

A C-47 Navy aircraft served as seeder aircraft
for dispensing powders. Figure 8 shows the
hoppers into which sacks of powdered material
were dumned, to be pumped overboard by

TABLE 1. Foggy Cloud Equipment.

Unit Function Special features Type test

C47 ... ... ... Seeder aircraft 2 hoppers, electric augers Powder dispersing
Cessna light aircratt Seeder aircraft Hopper, gravity feed Puwder dispersing
B25 ............... Seeder aircraft 1,000-gal tank 4 spray booms Solution spray ing
C123 ... L. Seeder aircraft 1,000-gal tanks, spray booms Solution spraying
Cessna light aircraft . | | Pyrotechnic seeder Fiare racks Pyrotechnic seeding
MBtruck . ........... Solution mixing Tank, pump, heater For tilling spray aircraft
Ground metecralogical

devices ... ..... ... Project meteorological data Standard All types
Ground stations . . .. ... Observations Weather, photo, visual observations, | Over airport

drop slides
Cessna lignt aircraft Photo plane T-11 serial camera All types
Cessna light aircrat . .. .. Cloud descriptive dats Minilab unit Al types
Cessna light sircraft . . . .. Observations Cameras, communications Al types
Airport instruments . . . . Routine mateorological data | Ceilometer, transmissometer Qver airport
Radar . . ... ........ Aircraft control, wind Tracking and plotting board Qver ses
......... Observations ard drop slides | Balloon releass for winds Qvar ses

Motor launch

YL esser amounts of dense solutions were used because of takeofi weight limitations,
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FIG. 6. B-25 Spray Aircraft.

FiG B, Powder Dispensing System,

electrically driven augers. The speed of the augers
was controilable according to the desired sceding
rate.

Figure 9 shows a close-up of the Minilab
console as it sits in the Cessna 205 aircraft. This
device is cornected with instruments in a pod
under the wing. Exposed to the airstream, these
instruments sense pressure altitude, temperature,
dew point, and liquid water content, Values of
these parameters are compared before and after
seeding and are used to quantify the changes
produced by seeding. The console yields a
continuous oscitlographic record. An operator can
punch in digital data coded 1o record other
information, such as the position of the aircraft
with respect to the seeded cloud. A typical record
from the Minilab is shown as Fig. 10.

A Cessna 206 aircraft was used for aerial
photography at altitudus about 12,000 feet above
the test area to show the effects of seeding in the
fog tops and whether a hole appears as the result
of seeding. Figure 1! shows an aerial photograph

1G9 Manilabt Console.
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FIG. 10. Section ot Typical Minilab Record.

F1G. 11. Distrail Generated During Orbital Seeding.

of the distrails (dissipation trails) generated during
an orbital seeding test, and illustrates the quality
of pholographs used for stereophotogrammetric
measurements  of the domes produced by the
pyrotechnics.

A Cessey 210 aircraft was used as a control
aiteralt,. The project director could monitor and
direct the operations from a vantage puint above
the area as the other aircraft made their passes.
Photographs  were taken with a hand-held Leica
camety, and 16-mm photographs were made from
thas arrcratt,

10

GROUND INSTRUMENTATION

The Army Atmospheric Sciences Laboratory
supplied a radar system (Fig. 12) capable of
tracking two targets for plotting and positioning
aircraft and the boat observation station. The
radar units were located at Trinidad Head on
Coast Guard property. From there, an uncluttered
view of the area allowed all traffic at sea and in
the air to be monitored. The winds in the target
area were also computed from tracking a reflector
on a released balloon, or by tracking an aluninum
foii target dropped from the Minilab aircraft. The
corrections for positioning the seeder aircraft with
respect to the target area could then be made,

An Ammy team with ground meteorological
devices was supplied for project weather
information by Yuma Proving Ground, Yuma,
Ariz. Three to four soundings were made on test
days, at 2 hours before seed, 1 hour before seed,
and 30 minutes after seed. On days of more than
one test, mcre soundings were taken.

Outlying ground observation stations were set
up for taking weather observations, visual
obse.vations, and photography at various iocations
at the airport, at the control tower, and in the
project boat, a Boston whaler-type craft.

AIRBORNE SEEDING
METHODS

Because of the nature of the materials used,
aitborne test operations were divided into two
types: over-sea seeding with the more corrosive
types of powders and solutions, and
over-the-airport seeding with pyrotechnics and less
corrosive solutions and powders. The selection of
the test site naturally depended on weather
occurrence also,

Over-Sea Tests

Use of corrosive materials, such as calcwum
chloride and sodium chloride powders, was with a
few exceptions restricted to over-sea iesting. In
such tests, the seeder and Minilab aircraft were
controllad by radar. The area for testing was
picked, based on either the observation boat’s
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FIG. 12, Tracking and Plotting Radars.

position or Minilab aircraft scouting observations.
Next, a plot of the site wind vector was obtained
as a function of altitude. For this purpose, either
a balloon with a corner reflector was released
from the boat, or a roll of aluminum foil was
dropped from the Minilab aircraft. The foil
method proved more convenient and economical,
and could be used when the boat was not
launched.

The Mirilab aircraft then made a series of data
passes to get the temperature, dew point, and
liquid water content (LWC) profiles at altitudes in
the fog layer. Generally a sounding pass was made
by descending through the layer until the cloud
base or a minimum altitude of 200 feet above the
surface was reached. This was done on vectors
given by the radar controller.

The seeder aircraft then made its passes, flying
an orbital, racetrack, or other pattern as directed
by the radar controller, in accordance with the
test plan. In some cases where repcated application
to the same track was desired, the pilot of the
seeder aircraft was directed by the pilot of the
aerial photography aircraft, who had the best view
of the seeded track. Most seeding was conducted
with the aircraft skimming the cloud tops. In such
cases the persistence of the seeder-aircralt trail
made the visual control method superior even to
radar  positioning  for  overlaying  repeated
treatments.

After sceding, the seeder cratt departed and ihe

Minilab aircraft made a series of data passes with
radar control in or below the seeded track.
Before-and-after photographs and visual
observations were made continuously from the
orbiting observation aircraft, and aerial
photographs were taken by the high-aliitude photo
aircraft. The altitudes of the photo aircraft ranged
from 6,000 to 12,000 feet MSL, depending on
interveniig cloud layers and on whether cloud
details or wide-area surveillance was desired. The
boat team was responsible for visual and
photographic observations, temperature and dew
point measurements, and drop slide exposures.
Many times, rough seas prevented the deployment
of the boat. In these cases, cloud-based conditions
were determined by a Minilab aircraft sounding
pass.

Over-Land Tests

Whenever possible. tests over lund were made at
the Arcata-Eureka airport in order to take ftull
advantage of the observation stations and  the
instrument  network, as well as the instrument
landing systern and marker beacons.

At the start of the test, the Minilab aircraft
made its preseed passes to the approach end of
the runway and flew at ahtitudes outlined in the
test plan. The seeder aircratt then seeded in the
desired pattern at the north end of the tunway, o

1




NWC TP 4929

along the length of the runway. Next, the Minilab
aircraft flew through the seeded volume for the
desired altitudes and number of passes for
postseed  observations. Meanwhile, observation
continued from the observation aircraft and photo
aircraft above. The number of Minilab passes and
the duration of on-top observation depended on
the extent of the reaction to seeding. Visual and
instrumental changes were observed from the
ground stations, including the official airport
weather observation function.

In some cases, when suitable test weather was
not occurring at the airport, the team was
deployed to other overland sites. These
deployments were based on all available weather
information gathered by project personnel, often
includi- g weather scout reports from project
flights.

It was recognized that the use of remote test
sites would often yield an incomplete data
package. Tests in valleys would be without surface
observers. Rugged terrain might preclude low-level
flights to gather in-cloud data. Even so, a test for
gross effects could be run and observed from
above in such cases. A partly documented test was
judged more profitable than no test at all, even
though the results were sometimes inconclusive.

GROUND-BASED TESTS

Ground-based testing was conducted only within
the confines of the Arcata-Eureka airport, and
only during dense fogs. The latter restriction was
imposed to make noticeable small-scale effects. In
selecting sites for placing the seeding equipment,
consideration was given 1o aiming the effects
toward downwind observation points, instruments,
and convenient paths of flight for the Minilab
aircraft. Because of the nature of the seeding
equipment, sile selection was limited to areas
served by roads. No mobile seeding was done.

Agents tested were several types of pyrotechnic
units as well as the 9:1 ammonium nitrate/urea
solution. The pyrotechnic units were placed on the
ground  and  ignited. No  platform  or  other

¥ Naval Weapone Center. Observation and Verification . .

equipment was required other than to transport
the units to selected locations.

For solution testing, \wo special vertical-wind
machines were used in separate tests. The first of
these was called the Fog Fan (Fig. 13), a device
built by Meteorological Research, Inc., for
Cambridge Research Laboratories. Tke Fog Fan
was made available to us through coordination
with Air Weather Service.

The second vertical-wind machine available
briefly at Arcata was Food Machinery
Corporation’s “Fog Sweep.” This experimental
unit was used in some tesis in thc Sacramento
work.? Fog Sweep consists of a towable unit with
a storage tank, blower, and a long, plasticized,
flexible, cylindrical air duct. A manifold with
several nozzles at the exit end of this tube
allowed the use of hygroscopic spray (Fig. 14).

One test was run under fog conditions;
however, mechanical problems arose in the blower
system after only a few minutes and 10 gallons of
spraying, and the test was abandoned. This was
not a fair test of the device, nor would sinmilar
mechanical failures be frequent. The trial is
reported to explain why the lower limit on the
range of ammonium nitrate/urea solution used in
the test series was an inadequate 10 gallons.

In all ground-based tests, the density of the
observer network was increased near the test site.

s ok LYY
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FIG. 13, Fog Fan Vertical Sceding Machine.
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F1G. 14. Fog Sweep Vertical Seeding Machine,

The most valuable observations of effects were
those taken by observers near the pyrotechnic
generators. This was particularly true when only
one seeding site was used.

SCHEDULING OF TESTS

Because of the screening nature of much of the
Foggy Cloud test series, individual tests were
modified as rapidly as information from previous
tests could be incorporated. The progression of
tests was patterned after some 30 formal test
plans written on site. A certain amount of
continual redirection was necessitated by the fact
that some personnel, equipment, and materials
were available for only a limited portion of the
total project time. For example, two C-123s
augmented the total solution capacity 1o promising
levels, but were available less than 5% of the
project period. Similarly, when limited supplies of
certain chemicals had been exhausted in tests, the
resupply delays did not aliow delivery in time for
additional testing. For th:se and other reasons, the
kinds of tests run from day to day varied.

Because of these factors, the analysis team
supplied a variety of test plans from which one or
more seeding or supporting tests tailored to any
kind of weather (fog or stratus at sea or at the
airport) could be selected.

Depending on weather, a given day might be
spent in testing or in supporting activities such as
maintenance and data reduction.

When seeding was possible, a mission briefing
was held during which cperational assignments
were reviewed in accordance with the test plan.
All seeding tests were conducted with enough
daylight to allow photography. On some days the
fog or stratus was persistent and widespread
enough to allow a second independent test. At
other times aircraft had to land at alternate
airports, which temporarily disrupted further
seeding for that day. As soon as possible after a
test, and most often the same day, all test
participants met to discuss results, turn in data,
and receive assignments for further work.

CHARACTERISTICS OF MATERIALS

PYROTECHNICS

The pyrotechnic materials used were of two
general types: (1) airborne fusee units, which are

clectrically  fired and burned in place in 2
horjizontal rack mounted behind the aircralt wing,
and (2) large cyiindrical units, which are burned
on the ground. Seeding materials from airborne

13
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units can be dispensed at any desired level within
the cloud deck. Wider dispersion results from the
flight path and turbulent wake of the seeding
aircraft. The ground-based units depend on
heating, natural convection, and turbulence to
produce the mixing necessary for material
dispersal. Thus the dispersion may vary widely
because of wind conditions.

The characteristics of the various units are given
in Table 2.

The particle sizes of the combustion smokes
depend on temperature and composition. Sizes
range downward from about 0.5 micron to
perhaps 0.01 micron, the farger particles being
oxides. The size range is thus about two orders of
magnitude smaller than that of the dry powders
used in other tests,

Burning times for the airborne fusees can be
tailored to the application, and are typically 2
minutes or sc. The large cylinders burn out in §
or 6 minutes.

The 2AL2, EW20, and LWS83 are units that
were developed and used in cold-cloud seeding.
These were tried because they were on hand at
the beginning of the project, certain of the
combustion products are miidly hygroscopic, and
the smokes are electrically charged. It was known
that these units could not work in warm clouds
by the same mechanisms that make them

successful for cold-cloud work. Nevertheless, it was
thought that it would be worthwhile to test them
for unexpected results in warm-cloud field tests.

The other units with the exception of Briteye
were designed as hygroscopic nuclei generators.
Briteye is primarily a light-giving flare whose
smoke is partially hygroscopic. It was recognized
from other work that large amounts of material
would be required; therefore the ground units
were made from one to two orders of magnitude
larger than the airborne fusees.

The Salty Dog unit was originally designed for
joint experiments with the University of Hawaii.
This unit was successfully parachute-dropped off
the Florida coast during experiments in the Cloud
Puff [ project. In moist air, an intense,
bluish-white hygroscopic smoke forms that persists
for 20 minutes (Fig. 15).

The Salty Frog units were designed to be more
intensely hygroscopic than the Saity Dogs. The
percentages of lithium compounds were increased
in order to start water vapor absorption at lower
concentrations (i.e., about 30% relative humidity).
The amount of magnesium was increased to give
higher temperatures and thus smaller resultant
particle sizes. The control of particle size is an
important factor in the results obtainable from
seeding with hygroscopic pyrotechnics. Whereas the
larger particles encourage the formation of water

TABLE 2. Characteristics of Pyrotechnic Units.

Designation Composition, wt. % Type Grosswt., Ib
2AL2 ... ... AgiO4, 28%; Al, 11%; KNO, 44%; Fusee 1
Mg, 11%; binder, 6%
EW20 . ... .. Aﬂ|03, 28%; Al, 15%; Mg, 7%; Fusee 1
KNG, 44%; binder, 6%
LW83 ... ... AglO,, 78%; AL 12%; Mg, 4%; Fusee 1.1
binder, G0
WFg . ..... Hexachlorobenzene, 75%; Fusee 1
Mg, 20%.; binder, 5%
Salty Dog
(558} NaCl, 17%; KCIO,4, 61%; Li,CO4, 1%; Cylinder 185
"Mg. 3%: binder, 18%
Salty Frog |
{CY.85) NeC!, 10% . KCIO,. 65%; Li,CO4, 2%; Cylinder 37
Mg, 5% binder, 18%
Saity Frog ti
{CY.-91) i NaCl, 30%: RCI0,. 24%; NH‘CIO‘, 17%; Cylinder 34
l_nzcoJ. 5%: Mg, 6% binder, 18%
8riteye Mg, 61.5%; NlNQJ. 3.9%: Cylinder 82
other, 4 6%
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FIG. 15. Salty Dog Unit Dropped by Parachute.

droplets and subsequent precipitation with clearing
of the air, the smaller particles tend to be so
much more numerous that the droplets formed
can grow only slightly. The competition for the
remaining water vapor in the air causes the
particles to stop growth and remain as a very
intense stuble fog. It is thus theoretically possible
to clear a fog through the use of hygroscopic
pyrotechnics, or to cause the fog to intensify,
stabilize, and persist, depending on proper weather
conditions and design of the chemical composition
and particle size of the pyrotechnic unit (Fig. 16).

