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PREFACE

The five papers of this report have been written in an attempt to
open up a new dialogue among meteorologists and other scientists on
the possibility of meso-scale weather modification through carbon dust
interception of solar energy. Growing population pressures and predicted
future global food shortages dictate that man explore all his possibili-
ties for beneficial weather modification. Nearly all tbe weather mo-
dification efforts over the last quarter century have been aimed at pro-
ducing changes on the c¢loud scale through exploitation of the saturated
vapor pressure difference between ice and water., This is not to be
criticized, but it is time we also consider the feasibility of weather
modification on other timewspace scales and with other physical hypo-
theses. The authors wish to share their ideas on this new area of po-
tential weather modification with other interested individuals and obtain
their comments and criticisms. They are hopeful that more exploratory

research on this subject can soon be started.
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Wazther Modification by Carbom Dust Absorption of Solar Energy
Papar I: Background Information and Hypothesla

Willfam M. Gray and William M. Frank

ABSTRACT

Growing global population preasures and predictad future food and
energy ahortages dictate that man fully explore his potential use of solar
energy. The following group of five papers explores the possibility of
beneficial weather modification through artificial solar energy absorption.
A variety of physical ideas as related to artificial heat sources on dif-
ferent scales of motion are considered. Inferast is concentrated on the
feasibility of meso-scale (v 100-200 km) weather modification by solar
energy abaorption by carbon aerosol particles of ~ 0.1 micron size or leas.
Particles of this size maximize solar energy absorption per unit mass.

It is hypothesized that significant beneficial influences can be
derived through judicious exploitation of the solar absorption potential
of carbon black dust. There ig an especially higb potential for tbis over
tropical oceans. If dispensed in small enough sizea of ona ignth micron
or less, solar energy abgsorption amounts as high aa ~ 2 x 10*Y cal/lb per
10 hours or about 4 x 1011l cal/dollar per 10 hours can be obtained. This
is a tremendoualy powerful heat source, esgpecially if it stimulates an
additional oceanic evaporation energy gain. Preliminary obaervational and
modeling information indicates that this artificial heat source can be
emploved on the meso-scale (100-200 km) to give significant economic gain
regarding precipitation enhancement and tropical storm destruction alevia-
tion. 1t may also be possible to use carbon dust to enhance precipitation
over lend areas, alter extra tropical cvelomes, snd to spaed up fog burn-
off and snowmelt.

The following five papera diacusa this physical hypothesis frow the
metaorological, radiational, engineering, ecological and economic points
of view. .



I. BACKGROUND DISCUSSION

These papers are written with the purpose of opening up a dialogue on
a new area of potential weather modification--namely meso~scale weather
modification from solar energy interception by small carbon particles. It
would appear that present day weather modification may need a broader
scientific outlook. Nearly all the weather modification efforts over the
last quarter century have been aimed at producing changes on the cloud
scale through exploitation of the saturated vapor pressure difference bew
tween ice and water. This is not to be criticized, but it is time we also
consider the feasibility of weather modification on other time-space

scales and with other physical hypotheses.

"a.  HNeed

Growing global population pressures and predicted food and energy
shortages dictate that man fully explore his potential for beneficlal wea-
ther wodification from botb an economic and a hupanitarian point of view.

All physical ideas on all scales of motion should be consildered.

b. Physical ldea

Most of the sun'’s energy pemetrates through the earth's atmosphere to
the surface. A large direct atmospheric heat source would result if some
of this incoming solar energy could, instead, be absorbed directly within
the atmosphere. This is especially true over the oceans where most of the
incoming solar energy goes into evaporation and where the lower atmosphere

does not experience a diurnal temperature variatiom.

¢. General gquestions

Can man intercept an appreciable amount of the incoming solar energy

in selective areas and convert this energy into significant wind-pressure



and precipitation changes? Is the tropical and sub-tropical troposphere
often in a potentially unstable state such that an addition of artificial
energy would trigger beneficial changes? If this is so,what are the likely
economic effects? The rain which falls over the oceans does not benefit
man. Perhaps man in the future will be able to cause a small amount of
the rain which would normally £all over the oceans, instead, to occur

over land areas in need of precipitation.

d. Technical gquestions

Can man econonically generate carbon dust in sufficiently emall
sizes {< 0.1 micron) such that large area coverages per unit mass of
carbon can be obtained? What are the technical and radiational limits

to the size of the carbon particles?



II. CARBON DUST AS AN ARTIFICIAL HEAT SCOURCE

a, Artificial interception of solar radiation

From 60~80 percent of the incoming solar radiation (Io) in the cloud
free areas reaches the earth’s surface. In the tropics this figure is 80-
85 percent. As pictorially showo on the left portion of Fig. 1, the largest
portion of incoming solar energy ls absorbed by the oceans. Most of this
energy subsequently goes isto evaporation. Because this evaporation energy
transport from the ocean is not directly dependent on solar radiation, but
goes on during both the day and night, the oceanic boundary layer does
not experience a large daily heating cycle as is common over land.

If a significant portion of the incoming solar energy over the oceans
could be absorbed in the atmospheric boundary layer during the daylight
hours, an artificial stimulation of cumulus convection would occur. This

might be accomplished by aerosol interception of solar radiation as shown
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Fig. 1. Contrast of clear air tropical condition with normal solar
absorption by atmosphere-ccean (on left) with extra solar ab-
sorption with 10% aerosol coverage in boundary layer (on the
right).



on the right side of Fig. 1. ¥Fig. 2 compares the extra boundary layer
short wave heating which is possible in 10 hours due to 15 percent
extra absorption of incident solar radiationm with the usual 10 hour net

long and short wave radiation of the tropical troposphere as determined by

Cox and Suomi (1969).

an artifical atmospheric heat source

The characteristic of carbon dust which makes it so attractive as an
atmospheric heat source ig the extra-ordinary quantity of solar radiation
which can be absorbed by a unit mass of carbon. The following discussion
by Frank {Paper II) extensively discusses the characteristics of carbon

black dust as en atmospheric absorber of solar radiation from the method
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Fig. 2. Comparison of 10 hr heating-cooling rates due to long and short
- wave radiation in clear regions with the extra boundary layer
induced heating (shaded area) which is possible in 10 hours from
15 percent artificial solar absorption.



of estimating aercosol solar absorption developed by Korb and Msller (1962).

The reader is referred to these papers for a thorough discussion of this

subiect.

For tbe purpose of discussing the use of carbon black dust gs an

artificial solar energy aource