The heat released from burning the larger units
was of interest, because it would possibly cause
convective lifting. It was unknown, for instance,
how much clearing was caused by hygroscopic
effects and how much was due to heat alone. The
heat of combustion is typically 2 X 103 calories
per gram of pyrotechnic. A study was made of
the amount of rise to expect from combustion
only (Refl. 6). This study is described in Appendix
A.

FIG. 16. Ground-Based Pyrotechnic Unit.

SOLUTIONS

Table 3 lists the seven solutions tested during
the course of Project Foggy Cloud.
Commerical-grade chemicals, guaranteed to be at
least 90% pure, were used in all solution
preparation.

Mixing and Handling

Solutions were prepared by dissulving chemicals
in river water. This was accomplished in on Army
M9 powerdriven decontamination  apparatus

15
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TABLE 3. Solutions Tested.

Solution Waser contant, | No.of | Amount of materia!,
wt. % tosts gel
Ammonium nitrsted ., 40 7 400-800
Ammoniurr. nitreta/urea/
water (9:1) ... ...... 10® 12 102,700

Calcium chloride? ... ... 80 1 660

Sodium chioride® . ... ... 74 2 760

Urea® ... ........... 55 3 800
Water,river .. ......... 100 4 400-800
Water, 988 ... ......... 96.5 1 400

9 Nearly saturgted st 10°C.
b 20% for one of the 12 tests,

(PDDA), which is a 450-gallon tank on a 2 1/2-ton
truck chassis. The PDDA has pumping, heating,
and mixing capabilities. Mixing a 450-galion batch
typically required two or three men and 2 1o 4
hours.

Solutions were stored in either the PDDA or in
a 1.500-gallon cylindrical steel tank. Resides
facilitating operations, storage permitted settling of
undissolved solids, principally impurities in the
commercial-grade chemicals. In order to prevent
precipitation of the dissolved chemical it was
necessary to maintain some of the solutions at
temperatures above ambient. In the 1,500-gallon
tank this was accomplished with a 3,000-watt
electrical  resistance  heater.  Aircraft loading
occurred just prior to testing in order to minimize
settling out of solids in the aircraft system.

During the las. week of testing, when solution
requirements  were  unusually high, a  solution
meeting  specifications was mixed by Chevron
Chemical Company and delivered in insulated tank
trucks with heating and pumping capabilities.

Development of
Multicomponent Solutions

At the request ol the Atmospheric Physics
Diwvision, White Sunds Missile Range, it was agreed
to investigate  the togdispersing potential of an
unsaturated  solution of  ammonivm sulfete and
urer.  Alter  reviewmng  the  properties ol the
propowd  suluticn with the proponents of  this
sofunon, it was  decided  that o solution  of
ammenuin nirate ures be tested instead. A series
of tomelations was prepared, the intent bemng o
mumize the pattial pressure of water vapor in
cquibbonum with the solution and thereby enhance
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the driving force for the transfer of water from
the atmosphere to the solution. Initial work
involved urea, ammonium nitraie or ammonium
sulfate, and water. A solution of 4 parts by
weight of ammonium nitrate to 3 parts urea was
found to be particularlly promising, and
solids-to-water weight utios as high as i4'1 were
achieved for the chemically pure solution in the
vicinity of 10 to 15°C.

Fog Chamber Studics

Laboratury solutions were qualitatively tested
on artificial fogs generated by a small orchard
sprayer ard confined within a 23.cubic-meter room
that was adapted from existing airport facilities.
Typically, 10 to 15 milliliters of a 9:1 solution,
such as the above, would dramatically thin a
heavy artificial fog in about !5 seconds.

More extensive and more gquantitative tests of
project seeding materials were conducted in the
Cornell Aeronautical Laboiatory cloud chamber.
Details are given in Appendix 8.

Other Laboratory Studies

Tests of 9:1 Solution. NWC made extensive and
detailed laboratory studies of the solubility, pH
density, viscusity, and vapor pressure of the
system ammonium  nitrate/urea/water. In addition,
hygroscoepicity  anvestigations  indicated  that  at
room temperature the 911 solgtion absorbed from
3 saturated atmosphere about three times as much
ambient water vapor in | hour as did an equal
volume  of satursted wdium chloride solution
(Appendix C).
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TABLE 4. Powders Tested.

No.of | Sizerange, u | Amount of
Powder Source Trade name tosts wr. % material, b
Calcium chioride .. ... Deepwater Chemical | Special 9 1.40 400-1,500
Sodium chloride .. ... Leslie Sait Co, Micro-Vacuum Powder 1 63%<37 800
96% <105
Sodium chloride .. ... Meteorological Special 1 468%<37 2,000
Resesrch, Inc. 296% <106
Sodium chioride ..... Morton Salt Co. Extrs Fine 200 2 5-87 2,025-2,900
Sodium chloride ... . Morton Salt Co. V.F. 50/50 Flour 4 <1t0>250 | 2,0003,000
Prepared Salt
Urea ............. W.R. Grace & Co. Special 1 20-40 1,500

Corrosion Tests. The corrosive tendency of the
9:1 solutions was gauged on site, by subjeciing
copper pennies or aluminum foil pieces to various
solution environments for prolonged periods of
time. The copper discolored, but the aluminum
appeared unchanged. An attempt was made to
reduce even furthier the rather slight corrosiveness
of 9:1 solution by substituting glycerin or
isopropanol for much of the water. In this respect,
the former appeared much more satisfactory. No
seeding tests were conducted with these
nonaqueous solutions.

POWDERS

The six powders tested are listed in Table 4.

Solid chemicals were stored either in an
explosives magazine or under an openside shed
near the solution storage tark.

Prior to testing, the seeding chemical was
removed from its commercial wrapping (olten
heavy multiple-layer paper) and placed in small,
casily manageable sacks of less sturdy material.
The primary purpose of this redagging was to
substitute confining material that would more
easily pass through the airtborne solids-dispensing
system, which consisted of 3 hopper and a
discharge tube fitted with a2 motordriven screw.
The use of these lighter materialy permitted sacked
chemicals to be introduced directly into the
hopper without removal of the sack. This practice
made possible not only a safer, cleaner, and
pleasanter operation, but one sufficiently fast to
allow continuous, high-rate discharge.

Two types of commercially available. plastic
utility btags werc tried. The thinner proved less
satisfactory because of ity tendency to stretch and

wrap around the screw of the dispenser rather
than to shear. The best bag material tested was
ordinary grocery bag, in either double or single
thickness. No completely satisfactory material was
found, as all tended to accumulate in the
discharge tube, thus causing diminished and erratic
flow and eventual stoppage.

All rebagging was done as quickly as possible,
just prior to testing, in order to minimize
clumping cavsed by the absorption of atmospheric
water by the hygroscopic chemicals.

The size distribution of several powders was
determined at NWC via sieve analysis or
microscopic  inspection. Table S illustrates an
analysis of one of the powders tested.

TABLE 5. Sieve Analysis of

Morton Salt Co. Sait Sample

Labelad Hutchinson Plant,
_ Extra Fine 200.°

Pacticte size Particle size | Meaan particle
fractions, wt_"% range, u size, p
G.64 >250 .
016 250177 214
Q.15 177.149 183
1.00 149-105 127
463 10574 90
i
395 2482 § &8
10.79 6344 53
1198 4437 40
65 45 <3
t
99.64 i

¢ Sanpie recercect 23 September 1968
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EXPERIMENTAL DATA

During Project Foggy Cloud, a wide range of
data was collected and examined to judge the
nature and elfectiveness of seeding methods, the
characieristics of materials, and the properties of
the treated and untreated environment. These data,
discussed below, may be classified as follows:

routine metevrological, project  meteorological,
cloud descriptive, technique descriptive,
photographic and  visual, and special. The

information chosen tu be gathered during any
specific test was preplanned; the choices depended
on the nature and location of the test as well as
the availability of men and functioning equipment.

The routine meteorological data were those that
other groups normally gather at  Arcata
independently. These included the local airport
weather observations, augmented by a network of
special transmissometers,  Additional  weather
forecast and observatior:al data were obtained from
facilities routinely operating in the airport tower,
or from various military and civilian weather
offices.

Project meteorvlogical observations were taken
by project members at specially designated sites in
order 1o increase the density of the obseiving
network. Up to four outlying ground observation
stations could be manncd on the airport to collect
data on  winds, temperature, dew puint,
precipitation, light intensity, and visual effects of
seeding. The precipitation data  included
time-lapsed replications of settling fog droplets
collected  on gelatincoated  microscope  slides.
Special rawinsonde ascents gave vertical soundings
of temperature, dew point, and wind at the
arport,

The cloud<deseriptive data were taken using the
sitborne  Minilub  sensing recording
Measurements ol cloud figuid witer cuntent. air
tempergture, and dew porit, as functions of time
and altitude, were ubtauted n essentially real time.
Using a digital code, the operator punched n
terther nformation on postion (e g.. uver mddle
marker), thght condition {eg.. m cloud), and event
sequence (eg. hirst pustseed fund

Techmguedewnptive infon. tton was ;ompiled

1o porttay  the seding micthod,  amount  and
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system. .

characteristics of the seeding agent, times and
patterns of seeding, etc. For this purpose a
number of log sheets were completed routinely,
and notes were taken in debriefing sessions after
seeding missions. For offshore tests, the position
of key aircraft or observing vehicles (including the
motor launch) was monitored by radar. The end
product was a graph showing position versus time.
The radar also obtained wind-drift information and
the related probable movement of seeding
materials released into a fog at sea.

Photographic and visual observations were
always made, even when test corditions or goals
obviated the acquisition of other kinds of data.
Pictures included 35-mm color stills and time-lapse
series, 16-mm movies, and aerial black-and-white
stills in a 9- by 9-inch format. Some of the latter
were compiled intc mosaics or used in stereo pairs
for photogrammetric measurements of seeding
effects. All observers were asked to submit written
narrative comments on  what they saw, and
comparative discussions were noted during
debriefings.

into the category of special studies feil those
data that were compiled for only a relatively few
tests, or for which the measuring equipment is still
in a developmental state, Parameters measured in
these studies included eiectric field and space
charge, drop-size distribution, in-cloud
backscatiered radiation, cloud iiquid water content
near the surface, and in<cloud air conductivity. In
most cases, such data were taken as part of side
studies in  instrument development or fog
characteristics rather than as pann of the data
package compiled to describe routine seeding tests.

Information on the drop-size distribution in the
cloud before and after seeding was not routinely
available. This lack stemmed mastly from the
difficulties in maintzining, operating, and reducing
data from available airborne devices used to
measurd  this  parameivr.  Research  has  been
cunducted to study wiys of measuring drop-size
distributions 1n clouds without requiring elaborate
data reduction (Ref. 7). Such a system would be 3
vajuable adjunct in many weathermodification
projects.
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DATA REDUCTION AND
HANDLING

Whereas many kinds of data came in a reduced
form, others, such as Minilab information and
dropiet slide replications, required many man-hours
of hand reduction. Teams of project members or
specially hired assistants accomplished thece chores
on a routine basis, on site at the projeci office.

The recorder charts irom the Minilab rolis were
regraphed by tracing and decoding digital inputs.
These graphs are more legible, mote permanent,
and more selective of particularly significant data
runs than the original charts. This step was also
necessary to relate the various pen deflections to
calibrated values of parameters of interest.

Droplet replications on gelatincoated slides
were taken by the ground stations and examined
under a scaled microscope. Counts were made of
the droplets in the different size ranges, and then
the counts were plotted to show the drop-size
distribution. In this way, it was possible to
compare the drop sizes of the fogs to detect
whether there were atypical conditions occurring,
and to compare the before-and-after seeding drop
sizes for effects of droplat coalescence, or other
changes.

These measurements are given in the drop
diameter as scaled from the microscope slides,
without a factor to relate to true drop diameter.
There aic various factors given in the literature,
somewhere between unity and 2, depending on the
replication technique and method of reading the
annuiarshaped crater. However, the relative
changes in drop sizes ate of more interest than are
1bsolute sizes.

The only other kind of data that took
significant time to reduce was photography.
Phoiographic processing was arranged

commercially, and prints could be obtained within
a few days after delivering the film.

ANALYSIS

Except for special studies, the majority of
Foggy Cloud test data was compiled and analyzed
on site. This was done so that the results of
day-to-day activities could be used to plan
impending tests in the series. It often happened
that even a cursory analysis of the entire data
package uncovered definite evidence of reeding
efiects that were not immediately noticed during
the tests. Furthermore, about one-third of the
project tests were not seeding tests per se, but
were run to study some aspect of the seeding
technique or the environment. Such supporting
tests were especially valuable in directing later
experiments along the most potentially profitable
lines.

A data folder was compiled lor each tust and
was used to store pertinent data as they became
availabie in reduced form. Heavy emphasis was
placed on analyzing each test as an individval case
study. Because a wide variety of seeding
techniques were tried, and test goals aiso varied
somewhat from day to day, some of the test
results are not comparable. Nevertheless, when
time 2nd rationale permitted, case-to-case
comparisons were also conducted on site.

Again, depending on the test goals and locaticn,
the shanomena we were examining most closely
might one day be subtle changes in the
microphysical characteristics of the fog, and the
next day be the presence or absence of noticeable
changes in the cloud structure, surface visibility, or
other gross »ffects. The absence of large-wale
effects would be clear evidence that the particular
seeding technique was not operationally usable.
The judgment that no beneficial changes resuited
from such a seeding was, however, one that could
not be made until all data were cousidered.

PROJECT FINDINGS

PYROTECHNICS

Airhorne

A total of 11 sceding fests were tun yung

aitborne pyrotechnws 2ALL, EWI0. LWN3 and
WES fusee untts The number of umts used in a
singlv test ranged from 10 ta 37 The varation m
this  number  was  attnbutable  panthy 6o
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experimental plan and partly to clectrical ignition
probiems in some tests. The overall scheme was to
test each type of unii until two tests gave similar
conclusive results. Seeding techniques included
various flight patterns and seeding levels, both at
the top and within the cloud or fog layer,

It was recognized befcrehand that the smoke
particles from these airborne units were probably
too small to serve as hygroscopic nuclei on which
to grow droplets of significant fail velocity,
Fog-clearing effects, if any, would have to be
produced by some additional mechanism, such as
effects from the electrical charge that the smoke
particles possess. A field demonstration that such
pyrotechnic units in the numbers used are not
effective in clearing warm-cloud forms was
considered a worthwhile finding.

These tests had the additional benefit of giving
needed practice in performing airborne test seedirg
missions as an integrated team. In this sense, they
supplante¢ the “dry runs” nomally required in
field projects of this typc, enabling actual tests to
be performed while techniques used in later work
were perfected.

Ground-Based

There were several reasons for testing
ground-based pyrotechnic units. First and
foremost. a ground-based technique, if successtul,
is for mony field applications preferable to one
requiring aircraft. Second, the units tested were
readily avoilable. Third, unlike the airborne
pyrotechnic units, the ground-based units were
designed specifically for warm-cloud work and had
proven in limited field testing to emit intensely
hygroscopic  smoke. Finally, the size of the
ground-based pyrutechnics allowed us  to
concentrate larger amounts (estimated in one test
to be as much as 10° particles per cubic
centimeter) of the seeding agent in a relatively
small volume of tog, compared to the aiborne
tests.

In summary, the results of a total of 13 tests
with Salty Dog, Salty Frog I, Saity Frog !, and
Briteye units showed defiiite evidence of seeding
effecis, but these effects were not consistently in
the direction of clearing the fog. Etfects attributed
to seeding and in the direction of improvement
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included drizzle-like precipitation in the fog
downwind of the ignited units and small-scale
increases ip vertical and/or horizontal visibility.
Clearing effects could not be reliably reproduced
or augmented in tests with more material. At
other times, test results ranged from no apparent
effect to the actual enhancement of dense fog and
worsening of visibility,

One of the more interesting results of seeding
with the ground-based pyrotechnics was the
formation of a dome of fog extending typicaily 50
to 100 feet above the natural top of the fog
layer, over or near the location o the seeding unit
(Fig. 17). Such domes were very roughly
hemispheres, with a lateral dimension of 1/4 to
1/2 mile. Domes were observed frequently, but
not always. with the Sal'y Dog and Salty Frog |
and II units, but not with the Briteycs,

Attempts were made to investigate the relative
contribution of heat of combustion and heat of
condensation (Ref. 6). This was done by
computing the height the plume should reach if it
was borne aloft by cenvective action solely related
to the heat of combustion (sce Appendix A). Any
excess of plume rise, as observed from the dome

FIG. 17. Dome Produced at
Pyrotechnic Burn on the Ground.

Fog Top by
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in a real experiment, could then be attributed to
heating by condensation if the height-predictive
equation was accurate. Our efforts along these
lines were somewhat frustrating because the
atmcepheric conditions required to validate the
equation were often not met in the environment
of the seeding tests. Even so, assuming no heat of
condensation, the equation predicted the actual
heights obtained in several tests within 10% or so.
It should be pointed out that one could make an
equally successful plume-height prediction by
adding 50 to 100 feet to the observed top of the
fog layer.

However, the lifting at the top of the fog did
not seem to be routinely accompanied by a
corresponding lifting and improvement in the base
of the fog.

Test techniques included the simultaneous
ignition of spaced clusters of units, or of single
units, and the sequential firing of units in one
location. Numbers used per test ranged from 3 to
12 to provide roughly comparable masses in each
test. In each test but one, the units were ignited
in dense fog. In that one test, the fog lifted
slightly as final preparations were being made. The
test was run anyway, without beneficial changes in
the weather following this test. A wet artificial
cloud formed.

The burning characteristics of the Saity Dog,
Salty Frog I, and the Briteye pyrotechnics were
excellent.

Although some of the tests with these
ground-based pyrotechnics gave promising results,
there were enough inconclusive results in
additional tests to cause abandonment of further
pyrotechnic testing in favor of solutions and
powders during the latter part of the project. The
ability of these units, especially the Salty Dog, to
form wet clouds in clear moist air is a project
finding worthy of additional investigation.

SOLUTIONS AND POWDERS

Airborne Tests
Tables 3 and 4 show 18 tests with powders and

30 with sprays. All the powder tests were
airborne, as were 29 of the 30 spray tests. All
powder and most spray testing was performed in
either warm stratus or warm fog; 2 of the 29
aitborne spray tests were run using small warm
cumulus clouds as targets for seeding. Thus 45
airborne tests in all were run in fog or stratus
with powders or solutions.

The two cumulus teste employed 9!
ammonium nitrate/urea solution. The first took
place spontaneously when it was necessary to shed
about 150 to 200 gallons of ihe solution to
reduce the aircraft landing weight after 4 mission.
The material was sprayed into a warm cumulus,
which rapidly dissipated. The second cumulus test
was planned based on the above resubis. A full
load of solution was dumped in four doses into
the top of a warm cumulus, which also dissipated
after developing turbulence and subcloud
precipitation. This work is being continued in
other NWC projects.*+*

Table 6 summarizes the results of airborne
seeding tests conducted in warm stratus or fog.
The number of tests with each material is shown
arranged as to number of tests designed to
produce only minor effects and those intended to
yield large, operationally useful effects. Minor-scale
tests were tests designed in coordination with
Cambridge Research Laboratories, to help them
calibrate a computer model. In these cases, the
amounts of material, flight paths, etc., were not
selected to produce operationally significant
clearings.

The effectiveness index was determined
subjectively according to the following scheme: All
airborne tests reported under large effects in Table
6 were examined individually. A few that were
not observed sufficiently well for judgment were
screened out as inconclusive. The remainder were
separately assigned a numevical tating of zero, 1.
2, or 3. A zero rating was given those tests where
no evidence of iodification was found. A rating
of 1 was used for evidence of small modification,
including wide seceding trails, saall changes of
liquid water content, and thinning or bright spots
forming in the cloud. The value 2 was assigned if

¥ Maval Weapons Center. Project Gulf Q™ OP Plan 1.69. by Earth and Planctary Scicnces Division. China Lake,

Calif., NWC, May 1969.

* Naval Weapons Center. Project Foggy Clowd Il OP Plan 2.69, by Eastth and Planctary Scicnces Division. China

Lake, Calif., NWC, Junc 1969,




NWC TP 4929

TABLE 6. Airborne Test Results With Hygroscopic Sprays
and Powders in Warm Fog or Stratus Clouds.

Total tests by type Av, effectiveness
Material index
Minor effects | Large effects (no. of tests)

Ammonium nitrate solution .. ........... 0 7 1.8 (6)
Ammonium nitrate/ures/water {(9:1 solution) . 0 9 23N
Calcium chioride solution . ............ 0 1 1{1)
Sodium chloride solution . ... .......... 1 1 11
Uressolution . ...............cc000.. ] 3 1.5(2)
Water, river . .. ... ... . i e 4 0 vee
Water, 888 . ... ..........¢c.00ii0ennun 0 1 o1
Cokciumchloride .................... 1 8 1.5(8)
LeslieMVP It ..................... 0 1 2(1)
Meteorological Ressarchsslt . . ... ........ 1] 1 2{1
Morton extrafine200selt .. ............ 0 2 0.51(2)
Morton V.F.50/60sait ................ 0 4 1.0(4)
Graceures .. ............ .0 0inen 0 1 201

effects included small holes, deep troughs, sharp
LWC changes, large precipitation drop!sts, or slight
improvements in ceiling and visibility. The highest
rating of 3 was reserved for those tests in which
were achieved operationally useful results: large
holes, significant visibility and ceiling
improvements, etc. The ratings for each kind of
material were then averaged over the number of
conclusive tests intended to produce large-scale
effects.

The rating system, though somewhat arbitrary,
is intended to be based on an ordinal scale, zero
to 3, in which equal intervals represent equal
degrees of seeding result. Accepting this rationale,
the computation of an average is justified
statistically, ecven though the rating of an
individual test was somewhat subjective. The
number of conclusive tests on which each rating is
based appears ir. parentheses after the index.

The tests ure not tests of materials alone, but
rather ot techniques, which inciude seeding
patierns, weather factors, material amounts, and
materiai properties. The widest divergence in these
other factors was probubly in the amounts of
materials  used. For example, the volume of
ammonium  nitrate/urea/water solution in the tests
shown in Table 6 ranged up to 2,700 gallons. One
gaflon b this solution contains approximately 10
pounds of dissolved solids. Thus, the ireatment
ranges up to 135 tons of hygroscopic solids,
versus typically 1 ton of the various powders used.

Of the 45 tests in Table 6, four individually
were given a rating of 3, indicating operationally
useful clearing. Of these four completely successful
tests, three used ammonium nitrate/urea/water
(9:1) solution, and the fourth used ammonium
nitraie solution. Because a given volume of water
can dissolve more of the ammonium nitratefurea
mixture than of either individual component
separately and thus produce a more hygroscopic
solution, the appatent superiority of the 9:1
solution over either singlecomponent material in
Table 6 is a logical result consistent with theory.

Among the powders, the performance of
calcium chloride is somewhat surprising. If all
factors (particle size, amount, flight patterns,
weather, etc.) were equal, we would expect
calcium chloride to be a more effective agent than
sodium chloride and especially urea. This judgment
is based on the greater hygroscopicity of calcium
chloride. The optimum test technique for calcium
chloride was perhaps not employed; one could
argue that anhydrous calcium chloride should be
injected a considerable distance below fog tops to
properly utilize the rapid heat release from
hydration. An examination of the test results
revealed several factors that may explain the
apparent results of tests with calcium chloride
powder compated to tests with other agents. First,
the number of tests with other agents is small,
and therefore the average deperds strongly on a
single test. Second, the location of testing for

oo
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calcium chloride powder, over the ocean, did not
allow taking certain observational data routinely
available at the airport, where the urea test was
conducted. Consequently, in the calcium chloride
tests fewer kinds of data implied fewer chances to
detect results if they occurred. The effectiveness
of the urea was ascribed mainly on the airport
transmissometer trends and LWC reduction from
low-level Minilab passes. Judged solely from
topside visual effects, the results of the urea test
were not as impressive as the rating would imply.

Another factor that serves to reduce the average
effectiveness of the calcium chloride is the small
amount of material used in some tests, as little as
400 pounds. This dosage was sometimes planned
and sometimes the result of jamming of the
dispensing system.

Most of the individual tests produced definite
modification of the fog or stratus deck, but the
resuits fell short of producing consistent,
operationally useful clearing. The various tests with
the ammonicm nitrate/urea/water spray gave the
most dramatic results, even though success was not
consistently achieved completely with these
methods either.

With both powders and sprays, seeding patterns
included dumbbells, racetracks, straight lines, and
orbits. Most seeding was conducted with the
seeding craft skimming the tops of the lowest
cloud layer, although a few tests used seeding
altitudes a few hundred feet below this cloud-top
level. Using an in-cloud seeding level eliminates the
value of topside photo/visual observations, and
restricts analysis to data obtained in or below the
cloud. No absoiutely clear superiority of a certain
flight pattern was cvident in the test resuits, but it
seccmed that repeated treatment to concentrate the
seeding material caused the highest degree of
clearing.

The four most successful tests were conducted
over the airport. However, in those cases, the
holes that formed would have been evident even if
the tests were conducted elsewhere over the sea or
remote land areas.

Ground-Based Tests

Only one test was run with ground-based
equipment. This test used the Fog Sweep device,

which dispensed about 10 gallons of 9:1 solution
before mechanical problems forced termination. No
results of seeding would be expected from this
small amount of material, and none was observed.

Several demonstrations were run with the Fog
Fan device, including one in fog, again using 9:1
solution. Some evidence of improved visibility
downwind of the seeding site was noticed by
observers walking arcs a few hundred feet from
the Fog Fan. The effects were definite, but too
slight to be considered of operational significance.
In this demonstration, the plume of seeding spray
was not visually distinguishable from fog above
about 150 feet. Drops of spray material falling out
downwind were larger than the drop sizes emitted
by the nozzles,

SUPPORTING TESTS

Besides the 72 seeding tests reported above, 41
supporting tests were run. These tests yielded data
on equipment performance, test techniques,
data-gathering methods, and weather. The
important findings are described in this section.

It was found that fogs and stratus clouds at
Arcata show surprisingly high liquid water
contents. Average values of 0.2 or 0.3 g/m3 would
have been predicted before the project, but many
times the preseed Minilab data showed values of as
much as 1.0 g/m3. Perhaps some of these values
could be ascribed to instrument error, but most of
them are believed to be accurate, being
qualitatively corroborated by visual observations of
water collecting on project aircraft components
and by natural drizzle falling from stratiform
clouds topping out at 2,000 feet MSL or less.
Often, but by no means always, those parts of the
cloud or fog at the seaward side of the airfield
were found to be richer in liquid water than
portions of the same layer at the same altitude
just slightly farther inland. This phenomenon may
be related to upward vertical motion occurring
over the bluff at this location. This motion could
cause small pockets of air to undergo additional
condensation as the air moved onshore.
Conceivably, these small, wet pockets would then
become mixed and diluted by diffusion on moving
farther inland. This localized enrichmant of liquid
water content often contributed to the “noise” in
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preseed data and difficulties in finding seeding
effects in LWC values.

The gelatin-coated-slide .echnique for replicating
precipitating droplets was studied from several
standpoints. It was desirable to learn whether
replication varied with the mechanics of the
technique. In brief, no effects of aging prepared
slides were found, nor were effects found due to
storing exposed slides before reading them. A
recipe of 1 or 1 1/2 teaspoons of clear gelatin to
6 ounces of distilled water was suitable.

Tracking the plumnes of seeding materials proved
a difficult problem, but one that is ever present in
tests where the laboratory aircraft attempts to
gather comparative data in and out of the treated
part of the cloud. An electric-field meter was able
to detect the airborne pyrotechnic smoke directly
overhead, but this ground-based instrument was
not able to track the smoke as it blew away.
Attempts to mark the cloud at the points along
the seeded path by using colored smoke grenades

diffuses and becomes indistinguishable. For topside
seeding, the formation of aircraft wakes often
helped locate the seeded portion of the cloud.
Even when not releasing any seeding material, an
aircraft usually leaves a wake, which was nieasured
in onc test as 1.5 wingspans wide. Such wakes
usually persist for a few minutes, and are
increased severalfold when the aircraft releases a
hygroscopic material,

For in<cloud tracking, a device was built and
tested briefly, with promising results. This
consisted of an ohmmetertype device that was
exposed to the fog and wired into the Minilab
cucuit. As conductivity changed, a signal was
recorded having rapid “‘on” and “off” response.

The most frequent kind of extra test run
during the project was that to determine the size
of spray droplets emitted by the virious kinds of
nozzles used in airborne tests, ar well as other
characteristics of the pumping system. Results
appear in Table 7.

did not prove fruitful. The material rapidly
TABLE 7. B-25 Spray System.
‘ Indicated airspeed, 130 knots.
Nozzie Nozzle Moda¥® Diam. of
size, pressure, F;:;’;:' diam.2 | largest drops,
n. »/in? M »
116 70 2712 140 360
18 60 160 180 420
316 40 267 55¢ 460
14 20 400 160 390
0.040 sawcut 60 160 170 470
9 Highest frequency of drop sizas.
b Drop siide crater size from spray passss 50 fast above the
ground.
€ First test. Second test not significantly modal; ranged from 50
to more than 420 4.
TEST RESULTS

A summary of the 72 tests run is given in
Appendix D, Table D-I, which shows to some
degree the variety of materials tested and the
various conditions of testing. Tahle D-2, Appendix
D, shows ceiling and visibility seadings. In many
instances the nformation is incomplete and in
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others the test was made away from the airport so
that no change in ceiling and visibility information
was oblained.

Case descriptions are given for tests 30, 44, 46,
62. 64, 65, 67, and 71 in the following pages.
These tests were picked to illustrate certain
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TABLE 8. Amounts of Material by Weight Dispersed Into Fog for Selected Tests,

Totsl amt.,, | Equivalent solid, | Dispensing rate, | Equivalent solid,

Tost Material L) ® b/min b/min
30 Ammonium nitrate ¢ 8.600 5,180 1,770 1,062
44 Calcium chioride powder 800 800 76-200 76-200
48 | Sodium chioride b 2,000 2,000 870-1,000 670-1,000
62 9:1 solution 8,550 7,605 2,280 2062
64 9:1 solution 8,660 7,606 2,132 1919
65 9:1 solution 8,560 7,605 1,140 1,026
87¢ | 9:1 slution 4,560 4,104 1,140 1,028
719 | 9:1 solution 31,400 28,300 1,940-2,280 1,748-2,062

@ §0% solution by weight,

b Morton's V.F. 60/60.

€ Cumulus seeding test.

4 One B-25 and two C-123s.

features of interest in each test. Generally, the
idea is to show the results of the best tests with
ammonium niwrate solution (Test 30), calcium
chloride powder (Test 44), salt (Test 46), and the
9:1 solution (Test 65), and to show a cumulus
test (Test 67). Tests 62, 64, and 71 illustrate
additional 9:1 solution results. The amounts of
material that could be dispensed in powder form
were less than could be handled as a solution. The
amounts and dispersing rates for the selected tests
are shown in Table 8. In intercomparing the tests,
the results may be expected to differ, because of
the different amounts of material or rates of

dispensing.

Test 30 (1 August)

1. Seeding
a. Time: G83S to 0844
b. Amount snd Material: 800 gallons of
ammonium nitrate solution
c. Pattern: Three orbits | mile in diameter
d. Altitude: On top of 1000- to
1,200-foot-thick fog
¢. Dispensing Rate: 165 gal/min
2. Ground Station Data
3. Weather Office: The weather had been
ceiling zero and visibility 1/16 mile at 0710 and
had improved to ceiling 100 feet and visibility 1/4
mile when seeding began at 0835. At 0858 it was
ceiling 200 and visibility 3/4 mile, and at 091§ it

was up to ceiling 300 feet and visibility 11/2
mfles. it continued to improve during the morning.

b. Transmissometes: The transmissometer
reading was 35% before seeding and increased to
90% after seeding. There was a clearing trend
before seciing began.

c. Special Ground Stations: Observers
reported some inicrease in visibility in the seeded
area, but no holes developed. A photographer took
a picture of the solar disk, which was visible to
the eye, but the photograph did not turn out. No
large droplets of solution were felt, but white
specks of material were noticed on eyeglasses of
observers in the seeded area, indicating droplets of
solution. The Minilab aircraft was seen on its
second postseed pass.

3. Aircraft Data

a. Acrial Photographs: Aerial photographs
show no effects of seeding other than normal

b. Visual Observations: Visual observations
by the pilot of the Minilab aircraft showed that
an area of thin fog with greatly increased visibility
was encountered in the seeded area on the second
postseed pass at 420 feet altitude. The Minilab
observer saw the beach and highway from 900
feet on his first postseed pass. He estimated the
ceiling was 200 feet higher in the sceded area,
with greatly improved slant range. Buildings and
people were observed on the ground.

c. Minilab Data: The Minilsb data showed
that there was not much change in temperature,
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dew point, and liquid wates content from the
preseed to the postseed passes, until on the third
postseed pass the liquid water content went from
1/3 g/m3 to spikes of 1 to 1 1/2 g/m3.

d. Drop Size and Distribution: Station 1:
Slight decrease in median drop size (36 to 29
microns) against increasing size trend. Large
increase in drop density (=2,000) and back down
to preseed value as compared with a decreasing
trend. Station 2: Median drop size remained
constant throughout seed period at 38 microns
with a large increase 10 61 microns 20 minutes
after seeding. Drop density increased slightly at
seed. Station 3: Median drop size increased from
38 microns to 54 microns at seed, then decreased
to 43 microns. More markedly, drop sizes above
the 25% value increased from 44 microns to 108
microns and then decreas:u to 54 microns. Drop
density decreased slightly (factor of 5) and then
went back up to the original vatue,

Station 3 was 500 feet inside the southwest
edge of orbit, Station 2 downstream from orbit;
seeded fog should have passed over Station 1 also.
Nearest orbital segment to Station 2 is =1,700
feet and 1o Station 1, 2,900 feet.

In Fig. 18 and 19 are shown the plots of drop
sizes versus time and relative drop density versus
time for each of the ground stations. These show
the change in drop sizes and amounts during the
test.

Test 44 (S September)

I. Seeding
a. Time: 0836 to 0902
b. Amount and Material: 800 pounds of
calcium chloride powder
. Pattern: Four passes in racetrack pattemn
d. Altitude: At c¢loud tops, 2,250 feet
¢. Dispensing Rate: 200 pounds per pass;
attempted 100 Ib/sec, but difficulties with
radar and hoppers delayed last two passes
2. Ground Station Data
a. Weather Office: Although this test was
done at sea, the weather at Arcata-Eureka airport
at seeding time was ceiling, indefinite, 200 feet,
obwured: visibility, 1 mile, with light drizzle;
wa-level pressure, 1.016.6 millibars; temperature,
SO°F. dew pant. STF; wind direction, 280

-
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FIG. 19. Relative Drop Density, Test 30.

degrees at 4 knots; visibility on runway 31, 6,000
feet plus, conditions changeable.

b. Transmissometer: Transmissometer
readings do not apply.

¢. Rawinsonde: The sounding taken at
Arcata-Eureka airport 7 minutes before seeding
time is shown i Fig. 20.

d. Special Ground Stations: Observations
taken by the boat crew gave cloud bases at 500
tc 800 feet, with visibility greater than S miles.
The clouds were naturally irregular, with light
drizzle most of the time. Although the seeder
aircraft had been seen on its second pass on Test
43, it was not sighted during this test, but it was
heard occasionally.

3. Airciaft Data

a. Aerial Photographs: The aerial

photographs show the seeder aircralt dispensing

the powder, the distrails were somewhat wider
than normal and lasted for 4 to 6 minutes,
However, the trails covered over again, and no
change was apparent after a few minutes,

b. Visual Observations: Photographs taken
with a hand-held Leica camera show the same data
as the aerial photographs. The distrails were seen
to be fluffy in the center. Observers in the
Minilab aircraft noted that the ceilings were higher
and more ragged on the postseed passes.

¢. Minilab Data: The LWC meter indicated
readings increasing proportional to altitude, with
observations of sharp, narrow troughs of LWC
depression, of the order of 0.2 to 0.3 g/m3, which
persisted only 5 to 6 minutes.

d. Drop Size and Distribution: These data
were not taken because the boat was out of
position for this test.

Test 46 (6 September)

1. Seeding
a. Time: 0844, 2 1/2 minutes’ seeding time
b. Amount and Material: 2,000 pounds of
Morton’s fine 50/50 sodium chloride
c. Pattern: Racetrack 6,700 feet long by
4,100 feet wide
d. Altitude: 1,800 feet, at cloud tops
e. Dispensing Rate: 800 Ib/min
2. Ground Station Data

a. Weather Office: This test was conducted
at sea, but the weather at Arcata-Eureka airport
was ceiling, indefinite, 300 feet, obscured;
visibility, 3 miles, with fog; sea-level pressure,
1,016.6 millibars; temperature, S8°F; dew point,
56°F; winds, calim. Cloud tops at the seeding site
were ceiling, 1,800 feet with hases 900 feet.

b. Transmissometer: Does not apply.

c. Rawinsonde: The information for the
rawinsonde sounding taken 31 minutes after
seeding time is shown in Fig. 21.

d. Special Ground Stations: The boat was
late in arriving on station, so that it arrived in the
seeded arza at 0910, about 5 minutes after
sceding. A small bright spot was observed in the
clouds, but blue sky was not seen. The spot lasted
sbout 10 to 1S minutes and collspsed by
diffusion.

3. Aircraft Data
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FIG. 20. Rawinsonde Data, Test 44,

a. Aerial Photographs: No effects of seeding
other than distrails are apparent in the aerial
phutographs.

b. Visusl Observations: There were some
upenings observed in the fog layer before seeding,
such as whorls and eddies, byt these did noi go
through the foy layer. Immediately after seeding,
the distrails opened normally and becarre very
deep. The trails were nartow and sharp 2 to 3
minutes after seeding, but no holes clear through
were vhserved.

<. Mindab Data: The Minilab aircralt made
ux  pawes, with hiqud  water content  varying
ancothly from 0% o 0.1 g/m? on a sounding
pass through the layer from top to bollum. Un
the woond postsced pass, three areas of liguid
watet .ontent  greater  than 20 gm?  were
cncountéied  at about X menutes after weeding.

95
-

During the later passes, however, the liquid water
content was as before. Temperature and dew point
variations are shown in Table 9.

d. Drop Size and Distribution: No droplet
slides were made from the boat.

Test 62 (9 October)

1. Seeding
a. Time: 1005 to 1016
b. Amount and Material: 750 gallons of 9:1
solution
<. Pattern: Dumbbell
d. Altitude: 800 feet
c. Dispensing Rate: 200 gal/min
2. Ground Station Data
3. Weather Office: This test was done at wa;
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TABLE 9. Temperature and Dew Point Variations, Test 46.

. Aliitude, | Temp., Dew point Pressed temgp., °C Postased temp., °C
h © twnp.. °C Temp. Dew point | Temp. | Dew point

1 1,300 14.2-144 ] 11518 132-138 121 144 14

2 1,300 139-14.2 115112 13.2.118 1221 4.4 11.4

k o 960 | 138138 "2 139 123 147 118

4 1,000 14.1.143 11.2.118 139 123 1.2 1"ns

8 800 14.7-149 1186118 140 124 149 12v

¢ Ternpersture agress with pressed and is NGt elevated until the next pass st sbout the seme

sltitude.
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FIG. 22. Rawinsonds Data, Test 62.

however, the weather at Arcata-Eureka airport at
seeding time was given as ceiling, 100 feet, thin,
brokea, visibility, 5 miles, with ground fog and
smoke;  sealevel  pressure, 10159 millibars;
temperature, S1°F; dew point, 47°F; wind from
170 degrees at 7 knots, with a bank of shore
clouds with changeable conditions.

b. Transnissometer: Does not apply.

¢. Rawinsonde. The rawinsonde release was
108 munutes before seeding. data are shown in
Fig. 22.

Jd. Spevial Ground Stations: The boat crew
reported  the fug bottom as very smooth and
umtorm,. with the fog down on the water. Seeding
was directly abuve, and bnght spots developed in
the heretatare dark luyer. The boat tried to keep
up with the movement of the spots, but was
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unable to because of the winds. The spots
disappeared at 20 to 22 minutes after seeding, and
no other spots were observed.
3. Aircraft Data

a. Aerial  Photographs:
photographs show nothing of nterest.

b. Visual Observations: The ouservers aboard
the control aircraft noted that seeding trails lasted
about S minutes, ana no depression developed, o
that nothing unusual was sghted. The Minilab
observer reported thinning of the ares where
seeding took place, and on the sixth and seventh
passes at 25 and 28 minutes sftc; _eding noted
he could see the ocean and blue sky at the same
time, lt had closed in again by the eighth pass,
however,

<. Minilab Datas On the presced Mintlab

The aerial
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passes, the liquid water content at 200 and 500
feet befow the tops was running at abcut 1/2 and
1/3 g/m3, respectively. In the first postseed pass, it
was 1.5 g/m3 at 200 feet below tiic tops, with a
strong peak of 6.1 g/m3. On the second postseed
pass at tops minus 200 feet, the reading was 0.7
to 19 g/m3. In the next three passes at 500 feet
below the tops, the average liquid water content
was 0.3 g/m3, with peaks superimposed of 1.3,
2.2, and 0.5 g/m3, respectively. This would seem
to indicate a picture of the treatment, augmented
by fog water, falling through the cloud. Figure 22
shows presced and postseed liquid water content.
d. Drop Size and Distribution: No slides
were taken. The boat crew tried to follow the
bright areas, which were moving rapidly with the
wind. They noted no fallout or precipitation.

Test 64 (24 October)

1. Seeding

a. Time: 0856 to 0900

b. Amount and Material: 750 gallons of 9:1

solution

c. Pattern: Four circular orbits

d. Altitude: At cloud tops, 900 feet

e. Dispensing Rate: 187 gal/min

2. Ground Station Data

a. Weather Office: The weather at seeding
time was ceiling, zero; visibility, 1/16 mile.
Chservations at 0830 were sea-level pressure,
1,010.2 millibars; temperature, 10.0°C; dew point,
94°C: relative humidity, 96%; ground winds from
200 degrees at S ft/sec, winds at tops, 140 degrees
at 7 ft/sec, the mean winds from 195 degrees at 8
ft/sec.

b. Transmissometer:  The tranimissometer
reading was less than 1,000 feet at seeding time
and went abruptly to 2 800 feet about 15 minutes
after the end of seeding. It started downwand at
22 munutes and was again less than 1,000 feet at
26 minutes after the end of seading and continued
so for an hour and 15 minutes.

¢. Rawinionde: A balloon release at 0830
showed that the cloud bases were on the ground
and the tops were at 880 feet.

d. Special Ground Stations:  Ground
obmrvers at the (B awa (we Fig. 1) reported
secing the weder aircraft as it comphted weding.

There were small improvements in ceiling and
visibility noted, which did not last fong. Spray
droplets were felt by the tower observer a few
minutes after seeding.

3. Aircraft Data

a. Aerist Photographs: The photographic
aircraft took color photographs of the seeded area.
The hole that was reported by the seeder aircraft
pilots, the Minilab observer, and the photographer
is visible (Fig. 24), but the quality of the prints is
poor and no features on the ground can be
observed.

b. Visual Observations: The seeder aircraft
pilot reported sighting the ground about the time
seeding ended, and he and the copilot could see
an aircraft parked on the airport runway, and the
beach area to the north. The opening was 1/2
mile in diameter and lasted about 10 minutes. The
observation aircraft reported the hole was
disk-shaped with a2 3/4-mile diameter in the
depressed area. The distrails generated during
seeding were much deeper than nomal. The photo
aircraft took six color photographs of the seeding
and the opening and closing of the hole. The
Minilab observer saw the hole during his passes
and could see the rmunway as well as the airstrip
intersection and the glide-slope antenna. He
seported that the ceiling over the runway raised
more thar 200 feet.

c. Minilab Data: The Minilab records showed
no changes in liguid water content, but a
depression of the dew point temperature indicated
a drying effect from the preseced to postseed
conditions.

d. Drop Size and Distribution: Droplets of
solution were detected by the ground stations a
few minutes after seeding.

Test 65 (25 Ociober)

1. Seeding
a. Time: 0B1S 10 0839
b. Amount and Material: 750 gallons of 9:1
solution
¢. Pattern: Dumbbell, 12 paswes with [eft
boom only
d. Alutude: 700 to 1,100 fect
¢. Dispenuing Rate: 100 gal/mun
2. Ground Station Datas

3
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FIG. 24. Hole Generated in Test 64.

a. Weather Oftice: Conditions before seeding
were cetling, zero; visibility, 1/8 mile: sea-level
pressure, 10220 nullibars; temperature, 47°F; dew
point, 47°F; und  winds, calm. The observation

34

made at 0854 showed partial obscuration, visibility
1/4 mile in fog, and at 0910 the report was
partial obscuration with 3/4-mile visibility. This
went down rapidly at 0915 to ceiling 100 feet,
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visibility 1/4 mile in fog.
b. Transmissometer: The transmissometer
record from TF right shows a large percentage
increase from less than 10 to 90%. Figure 25
shows the transmissometer record during seeding
and thereafter. The “scale shift” denotes a change
in sensitivity as the instrument switches from 10%
visibility full scale to 100% visibility full scale.
There is some indication of slight natural
weakening of the fog before seeding time in areas
away from the airport, such as recession of the
fog from the hills. All six transmissometers were
affected differently in percentage improvements.
The readings went from less than 1,000 to greater
than 6,000 feet during the test,

c. Rawinsonde: The 0535 release showed
temperature and dew point at 9.5°C decreasing to
7.5°C at 750 feet and then rising to 10°C at
cloud tops, 1,200 feet MSL. The 0845 release, at
30 minutes after start of seeding, showed
temperature and dew point at 8.3°C, with dew
point remaining nearly constant, but temperature
rising to 18°C at 4,200 feet. Thus the relative
humidity was less than 100% with increase in

altitude, indicating clearing. The situation is
depicted in Fig. 26.
d. Special Ground Stations: Ground

observers reported a brightening of the sky with
the formation of a hole overhead at about 0845,
5 minutes after the end of seeding. The visibility

FIG. 25. Transmissometer Data, TF Right, Test 65.

the end of the runway markings and the numerals

0840 0830 0820

0815

was unrestricted vertically; blue sky could be seen.
Project aircraft were sighted, and the sun was
seen. A heavy fallout of droplets occurred. The
hole lasted about 30 to 40 minutes, and then the
fog returned to preseeding levels of density. It
seemed to the ground observers that the fog
diffused back in over the airport. However, the
C-47 aircraft crew reported the fog moving into
the hole would disappear, indicating an area of
subsaturation. The C-47 took off during the
clearing.

The tower operators were greatly impressed by
the apparent results of the test, and submitted a
statement citing the improvement in runway
visibility readings, from less than 100 to more
than 6,000 feet during the test.

One ground observer drove an automobile to
Route 101 to the south through McKinleyville and
found no effects of seeding or holes except at the
airport. He noted solution droplets the
windshield up to more than 1| millimeter in
diameter, which continued to absorb water and
grow. Conditions were essentially zero obscured
and 1/16 mile in fog all the wuy.

3. Aircraft Data

a. Aerial Photographs: The photographic
coverage was terminated at 0845, unfortunately, so
that the maximum effects were not covered.
Figure 27 shows the clearing at that time, with

on

3s




NWC TP 4929

ALTITUDE, FT

10,000 9,000 8,000 7,000 6,000 $,000 4,000 3,00 2,000 1,000 o
700
] i i T 26% T T [ |
24%

750 p—

800 |~ TEMPERATURE
[ 4
g ssol— WIND DIRECTION
2
. WIND SPEED
¢ DEW POINT
3 10%
2 900 |
] S4%
o
a

67%
950 j
82%
1,000 f— 96%
100%
1,050
l 1 } L 1 1 . i 1 1 J
) 20 40 -10 ° +10 20 230 280 330 20

WIND SPEED, FY/SEC

TEMPERATURE, °C

WIND DIRECTION, DEG

FIG. 26. Rawinsonde Data, Test 65.

13 visible. An aircraft can also be seen.

b. Visual Observations: Airborne observers
reputted that this was the only hole within S
miles of the airport. Movie camera footage was
made, and the observers noted that the hole
dritted toward the ocean. The Leica photographs
in Fig. 28 show the preseed, seeding, and postseed
conditions, with the runway visible.

<. Minilab Data: The Minilab data showed
that the liquid water content before seeding was
about 015 to 030 g/m?, und after seeding the
values were about hall’ of these amounts.

d. Drop Size and Distribution: There was 3n
merewse o drop  sizes at two of the ground
stattons, and a decrease in drop density at all the
ground stations following seeding. Fallout was felt
at Station 1 and at the tower.,

o

Test 67 (30 October)

1. Seeding
a. Time: 1412 to 1424
b. Amount and Material: 400 gallons of 9:1
solution
¢. Pattern: Four back-and-forth passes
d. Altitude: 7,700 feet MSL, SO0 feet below
cloud tops
e. Dispensing Rate: 100 gal/min
2. Ground Station Data
a. Weather Office: The weather at
Arcata-Eureka airport, approximately 6 miles {rom
the seeded area, was given at [357 as ceiling,
3,500 feet, scattered, height of cirriform unknown,
broken; visibility, 1S5 miles. sealevel pressure,
1.018.0 millibars: temperature, SB°F. dew point,
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FIG. 27. Hole Generated in Test 65. Note numerals 13 and light siscraft.

$2°F; winds from 260 degrees at S knots; and
towering cumulus to the north and south.

b. Transmissometer:  Since this was a
cumulus seeding test, no transmissometer or ceiling
information was taken.

¢. Rawinsonde: The rawinsonde information
is shown in Fig. 29. Release time was very close
to seeding time,

d. Special

Ground Stations: No ground

station observations were made as the test was
away from the Arcata-Eureka airport.
3. Aircraft Data

a. Aerial Photographs: The aerial
photographs were taken at 25.second intewvals so
that there is nut cnough overlap between frames
for a3 good perspective. The series shows, however,
that after seeding the top of the cloud declined,
darkened, and hollowed vut in the center, as was
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(a) Presced.

5 During woding.

Hite 23, Pres . Seed, and Podwed Conditioms, Test 63,
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{c) Breakup begins.

b

(d) Hole over runways.

F1G. 28, iContd)
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ALTITUDE, FT

WIND SPEED, FT/SEC

reported by visual cbservers,

b. Visual Observations: The visual observers
reported that cloud bases raised and that the tops
declined rapidly so that the seeder aircraft seeded
an adjacent cloud rather than the original one on
us Last pass.

The cloud declined for 10 to 15 minutes, and
then  started o prow  again. A series  of
photographs tuken with a hand-held Leica camera
» shown in Fig. 30,

. Mimlab Data: The Minidab preseed passes
showed  htvle o no preapitation and very light
tutbutence. On the pustseed passes there were
ateas  of  large  crzases  in precipitation,
sovompamed by Large amounts of turbulence.

4. Drop Siee and Distribution: No data were
Liken,

Test 71 {9 November)
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FIG. 29. Rawinsonde Data, Test 67.

b. Amount and Material: 2,750 gallons of
9:1 solution
¢. Pattern: Racetrack, in
15-minute hold
d. Altitude: At cloud tops, 1,200 feet MSL
¢. Dispensing Rate: 200 gal/min
. Ground Station Data
3. Weather Office: The wcather at the time
of seeding was ceiling, zero; visibility, zero, with
fog; sea-level pressure, 1,0240 millibars;
temperature, S7°F. dew point S7°F; and winds,
calm. By the end of seeding, the report was
partial  obscuration; ceiling, 300 feet, broken;
visibility, | mile, with fog: winds calm; runwsy 31
visibility at more than 6,000 feet. At 1028 the
field went below minimums, with visibility of
1,400 feet.

b. Transmissometer: The tracing of the TL-2
transmissometer is shown in Fig. 31. The records
for others are simifar. All were virtually zero for
1142 hours beforz treatrent. Within 1S w0 30

trail, with

[ 2]

minutes after start of secding all rose sharply to
KO% and leveled out. They remained up for about
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(b Tops appear to be dissipating.

FIG. 30, Warre Cuauudus Boaction, Test 67,
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(<) Base of cloud; stratified layer in foreground.
FIG. 30. (Contd)
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FIG. 32. Rawinsonde Data, Test 71.

2 hours, although there were shor: periods of
great variability,

¢. Rawinsonde: The information givez in the
0645 sounding is shown in Fig. 32. There is a
lack of detail evident in the area of interest, up to
fog tops at 1,200 feet MSL.

d. Specisl Ground Stations: Ground
observers noted that surface visibility wax down,
but gradually improved after seeding, with
brightening of the sky overhead. Precipitation from
solution droplets was felt. The taxiway in front of
the tower became visible first, and ther the
runways. A series of photographs (Fig. 31}, taken
from the towss, shows the changes during the test.
The sceder aitcraft could be observed on thew
passes.

1 Awcraft Data
a. Aerial Photographs: Thus test sas the

most spectacular from the photographic viewpoint.
In the T-11 camera photographs the airport and
runway 31 are clearlv seen through the holes that
developed subsequent to seeding (Fig. 34). (olor
siides were taken with a hand-held Leica camera,
and [6-mm movics show the development of the
opening. The photographic  aircraft  flew  at
mid-gititudes, bevause of the interference of cheuds
lying at the lugher levels that the aircralt normally
used.

b, Visual  Observations:  Aucraft  vbservers
noted that the seeding track was clearly viuble,
had 2 wipy appearamwe, and was traned with
tespect to fog tops. A line of weakness with
wrveral holes develuped at a swnall angle to the
sweded track, extending from a rdge cast of the
aitport to the codst west of the auport. Scveral
obwivers saw the ground, runwgy, auport parking
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(b

Development of Visibility on the Grouad During fest 71, Flapsed time between (a) and (d) about | hour.
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(d)

FIG. 33. (Contd.)
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(a) Before seeding (0756).

FIG. 34. Seeding, Test 71.
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(b) Seeding trails (0800).

FIG. 34, (Contd.)
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(¢) Control aircraft (0829).

FIG. 34. (Contd.)
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(d) Hole with runway visible (0835).

FiG. 34. (Contd))
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lot, and beach. The holes closed about 45 to 55
minutes after start of seeding.

¢. Minilab Data: The most notable change in
the Minilab data between preseed and postseed
conditions was in the liquid water content. The
values were about 0.2 to 0.3 g/m3 and declined to
less than 0.1 g/m3, with areas of precipitation
evident in the postsced passes. The dew point

sensor was not working during this test. Aircraft
traffic interfered with obtaining postseed passes.

d. Drop Size and Distribution: The dropiets
at the three ground stations showed an increase in
sizes and density after seeding, which tended to
return to normal during the hold, then increased
again during the second seeding period before

returning to normal again,

CONCLUSIONS AND RECOMMENDATIONS

The most encouraging finding of the project is
that a solution of, by weight, 4 parts ammonium
nitrate and 3 parts urea in 0.78 part of water
tends to disperse warm fog and stratus and
distinctly modifies small warm cumulus. The
techmque of spraying the solution into the tops of
warm fog gave operationally useful clearings in
three tests, although other tests with the same
material and similar amounts and techniques
yielded less dramatic resuits,

The parameters have not yet been optimized
with respect to material formulation and amounts,
spray size, and flight parameters. Consequently,
the technique is not yet considered completely
reliable in terms of either predictable results in fog
with a single treatment method or of having
specified a set of parameters from which to select
the exact method to clear fog reliably. It is
believed that the thicker and wetter the cloud or
fog and the greater the speed of the in<cloud
wind, the more material will be required.

Test results indicate that the combination of
urea and ammonium nitrate in a solids-to-water
ratio of 91 yields 2 solution that is more
effective than saturated solutions of the foilowing
stngle  components:  ammonium  nitrate,  urea,
sadium chlonde, and calcium chloride. Water alone
produces virtually no etfect.

More research is needed to obtain an uptimized,
rehable dispersal technigue for fog and stratus and
to explore turther the effects produced by the
matenal in wanm cumulus,

The  ammonium  ndrate/urea/water  system
extubits more solubthty and  hygroscopicity than
cither stgle-solute solution. 1 iy a tertiliver and is
noncorosive  to most metals, protected surfaves,

S0

and animal tissue.

The 2AL2, EW20, LW83, and WF8 airborne
pyrotechnics are not effective in reasonable
amounts as dispersal agents for warm fog ot
stratus,

The Satty Dog, Salty Frog I, Salty Frog Il, and
Briteye units produce definite modification in
warm fog, but are not rcliable dispersal agents and
can at times cause intensification of fog
conditions. Their cloud-forming capability should
be evaluated further.

The hygroscopic powders, as a class, were not
tested thoroughly enough to allow conclusive
comparisons. Results to date tend to favor urea
and calcium chloride. Results with calcium
chloride seem to be proportional to the amount
used and its level of introduction in the fog. In
future work, test amounts of a ton or more
should be evaluated. While single tests of certain
kinds of powdered sodium chloride :ppeared
promising, this chemical has been and is being
tested by other agencies and should not be further
explored by NWC in the next project.

Future developmental work should concentrate
on no more than three or four kinds of promising
seeding agents so that more tests can be devoted
to such materizis under a variety of test
conditions,

Ground-based seeding from a single, stativnary
device does not appear promising with availeble
equipment. The capability to dispense material in
sufficient amounts for operational clearing may
require roughly 10 such units fur adequate
horizontal coverage, and an increase of 50% or so
in the height to which seeding agents can be
dispensed by each unit of the two types of
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vertical-wind machines tested.

The spray-system nozzles tested produce simi'ar
and broad spectra of spray-droplet sizes that may
be too large for most efficient use of seeding
solutions. Nozzles or spray techniques that give
droplets whose highest frequency of sizes lies
below 100 microns should be tested.

Data-gathering and -handling techniques used in
Foggy Cloud | were generally successful but could
be improved in the following ways:

1. The Minilab data-reduction process should be
automated as fully as possible.

2. A drop-size measuring capability for in-cloud
sampling should be perfected.

3. A plume-tracking method, or methods,
sensitive to each seeding material, should be
developed.

4. Simple devices, capable of sensing the
seeding agemt being tested, should be developed
for placement in a network on the ground. This

procedure would allow mapping the position of
the treated volume with respect to surface-based
observations.

5. Laboratory work should be conducted to
relate the crater diameter on gelatin-coated slides
to the true diameter of the settling droplets
replicated thereon.

The Arcata-Eureka airport is an excellent base
locaticn for warm-fog studies. The incidence of
test weather is high, special facilities and
equipment are available, and the cooperation of
local officials is outstanding.

Subject to security needs, NWC should continue
its policy of open exchange of information with
other U.S. agencies conducting warm-fog research.
Classification of test data and results tends to
inhibit profitable cooperative work and should be
hell to a minimum necessary to best serve
national interests,
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Appendix A

CALCULATIONS AND ANALYSIS OF PLUME RISL

Two seeding tests are described here in which
an attempt was made to determine the
contribution of the heat of condensation to the
plume rise observed in the tests with
ground-burned pyrotechnics. A search was made of
the literature to get a mathematical model for
computing the predicted plume rise from the heat
of combustion of the pyrotechnic units burned.
By comparing the observed plume rise with the
computed plume rise, it was hoped to obtain the
amount of heat of condensation due to the
difference. The results were disappointing,
probably  because of violations of the basic
assumptions.

Analysis of Plume Rise
for Extra Test. 30 July

Analysis Scheme. Morton (Ref. 6) developed an
cquation to predict the height attained by a plume
of air or smoke above 2 heat source at the
surface:

H =31 (1 +ny3igl/s n
where // is the height in meters, 31 is a constant
containing appropriate units, and n is the ratio of
AT/L. AT is the temperature at the top of the
layer minus the temperature at the base of the
layer, divided by the thickness in kilometers. For
inversion conditions, n is positive because /. (the
dry adisbatic lapse rate, 9.8°C/km) is taken as
positive by convention. @ is the heat-source
production rate, measured in kilowatts,

Experimental Conditions. Two assumptions of
the above equation were not met by the actual
test  conditions. These entail assuming (1) a
constant nonsuperadiabatic lapse rate throughout

the layer of air containing the plume 2nd (2) still
air. In the test the following temperatures were
observed:

Surface to 303 feet: -1.9°C

303 to 1,123 feet: +4.3°C (or +17.2°C/km)

Since the lower layer had a superadiabatic lapse
rate, the -equation does not fit. Hence, a
calculation was made of the rise predicted for the
layer above 303 feet.

For the cluster of three Salty Frog CY-9]
units, the total heat of combustion was released in
5 minutes, giving a value for @ of 1,250 kilowatts.

Under these conditions, H is computed to be
425 feet above the 303-foot starting point, or 728
feet AGL. The observed plume was 643 feet AGL
(860 feet MSL).

The discrepancy between the predicted plume
height and the observed plume height is in the
direction qualitatively predicted in view of the 5-
to 6-knot surface wind. Another factor that would
tend to explain the discrepancy is that the plume
materials may have extended somewhat above their
visible top. A third factor that would inhibit the
plume height is that the CY-9! units are not
giving complete combustion. Thus, the value for Q
used in the equation is probably too large, being
derived from laboratory measurements with
complete combustion. Opposing this factor,
however, is the heat gained by slight condensation
(relative humidity = 80%) during this experiment.

The overall conclusions are

1. The experimental conditions were far from
ideal for this test.

2. In spite of this, the equation gives a
“pall-park™ estimate of the plume top.

3. The difference between the theoretical and
actual plume height is in the right direction,
considering the existing wind and other conditions.

A-1
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Analysis of Plume Rise
in Test 37, 15 August

Analysis Scheme. Test 37 was run as a seeding
test, using three clusters of three Salty Frog
CY-91 units. The height attained by the plume
was computed by Eq. 1, as was done in a similar
analysis of the extra test on 30 July.

Experimental Conditions. Unfortunately, as in
the earlier test, the conditions of the equation
were not met, although different assumptions were
violated this time. During this test, the
requirements for still air and for a constant,
nonsuperadiabatic lapze rate were reasonably well
met. However, since Test 37 was conducted as a
seeding test, fog was present up tc 650 feet MSL.
Therefore, parcels of air moving upward would do
so moist adiabatically and not dry adiabatically as
the equation assumes. This means that the parcels
of air in reality were warmer and hence more
buoyant than is assumed in the equation, which
by this argument should underpredict the final
plume height. This was not the case, as will be
shown later.

In Test 37, the total burning time was 10
minutes, 40 seconds from the sequential firing.
The lapse rate was constant over the height of the
plume, and was 59°C/km. These data give a
predicted plume height of 555 AGL. The plume
height, as observed visually from the Minilab
aircraft, was 483 feet AGL.

DISCUSSION

Fog occurred to within about 50 feet of the

top of the plume. Therefore, there was
undoubtedly some condensation occurring on the
hygroscopic nuclei produced by the Salty Frog
units. If this condensation were sufficient to
exhaust the fog droplets and some additional
vapor from the air, the latent heat of such vapor
condensation would enhance the plume growth.
Probably most of this condensation would occur
near the burning site, so that the heat would be
additive to the @ term in Morton’s equation.
Unfortunately, Morton’s equation is not sensitive
to changes in Q because of the fourth root effect.
That is, an order of magnitude increase in Q
would vyield only a 178% increase in H;
nonetheless, if Morton’s equation applies well, and
if the experimental data are accurate, then the
plume height result should allow an estimate of
the amount of additional heat realized by the
condensation of water vapor. In egwation rom

H observed = f (Q cambustion
+Q condensalion) (2)

Because the predicted value of H in this
experiment, based on heat of combustion alone,
exceeded the observed value, one can say only
that either there zre flaws in the equation and/or
data, or that the plume realized little or no ner
heat of condensation. Because the predicted value
and the observed value for H are in fair agieement
in this test and in the 30 july test, and because
visual observations do not indicate a depiction of
fog droplets, it is concluded that most or all of
the plume rise is due to the heat of combustion.
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Appendix B

CORNELL AERONAUTICAL LABORATORY REPORT RM-1788-P-21

We appreciate the careful work done by CAL
and reproduced here in facsimile.  Their
cooperation was solicited in informal discussions in
June 1968. CAL has heen most helpfui in sharing
all its pertinent research findings with as. as well
as with other agencies interested in the dispersal
of warm foy.

One advantage of tog-chamber testing is that
the investigator ¢an to a2 large degree hold
constant from test to test the important properties
of togs being sceded. a capability that does not
generally exist i field experiments. This control
over fog properties allows a more meaningful
companson  of  various  seeding  agents.  One
fundamental kmitation of fog-chamber testing is
that the cenclusions are only as applicable to the
real atmosphere as the degree to which the model
fog represents natural fog. This notion is well
appreciated by Mr. Koemond; his Jdiscussions (pp.
B-X and B-13) are statad to pertain to “laboratory

fog.”

The data of their Table | (p. B-6) show that
the CAL laboratory fogs are in many ways similar
to natural radiation fogs. The most striking
difference is in the limited depth of the chamber
fogs, of «c¢ourse owing to the cost and
inconvenience that a very tall chamber would
entail. The implications of this modeling limitation
for extrapolating to results in seeding deep natural
fog are largely unknown.

Mr. Kocmound points out that the droplet size
spectrum of the seeding solution spray was not
optimuzed (p. B-7) for tests in the chamber. The
stated drop-size distribution in these tests (Fig. 2
of CAL report) is much narrower and represents
about an order of magnitude smaller droplets than
tivose used in ocur field tests in Project Foggy
Cloud . The effect of spray drop-size spectra on
seeding results will be studied in future projects.

Our comments, above, were checked for
technical accuracy during a telephone conversation
with Mr. Kocmond.
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LABORATORY FOG SEEDING EXPERIMENTS

Cornell Aeronautical Laboratory Inc,, under sponsorship of the
Aeronautical Vehicles Division of NASA (Contract NASr-156), has agreed
to perform a series of laboratory evaluations of several fog seeding chemicals
provided by the Naval Weapons Center, China Lake, California, This
report summarizes preliminary results obtained from experiments in which
prepared solutions of ammonium nitrate « urea . water were injected into
dense laboratory fogs. The relative proportions, by weight, of reagents
used in preparing the seeding material were: 4 parts NH4N03, 3 parts urea,

and 0, 78 parts distilled water (i.e,, 9 parts of reagent to 1 part of water),
A. EQUIPMENT

Fogs were produced in the CAL Ordnance Laboratory located at
Ashford, N,Y. The facility, pictured in Figure 1, consists of a cylindrical
chamber which can be pressurized or evacuated at cc.ntrolled rates, In
essence, adiabatic expansions are produced, and under appropriate initial
humidity conditions, fogs form. These laborator, fogs were found to possess
liquid water contents and drop-size distributions that are representative of

natural inland fogs.,

The cloud chamber is 30 ft, in diameter and 30 ft, high, enclosing a
volume of approximately 600 m3. Construction material consists of 0.5
inch sheet steel with an epoxied inner surface, As shown, a rotating spray
nozzle enables the walls and floor of the chamber to be thoroughly wetted
with water, and the relative humidity of the air to approach 100%. Glass
ports are located at various levels for monitoring the fog visually or with

transmissometers,

By means of a biower-circulation system, the chamber can be
pressurized to approximately 20 cm of water, After permitting the internal
temperature and humidity to equilibrate with the wet walls, the chamber can
then be vented %o the outside at controlled rates, Adiabatic expansions are
thereby produced, To maintain fog for extended periods, air can be
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vacuum-pumped out of the large chamber at controlled rates to produce a
continuous, slow expansion. In this way, representative fogs can be formed
for subsequent seeding experiments, Moreover, fog visibility can be held

essentially constant by controlling the secondary expansion,

VIEWING
PORTS

SPRAY
NOZZLE

FIH&%{ED
C| RCU" O O T ;':.'.-XO:,-',-.;:
LATiON dozzzradlons o dlon
SYSTEM r ar H]

SPHERE

WATER
RESERVOIR

Figure | THE 650m3 TEST CHAMBER AT ASHFORD, NEW YORK

In a typical experiment the procedure used in evaluating the candidate
seeding material was to produce one fog for use as a control and observe its
physical characteristics as a function of time. A second fog was then produced
and seeded with a predetermined amount of NH“NO3 + urea « water solution
(hereafter referred to as the 9:1 solution). After the initial fog forming
expansion, in both seeded and control fogs, a continuous, slow secondary
expansion was initiated in order to cause the fog to persist,
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Typical physical characteristics of the laboratory fogs approximately
one minute after completion of the initial fog forming expansion are compared
in Table I with the radiation fog model developed earlier on Project Fog
Drops (NASA Contract NASr-156), I* is apparent that the similarities are

excellent,

TABLE 1
Characteristics of Laboratory Fog and Natural Radiation Fog

Natural
Fog Parameter Laboratory Fog Radiation Fog
average drop radius 4 to Sp S5u
typical drop radius range 2 -18to2 -22p 2 - 18u
liquid water content 150 to 200 mg m™3 110 mg m™3
droplet concentratior. 250 to 500 cm > 200 em™3
visibility 200 to 400 ft, 300 to 900 ft,
vertical depth 10 m 100 to 300 m

The primary sensors used to monitor fog characteristics within the

chamber are outlined below:

1, Two transmissometers for recording horizontal visibility
(i.e. extinction coefficient) over a 60 ft, path (30' baseline with reflecting
mirror). One transmissometer was located at a level of 4 ft, and the s«cond
at 15 ft,

2. A fog-droplet sampler, employing a gelatin replication technique,
for measuring drop-size distributions at selected times during the fog's

life cycle,

3. Psychrometric equipment for estimating relative humidity (at
the lower level only).

Transmissometer data were recorded externally, while other
equipment was manually operated from within the chamber, Visual
observation, by the operator, of fog characteristics and seeding plume added
substantially to the experiments,
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Seeding nuclei (droplets) were injected into the fog by a droplet
disseminator located approximately 25 feet above the chamber floor, The
apparatus was capable of disseminating the prepared solution into the fog
at a rate of ~3 gm/min, Drop size distributions of water droplets and of

solution droplets produced by this equipment are shown in Figure 2,

et AMMONIUM NITRATE » UREA « WATER SOLUTION
—=X=-= WATER

% OF DROPLETS COUNTED

0 8 12 16 20 24 28 32 3
DIAMETER (4)

Figure 2 DROP SIZE DISTRIBUTIONS PRODUCED BY PARTICLE DISSEMINATOR
USED IN SEEDING EXPERIMENTS

B, SUMMARY OF RESULTS

The primary objectives of the seeding experiments at Ashford, N.Y.
were (1) to determine the maximum improvement of visibility that could be
achieved by seeding with the ammonium nitrate s urea . water solutions and
(2) to compare these results with data obtained from seeding experiments
using NaCl particles of carefully controlled size, It must be noted, here,
that the optimum droplet sizes required to effect laboratory fog dissipation
have not yet been established for the 9:1 solution, Once these calculations
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are made it may be possible to seed with drop sizes that are more effective
in causing dissipation of fog, An urgency to perform preliminary laboratory
tests, however, precluded detailed investigation of optimum droplet sizes

as well as development of the necessary seeding equipment, Nonetheless,
results of these experiments have demonstrated that visibility in laboratory
fog can be improved by a factor of at least two and as much as six by
seeding with the 9:1 solution., In our tests the minimum amount of material
required to effect a significant visibility improvement (factor of 2 over the
control fog) exceeded 10 mg of solution per cubic meter of foggy air, By
comparison, equivalent improvements in visibility were achieved with as

little as 2.5 mg of carefully sized NaCl per cubic meter of fog.

Table II summarizes the maximum visibility improvements (seeded
fog relative to control fog) achieved in the current experiments, Results from

previous tests in which sized dry NaCl particles were used are also
tabulated,

The data in Table II suggest that both NaCl and urea particles of
controlled sizes are more effective in clearing laboratory fog than the 9:1
sclution seedings., Before this hypothesis can be verified, however, it will
be necessary to perform tests using optimum solution droplet sizes during
seeding. These tests will be conducted during the next three months,

In Figures 3, 4, and 5 transmissometer data at two levels in the fog
chamber are shown for control fogs and fogs seeded with 30 gm, 15 gm, and
6 gm of the 9:1 solution (50 mg/m3. 25 mg/m3. 10 mg/m3 respectively),
Control fogs were seeded with approximately 45 gm of water to determine if
any noticeable change in visibility was produced by water seeding, The
effect was negligible when compared with other unseeded control fogs,

It is apparent from these data that the 30 gm and 15 gm seedings
were effective in producing substantial improvement in fog visibility
(visibility improvement factor of 6,1 and 4,7 respectively), The 6 gm
sceding, on the other hand, produced only marginal results,

In Figure 6, four selected drop size distributions are shown at various
times for the control fog and the fog seeded with 30 gm of 9:1 solution, The
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Table II

VISIBILITY IMPROVEMENT FACTORS® FOR SEEDING EXPERIMENTS IN
600m3 CLOUD CHAMBER

SEEDING MASS AND MODAL
DIAMETER OF PARTICLE

VISIBILITY AT TIME OF

MAXIMUM VISIBILITY

DISTRIBUTION SECOMDARY EXPANSION | IMPROVEMENT FACTOR
2.5 gm NaC@ (W) SEEDED 280 7T 2.8
CONTROL 180
5 gm NaCl (44) SEEDED 270 FT 4.0
CONTROL 280
5 gm NaCh (Usc) SEEDED 210 FT 7.5
CONTROL 160
5 gm NaCl (84) SEEDED 210 FT 6.2
CONTROL 230
§ gn UREA SEEDED 150 FT 6.6
CONTROL 155
6 gm NHyNO,-UREASWATER (¥ 4) SEEDED 110 FT 1.5
CONTROL 110
10 gn Net! (4 .) SEEDED 210 FT 13.2
CONTROL 180
10 gm NaCl (8. ) SEEDED 255 FT 9.9
CONTROL 18§
10 gn UREA SEEDED 230 FT 8.3
CONTROL 230 FT
15 g8 NN NOyeUREASWATER (W) SEEDED 150 FT N7
CONTROL 110
30 gn NN NOy* UREASWATER (W) SEEDED 130 FT 6.1
conTROL 110

*YISIBILITY IMPROVENERT FACTOR 1S OEFINED AS THE RATIO OF THE
VISIBILITY OF THE SEEDED FO6 TO THE VISIBILITY OF THE CONTROL

FOG AT THE SAME TIME AFTER INITIATION OF THE EXPANSION

89
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Figure 3 VISIBILITY AS A FUNCTION OF TIME FOR A SEEDED AND CONTROL FOG
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Figure 5 VISIBILITY AS A FUNCTION OF TIME FOR A SEEDED AND COMTROL FOG
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distributions correspond to times T = 8 min,, 10 min,, 20 min,, and 30 min,
from the start of the experinient, Seeding was started at T = 5 min, and
lasted for 10 min, Note from the figure that at T = 8 min,, the drop size
distributions are very nearly the same for both the seeded and ccitrol fog.
At T = 10 min,, a few significantly larger drops appear in the seeded fog,
These drops, ~f course, are the result of seeding and were produced through
diffusional growth on solution droplets disseminated into the fog (recall

from Figure i that the largest drops produced by the particle disseminator
were about 23u diameter, whereas in the figure droplets of 45u are evident),
By T = 20 min,, significant redistribution of drop sizes has occurred in the
seeded fog, It is likely that at this time most of the liquid water in the fog

is accounted for by the few very large drops shown in the distribution (when
data analysis is complete, the improvements in visibility due to changes in
liquid water content and to drop size distribution will be compared.) At

T = 30 min,, the drop size distributions are similar for both the seeded and
control fogs, By this time most of the larger droplets that grew on the
artificial nuclei have settled out of the fog, In the control fog, continued
growth of natural droplets has produced a fairly broad spectrum of drop
sizes. The end result is that the droplet spectra for both fogs are nearly

alike at the completion of the experiment, y

C. DISCUSSION OF RESULTS

From previous laboratory fog seeding experiments it has heen found
that two processes are responsible for producing the visibility improvements
after seeding, Initially, improvement in visibility results from a favorable
shift in the drop size distribution from one consisting of a large concentration
of small druplets to one containing a few larger drops, Accompanying the
change in drop sizes is a decrease in the amount of scattered light (extinction
coefficient) and hence an increase in visibility, At first, only slight changes
occur in the liquid water content of the fog., As time progresses however,
precipitation of droplets in the seeded fog causes a reduction in the liquid

water content of the fog and further improvements in visibility,
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If it is assumed that the hygroscopic nature of the ammonium nitrate .

urea « water solution is responsible for clearing fog then it is reasonable to

suggest that processes similar to those just described are responsible for
the manner in which visibility improves, In spite of significant visibility
improvements however, the 9:1 solution did not appear to be as effective in
clearing laboratory fog as the carefully sized dry particles of NaCl or urea,
Calculations will be made to determine the optimum particle sizes needed
for effective fog dissipation and additional laboratory experiments will be
performed to establish the lower limit of solution seeding material needed,
At that time conclusions can be drawn relative to the effectiveness of the

solution vs, dry NaCl particles,
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Appendix C

DATA ON THE SYSTEM AMMONIUM NITRATE/UREA/WATER
by Lohr A. Burkardt

The data reported here represent an eftort to
supply reasonably accurate information on the
ammonium nitrate/urea/water system to meet the
immediate needs of [ield experiments. If the
results of field tests are encouraging, it is planned
to study this system with the aim of obtaining
data with a high degree of precision. Except where
stated otherwise, the solutions were prepared from
chemically pure ammonium nitrate (Baker's
analyzed), chemically pure urea (Baker and
Adamson), and distilled water. Weighings of the
solution components were made on a large
analytical balance (1-milligram sensitivity).

SOLUBILITY DETERMINATIONS

Method

Approximately 150 milliliters of a solution
under test was placed in a small beaker held in a
water bath. The sample was vigorously stirred
while the temperature of the bath was slowly
lowered by the addition of ice water. The
temperature of the sample was continvously
monitored by recording the output of a
Chromel/Alumei  *hermocouple on  an  X/Y
recorder. The thennocoupl: had been calibrated
sgainst a quartz thermometer. Precipitation of
solids from solution was indicated by a plateau or
risc in the sample temperature.

Results

The data ohtained for compositions in which
the number of moles of ammonium nitrate and
urea per mole of water was varied but the number
of moles of ammonium nitrate was kept equal to
the number of moles of urea are shown in Table
C-1 and Fig. C-1. With these compositions,
precipitation occurs in two stages. An X-ray
diffraction pattern of material precipitated in the
first stage showed this to be ammonium nitrate.
An X-ray diffraction pattern of material from the
second stage of precipitation showed this to be
ammonium nitrate and urea. These solutions
showed a marked tendency to supercool. A better
approach to determining solubility limits in this
system would bc by heating curves in an apparatus
based on the same principle as that described by
Burkardt, McEwan, and Fitman (Ref. C-1). Because
of this tendency toward supercooling, the liquidus
data reported here will tend to be somewhat luwer
than the correct values.

The two-stage precipitaticn noted in solutions
containing ammonium nitrate and urea in a 1:l
molar  relationship  suggested that maximum
solubility would occur in 3 compesition containing
a slight excess of urea. A few tests were made of
compositions in  which the ratio of urea to
ammonium nitrate was varied but the total moles
of urea plus ammonium nitrate per mole of water
was kept constant. The results are indicated in
Fig. C.2.
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TABLE C-1. Data on the System Ammonium Nitrate/Urea/Water.

Composition, Vapor
. moles Primary Secondary pressure Density {vacuum) | Viscosity
D:::::rd:vlt a | Ammonium liquidus liquidus pH 0 26°C, st 26°C,
i nitrate Ures | Water | temp.,°C | temp.,°C mm Hg | Temp., °C o/mi centipoises
12.442 1.60 1.60 1.00 25.20 2280 480 e v 1.38%
11.664 1.50 160 | 1.00 59 26.0
10.116 1.30 1.30 | 1.00 20.26 16.60 5.20 8.9 258 1.3712 14.6
8.942 1.16 1.16 1.00 18.30 13.00 fee ve v - 126
7.776 1.00 1.00 1.00 13.70 9.60 550 79 258 1.361 10.5
6.998 0.90 090 | 1.00 10,50 7.80 529 s - ces ves
8.221 0.80 080 | 1.00 7.40 s 5.19 9.1 26.0 1.346 ves
4,668 0.60 060 | 100 1.40 - 5.50 9.5 26.7 1.328 5.8
3.110 0.40 040 | 1.00 ces 1.3 26.1
1656 0.20 0.20 | 100 ves ... ves 14.7 26.0 .

85olids = 1 part urss plus 1.333 parts of ammonium nitrate by weight,

TEMPERATURE, “C

30
I SOLUTION
0 SOLUTION + SOLID AMMONIUM NITRATE
25 b I SOLUTION + SOLID AMMONIUM NITRATE
AND UREA
20—
18 -
10 p—
4 b
° 1 1 1 1
1.0 1.3 .0 2.3 X

MOLES AMMONIUM NITRATE * MOLES UREA/MOLE WATER

FIG 1 Solubihty of Ammoa:um Nittate/Urea/Water Solutions Whete Moks of
Ammonum Nitrate Equal Moler of Urea.
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40
1 SOLUTION
O SOLUTION + AMMONIUM NITRATE
oI SOLUTION + UREA
10 I SOLUTION + AMMONIUM NITRATE + UREA
()
°
")
x
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% -
x
4
]
v
10 b
o
) ] L ] ] | | | 1
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
MOLES UREA/MOLE AMMONIUM NITRATE/MOLE WATER
FIG. C-2. Solubility of Ammonium Nitrate/Urea/Water Solutions Where Moles of
Utea Plus Moles of Ammonium Nitrate Equal Moles of Water.
pH DATA Results
The density results, reduced to a vacuum, are
Method

The determination of the pH of some of these
solutions was made with a Beckman pH meter
(glass electrode) at room temperature (26°C).

Results

The results obtained are given in Table C-l.
The pH of these solutions tended to drift toward
the value of 5.50 during the course of the
determination.

SOLUTION DENSITIES

Method

A 2S-milliliter pycnometer was calibrated at
26°C with distilled water. The solutions and
pycnometer were allowed to equilibrate in the area
adjacent to the balance. A thermometer was kept
in the same area. All tempersture readings in this
ares gave a constant result of 26°C.

tabulated in Table C-1 and shown graphically in
Fig. C-3. :

SOLUTION VISCOSITIES

Method

The viscosity of some of these solutions was
determined at room temperature (26°C) by means
of the Brookfield viscometer using the ultralow
adapter.
Results

The viscosity results are tabulated in Table C-1
and shown graphically in Fig. C4.
VAPOR PRESSURE MEASUREMENTS
Method

Vapor pressure  measurements were made by
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FIG. C-3. Density of Ammonium
Nitrate/Urea/Water Solutions at 26°C.
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FIG. C-4. Viscosities of Ammonium
Nitrate/Urea/Water Solutions at 28°C.

passing air, which had been dried, through 2
column of Drierite, then through a column of
anhydrous magnesium  perchlorate, through a
saturator tube into an absorption tube containing
Drierite, and then through an absorption tube
contzining anhydrous magnesium perchlorate. The
aiv was then collected over water in  2-liter
volumetric  flasks. The saturator consisted of 2
gass tube 110 centimeters long with an inside
diameter of 15 millimeters. Glass beads, 4

C4

millimeters in diameter, coated with the solution
under test were placed in the saturator tube until
it was nearly filled. The temperature of the
sirstream was continuously monitored with a
thermistor at the exit side of the saturator tube.
Flow time was measured by an electric timer.
Manometric measurement gave a mean value of §
millimeters of mercury above ambient atmospheric
pressure. Baxter and Lansing (Ref. C-2) indicate
that gas flow rates of 4 to 1 l/hr are satisfactory.
It was found here that flow rates of 2.5 l/hr (42
em3/min) were satisfactory for the more dilute
solutions, but the flow rate had to be reduced to
12 Jhr (20 cm3/min) or less to obtain
reproducible results with the more concentrated
solutions. The vapor pressure measurements were
made at room temperature. The measured
collected air was assumed to be saturated with
water and was corrected to dry air. The vapor
pressure was calculated as done by Baxter (Ref.
C-2) by dividing the volume of the water picked
up by the air as it passed through the saturator
by the sum of the volume of the water plus the
volume of dry air multiplied by the interior
pressure (which was taken as 705 millimeters of
mercury). The results are estimated to be accurate
to £3%.

Results

The results of the vapor pressure measurements
are given in Table C-1 and in Fig. C-5.
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TABLE D-1. Test Summary.

. Treatment,
Tesnt l');ea Maierial Amount Condhhons "B::L '::‘ZL :::::, 35:::!:'!‘ Pattern Location g)cﬂnsily,"_i
g/m> X 10 ¢
1 29 Mar. Pyrotechnic 14 2AL2s Stratus 400 1,400-1,300 Top ACV? i
2 29 Mar. | Pyrotechnic 14 2AL2s Stratus 950 1.800 1,700 ACV 1
3 31 Mar. | Pyrotechnic 14 EW20s Frontal 500 1,300-2,400 Top ACV
4 9 Apr. | Pyrotechnic 14 EV/20s Swatus 400 1,150 950 ACV
5 9 Apr. Pyrotechnic 12 2AL2s Stratus 400 1,150 Top ACV
6 10 Apr. | Pyrotechnic 4 Salty Dogs Fog 100 1,50C Ground ACV ;
!
!
7 10 Apr. | Pyrotechnic 28 LW33s Fog 200 1,400 Jop ACV
8 10 Apr. | Pyrotechnic 28 LW33s Fog 200 1,500 1,300 ACV
3 8 May | Pyrotechnic 12 WF8s Stratus 700 1,600 1,400 ACV
10 8 May Pyrotechnic 10 2AL2s Stratus 800 1,300 1,000 ACV
1 18 May | Pyrotechnic 10 Salty Frogs Hagh stratus 300 Ground ACV
12 18 May Pyrotechnic 28 WF8s, Fog . 300 1,000 ACV
4 smoke generators
13 18 May | Pyrotechnic 9 Salty Frogs Fog 100 300 Ground ACV
14 3 June | Pyrotechnic 3 Salty Dogs Fog 100 1,400 Ground ACV
15 3 June | Pyrotechnic 9 Salty Frogs fFog 100 1,400 Ground . ACV
16 17 June | Pyrotechnic 37 2AL2s Fog 200-400 1,100 Base 10 Spwal ACV
10p ascent
17 17 June | Pyrotechnic 9 Salty Frogs Fog 200-400 1,100 Ground ACV
18 24 June | Pyrotechnic 8 Salty Frogs Fog 200 1.700 Ground ACV
19 26 June | Pyrotechnic 8 Salty Frogs Fog 300 1,300 Ground ACV
20 10 July Pyrotechnic 2 Briteyes Fog 0 1.700 Ground ACV
21 20 July | Pyrotechnic 12 Saity Frogs Fog 200 1,500 Ground - .. ACV s,
22 23 July | Seawater 400 gal Stratus 400 1,700 Top B-25 Orbitat ACV 4.7
22 23 July | Tap water 400 gal Stratus 300 1.800 Top B-25 At sea 2.1
24 24 July | Tap water 400 gal Stratus 700 2,400 Top B-25 . At sea 1.82
25 | 27 July | Pyrotechnic 9 Salty Frogs Fog 0 950 Ground ACV
26 27 Juty | Sal. NHNO, 400 ¢ fog 0 1,000 Top B-2% © Ortwtal ACV 79
solution
27 31 July | Sat. NH NO4 800 g Siratus 300 1,600 Top B-25 Orbital ACV 12.3
solution
28 31 July | Tap water 400 gal Stratus 100 1,400 Top 8-25 Puised Al sea 9.6
st. line
29 1 Aug. | Pyrotechnic 4 Briieyes Fog 0 1,500 Ground B-25 P ACV i
30 1Aug. NH4N03 800¢g Fog 100 1,500 Top 825 Orbitat ACV 14.1
soiution :
31 1Aug. | NHNO, 8009 Stratus 700 2,300 Top B.25 n Ortntal Al sea 7.7
solution ; spray
32 6Aug. | NH,NO, 7509 Stratus 300 1,500 Top B25 | Lmesof ACV 70
solution : wiray
33 | 7Aug. | Tapwater 600 g Fog 0 750 Top B25 | Pulsed At sea 232
| spray




TABLE D-1. Test Summary.

of ay

Base, Tops, Where Seeder Tuatfnﬂ;( Liguid water content, glm:'
ft AGL ft AGL seeded awcralt Pattern Location density.” Hemarks
- om3 x 1073 Preseed Postseed
. 400 14001800 | Top Acvd Not effective,
J% 950 1,800 1,700 e ... ACV Inconclusive,
" 500 1.800-2,400 Top e .. ACV Not effective.
400 1.150 950 ACV Inconclusive.
400 1,150 Too ACV . Inconclusive,
100 1,500 Ground ACV White cloud on top 1/4 mi. diam. Large
drops downwind. C&VC 200 ft and
1/8 mi. 10 700 ¥t and 3 mi. in
10 min, Lasted 1/2 hr,
200 1,400 Top ACV . Not effective.
200 1.500 1,300 ACV Not effective.
700 1.600 1,400 ACV Not effective.
800 1,300 1.000 ACV No visual effects. Minilab shows
reduction in LWC.
300 Ground ACV Clear air burn. Wet cloud formed.
300 1,000 ACV . None,
100 300 Ground ACV 2 stations reported holes.
100 1,400 Ground ACV . Inconclusive.
100 1,400 Ground . ACV Inconclusive,
200-400 1,100 Baswe to Spiral ACV . None.
top acent
200-400 1,100 Ground ACV Dome formed; dense white, lasted
40 min, No improvement.
200 1,200 Ground ACV Results inconclusive,
300 1,300 Ground ACV LWC decreased: some mist and
bubble on 10p.
[+] 1,700 Ground ACV Heavy precip, after burn, Visibility
improved, may have been natural
200 1,500 Ground . S ACV P No change, no bubble,
400 1,700 Top 8-25 Orbuat ACYV 47 No change.
300 1,800 Top B-25 ! At sea 21 . No clange.
700 2.400 Top 8.25 ; At sea 182 No change.
o 950 Ground ACV No visible change. S00d bubble on
top, LWC i7conclusive.
] 1.000 Top 8-25 Orbrtal ACV 1.9 No change in visibitity.,
300 1.600 Toop B-25 Orbrtal ACV 123 Depression in 10ps, jarge droplets
noted; no change in visibility,
100 1,400 Top B-25 Pulsed At sea 9.6 No results.
1 sf. lne
0 1,500 Ground 825 | . ACV Some precip.; no change in C&V.
100 1,500 Top 8-25 1 Orbstat ACV 14.9 . Local enhancement smid naturaf
! ! breakup, reduction of LWC.
700 2,300 Top | B-25 i Orbaat Al sea 7.7 . Inconclusive.
! : weay
300 1,506 Top | B2 | Lmnesof ACV 7.0 . . 0.5 ¢/m? reduction LWC. Distinct
i P wray growth in droplet size.
0 750 Top E 825 I Pulsed At sea 332 No effects.




TABLE D-1. Test Summary. {Contd.)
— } e e
Date, . Base, Tops, Where Seedar
Teast 1968 Mater iat Amount Conditions 11 AGL f AGL arcraft Pattarn Location .
34 | 10Aug | NaClsoluton 600 g Fog 0 1,600 1,400 8 26 Pulsed At sea
nray
3% | 12Aug. | Ureasotution 800 g Stratus 400 2,400 Top B 25 Crontai ACvY
36 | 13Aug. | Lesemve 800 Sustus | 2500 4400 | Top c47 Putsed Atsea
NaCI ! : powder
37 | 15Aug. | Pyrotechnic 9CY.91s i Stratus 300 700 | Ground ACV
{ i i
38 | 1Sepr. | CaCl, powder 400 i | Swaws 200 1750 | Top c.a1 Racetrack Al sea
39 1Sept. | CaCi, powder 400 1b i Stratus 200 1,750 | Tag c.47 Racetrack At ses
40 1Sept. CaCl, powdnr 400 w : Stratus 200 1,750 1,650 f .47 Racetrack At sea
41 | 4Sepr | NHNO, 7309 ., Fog 300 1400 | Top 8:25 Orbital Acv
wiytion t v
42 4 3ept. | CaCt, powder 800 b | Stratus 1,700 i Top c.47 Puised At ses
| 1 powrier
43 5Sept. | Morion NaCI 2,000 I i Stutus 800 2250 | 1300 .47 Racetrack Al sas
44 5Sept. | CaCly powder 800 i Stratus 800 2250 Top c.47 Racetrack At sea
| ;
45 | 6Sept | Urea solution 800¢ | Fog 200 2000 | 1,000 8.75 Orbral ACV
46 | 6Sept. | IaCipowder 2,000 ib Siratus 900 1,800 Tog | C4/ | Racetrack At sea
4 7Sepr. | Urea solution 800¢ Stratus 200 1.900 Top 825 | Orital ACV
i N
48 7 Sept. | NaCi powder 2,600 o Stratus 690 1,900 Top | C-47 Racetrack | At sea
i Ceszna 206 I
49 8Sept. | NaCl sotution 750¢ Stratus 800 2.000 Top | 8.2% ' Orbytat i Atvsca
80 8 Sept. CaCi, powde 1,400 1 Stratus 800 2.000 Top c-47 Paraliet | At sea
L Cessng 206 trarnk ‘
51 | "2Sepr | NH,NO, 800 ¢ Stratus 600 2,200 T | B25 ©  Orbual | ACV
salytion |
$2 12 8¢t | NaCl powder 1.500 i Stratuy 250 900 Yop C.47 Ortartat |' At sea
83 | 13Sept | CuCi, solution 6509 Strarus 1,060 1.780 Top B 2% Qetantat ! Atses |
54 ! 27Sapt | NaCl powder 2,000 Fag o 100 650 C 47 Racetrark | Atses |
55 | 27Sept | CaCly poveder 1.500 1 Fog 0 K50 100 cas Ortartat Avwes |
86 | 27Sept | CaCl, powdse 1.500 & Fog 0 650 10 Car Ortza Atws
$? WSt | NoCTf povwder 3.000 Stratus 1.500 2 son T o Car Orlartal Ay swea
&8 | 308t | Nl powder 2000 & Sreatas 1.500 2 Top car Hacet ack At wa
52 | J0Sept | 9 1 okiton 700 9 Stranny 1,400 2 Tex TS Grbuat At s
&0 | Re 13 9 1ok et €509 Stratus 600 p 10 ) T op 87 £ -rodakantt At wa
61§ 10et | Calt, pomede 80 & D Swane 450 1700 ton - ar 1 dn Aves |
3 : H
D S SUN i P S S T SO dn
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TABLEP-I. Test Summarv. {Contd.)

T ey
Tops, Where Seeder Trealmezt Liguid water content, g/m:’
1HAGL seeded areralt Pattern Location desnsny, i Remarks
A . N g/m- X 10 Preseed Postseed
1,600 1,400 8 25 Pulsed At sea 24,0 0.6 0.7 Slight increase in LWC. No visual
stray effects.
2,400 Top 2-25 Ortaital ACV 6.2 Weakening of cloud structure;
wide distrails,
4,400 Top C-47 Pulsed At sea 4.7 0.7 0.4 Degression of LWC.
puwder
700 Ground ACV Slight increase in precip. No increase in
C&Vv.
1,720 Top c-47 Racetrack Al sea 412 0.3 0.3 No apparent results,
1,750 Top c-47 Racetrack At sea 513 Uptod LWC rise below track: no visual
results,
1,750 1,650 c-47 Racetrack At sea 2.41 08 0.2 LWC reduction; no visual results,
1,400 Top B-2% Orbital ACV 139 Droplets grew; on-top depression.
1,700 Top c-47 Putserd At sea 17.6 Bright spot, no hole.
powder
2,250 1,300 c-47 Racetrack At sea 202 . No apparent results.
2250 Top | c a7 Racetrack At sea "3 Decrease of LWC reduction for 5 to 6 min.
1 021003
2,000 1,000 } B-25 Orhital ACV 87 0.1 0.3 Short-lived increase in LWC;
. no apparent results,
1,800 Top c-47 Racetrack l At sea 12.0 Short-lived increase in LWC:
I bright spot below.
1,900 Top B-25 Orbitat ACV 5.75 No change. Trough for 10 min.. Slight
improvement underneath.
1.900 Top c-47 Pacetrack At sea 13.9 No change in LWC. Trough and
! Cessna 206 bright spots.
2.000 Top | B25 Orbital ' Atsea 186 Short-lived trough.
2,000 Top | c-a7 Parallel At sea 12.2 No effects in LWC; short-lived
' Cossna 2068 track trough.
2,200 Top ! R 25 Orbital ACV 12.6 No effects in LWC. Localized
, improvement amid slower clearing.
900 Top | C47 Orbital j At sea 135 Minor troughing.
1,750 Top 826 , Orbital | Atsm 6.7 Only minor changes in LWC.
? ‘ \ Speedup of natural dissipation.
! Holes.
700 650 c-47 Racetrack Atsea 126 0.2 100-yd-wide furrow, 1/2 mi.,
! lasted 10 min,
650 100 c-47 . Orbea At sea ’ 5.7 No Minilab data No apparent effects,
650 700 C47 ¢ Orbital At sea ’ 74 spikes, 210 3 Brightening in seeded trail.
2.800 Top .47 Orbital At sea i 7.0 0.7 1.8 Above normal LWC; no effects
| from on top.
2,500 Top c a7 Raretrack Atsea | 320 No change, LWC. No effects
I from on top.
2,350 Top B 25 Qronial Ay sea 7.1 0.2 I G.7 No effects an top; high LWC
‘ in c'oud in seeded area.
1,700 Top B 25 Dumbbell At sea 50.0 05 1.5 No visibia effects; some distrail
i | widening.
1,700 Top Coal 1y At sea ‘ 45 8 05 i 1.6 Augers jammed. Some tral
[ ; deapening.

D3
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TABLE D-1. Test Summary. (Contd.
Date, ) " Base, Tops, Where Seeder .
Test 1968 Materia! Amount Conditions L AGL f1 AGL seeded aircraft Pattern Location
62 | 90ct. | 9:1solution 700 g Fog o 80 Top B-25 Dumbbell At sea
63 24 Oct. | 9:1 solution 109 Fog 0 900 Ground | (FogSweep) | ... ACV
64 | 240ct. | 9:1solution 750 ¢ Fog 0 900 Top B.25 Orbital ACV
65 25 Oct. | 9:1 solution 750 ¢ Fog 0 700-1,100 Top B-25 Dumbbeti N
66 25 Oct. | Urea powder 1,500 b Fog 0 600 Top c.47 Racetrack ACV
67 300ct. | 9:1 solution 400 g Cumulus 2,000 8,200 7.700 B-25 Dumbbeil East of ACV
68 5 Nov. | 9:1 solution 750 g Cumulus 1,000 8,000 Top 8.25 Dummbell North of ACV
69 6 Nov. | 4:1 solution 2,700¢g Fog 0 720 Top B8-25 Dumbbel! Medtord airport
2C123s :
70 7 Nov. | 9:1 solution 2,700 ¢ Fog 0 800 Top B8-25 J Racetrack Hoopa Valley
2C123s
n 9 Nov. | 9:1 solution 2,7004 Fog 200 1,200 Top B-25 } Racetrack ACV
2C123s |
72 10 Nov. | 91 swiution 1950¢g Fog 200 2,300 Top 2C123s Racetrack West of
J L Garberville

D4

4 Swath width assumed to be 100 meters in treatment density calculations.
b Arcata-Eureka airport.
¢ Ceiling and visibitity.




TABLE D-1. Test Summary. {Contd.)

Tops, Where Seeder , Treatmer:t Liguid water content, g/m3
1t AGL seeded aircraft Pattern Lozation de:-nsutv,‘A Remarks
g/m" X 1073 Preseed Postseed
800 Top 825 Dumbbeit At sea 83.4 0.5 19 Thinning; bright spots. Improved
vertical visibility.
900 Ground | (FogSweep) | . .. ACV . Fog sweep broke down,
900 Top B 25 Orbital ACV 37.6 Hole, 1/2-mi. diam, Ceiling
. rise 200 ft, low LWC, rise in
RVR.
700-1,100 Top B-25 Dumbbell ACV 68.6 0.3 0.1 Large hole over ACV. RVR
[ improvement, millimeter drops.
600 Top c-47 Racetrack ACV 125 0.2 20 Some clearing at ACV.
8200 ; 7,700 B8-25 Dumbbelt East of ACV 44 Tops lowered, bases up. Darkening
‘ and precip.
8,000 | Top | B-25 | Dummbelt North of ACV 54 4 1.0 1.0 Celi diminished.
720 : Top ! B-25 I Dumbbetl Medford airport 3078 0.2 0.2 Holes fermed; RVR showed no
: ;20123 improvement.
800 f Top - B.25 ‘ Racetrack | Hoopa Valley | 2954 Wide seed tracks, breakup downwind.
‘ fo2c123s | !
| 1200 - Top | B25 | Racetrack ACY 230.4 0.1 0.4 Hole and dramatic clearing at ACV;
! : P2C123s | above min. for 1 1/2 hr.
i 2,300 ‘ Top | 2C123s | Racetrack West of 350.0 Hole in seed track; breakup
i | i l Garberviile in general area.




TABLE D-2. Ceiling and Visibility (C&V).
Date Preseed conditions Conditions during seeding, ceiling (ft) & visibility {(mi) at 10-min intervais hickness
Test | 1088 | Ceiling,, | Visibility, 010 9:20 0+30 0+40 050 0+ 60 ft.
ft mi Cc \Y [ \ [ \Y [ \ [ Vv [ Vv
6 10 Apr, 100 1/4 100 1/2 100 1/2 100 1/2 100 | . 1/2 100 1/2 100 1/2 1,400
14 3 June 100 1 34 | ... w2 | ... 1/2 12 ... 3/4 C&V decre:
16 17 June | 200-400 1 800 Plume cau
17 17 June | 200-400 2 800 Plume cau
18 24 June 200 1/2 200 | 1 200 | 7 . . L Lo s c 200 | 7 1,000 Visibility in
19 26 June 300 3/4 300 1 300 1 1,000
20 10 July 0 0 200 1/2 1,700
21 20 July 200 3/16 200 1/4 | 200 1/4 | 200 1/2 200 1/2 L. . 200 3/4 1,300
22 23 July 400 11/2 400 [ 11/2 200 3/4 1,300
25 27 July V] 1/8 0 3/116| O 1/8 0 3/8 0 1/8 0 116 0 1/8 900
26 27 July 0 1/16 100 1/4 1,000
27 31 July 300 11/2 400 | 11/2 400 | 11/2 | 1,300
29 1 Aug. 100 14 0 1716} 100 1/1& 200 /161 250 1/8 ] 250 1/8 ! 2%0 8 ' 1500
30 | 1Aug. | 100 1/4 bbb oo o b 200 a0l Lo 1300l 1172 1 1,700 | Minilab pitot
32 6 Aug. | 300-600 2 500 | 2 200 C&V high at
35 12 Aug. 400 5 400 | 7 ... 12,000
37 | 15 Aug. 0 J 400 | No improvery
41 4 Sept. 300 1 300 | 1 i 1,100 Minilab pilot
45 6 Sept. 200 3/4 400 | 2 600 | 3 1,800
46 6 Sept. 900 1,800 Bright spot
47 7 Sept. 300 2 400 | 2 400 | 2 400 | 2 300 | 2 300 | 2 300 | 2 1,600
48 7 Sept. 600 5 800 e 1,300 Boat crew
51 12 Seot. 1,200 1 200 1/2 .. 20 | 12 Poor conditl
63 | 240ct ] 1/8 0 116] ... J 900 Fog sweep
24 Oct. 0 116 200 1/2 0 | 1186 900 Hole form
65 24 Oct. 0 1/8 Hole 3/4 | Hole 3/4 | Hole 3/4 ! 0 /4 0 14 100 1/2 ; 9200 Hole for
66 25 Oct. ] 1/4 100 1/4 100 112 I 100 1/2 . .. L. ’ ‘ 600 Short-tived
67 30 Oct. 2,000 S ... ... 1 6,200 | Cumulust
68 | 5Nov. | 1,000 ol s L 7000 | Cumutust
69 € Nov. 100 1/8 100 3/8 100 3/8 100 12 | 100 , 12 . L. 300 12 700 , 4:1 solution]
H |
70 | TNov. | ... { R R T e 800 | Hole devel
n 9 Nov. 200 1/8 S 1/4 | 300 /2| 300 | 1 | Hole | 11/2} Hole | 1 200 | 34 1000 | Hole dwta
72 10 Nov. 200 i S ! o 2,100 i No C&V
L i
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TABLE D-2. Ceiling and Visibility (C&V).

Conditions during seeding, ceiling {ft} & visibility (mi) at 10-min intervals

+10 0+20 0+30 0+40 0150 0+60 T""‘f':"“" Remarks
v Cc \ Cc v c \ c v Cc v
1/2 | 100 1/2{ 100 1/2 100 1/2 | 100 1/2 | 100 1/2 1,400
3/4 1/2 1/2 1/2 3/4 A C&V decreased.
800 Plume caused decrease,
e .. ce .. 800 Plume caused decrease.
bl 200 | 7 . 200 | 7 1,000 Visibility increased.
300 | 1 300 | 1 1,000
200 1/2 1,700
] 1/4 | 200 1/4 ' 200 1/2 200 1/2 200 3/4 1,300
400 | 12| ... 200 3/4 1,300
3/16] © 1/8 0 3/8 0 1/8 0 1716 O 1/8 900
100 1/4 1.000
400 | 11/2 400 | 11/2 1,300
1/16| 100 il 200 1/16| 250 1/8 | 250 1/8 | 250 1/8 1,500 -
200 2/4 300 | 11/2 1,700 Minilab pilot reported breakout.
500 | 2 900 C&V high at beginning, went up during test.
400 | 7 2,000 e
AN .. 400 No improvement in C&V.
; 300 |1 1,100 Minilab pilot reported slight increase in ceiling.
B2 600 | 3 1,800 .
L . C 1,800 Bright spot observed by boat crew, lasted 10 min.
2 400 | 2 400 | 2 300 | 2 300 | 2 300 | 2 1,600 .
] .. . Ce. - 1,300 Boat crew saw ceiling raise 200 to 400 ft, lasted 10 min,
200 1/2 .. L. 200 112 L. Poor conditions, variable clouds.
. . 0 /16| ... S 900 Fog sweep broke down; test canceled.
; S 200 1/2 . (] 1/16 900 Hole formed, 1/2-mi. diameter. Ceiling and RVR went up.
‘ 3/4 | Hole 3/4 | Hole 3/4 0 1/4 0 174 | 100 1/2 900 Hole formed, near VFR conditions.
1/4 100 12 100« 1/2 600 Short-lived hole at ACV.
i 6,200 Cumulus test, cloud collapsed.
! 7,000 Cumulus test.
) 3/8 | 100 3/8 | 100 1/2 100 112 300 1/2 700 4:1 solution at Medford. Small holes formed.
. 800 Haole developed at Hoopa Valley.
1/4 | 3006 1/2 ; 300 1 Hole | 11/2 | Hole 200 3/4 1,000 Hole developed, RVR went to 6,000+,
2,100 No C&V west of Garberville. Hole formed.
]
D-S
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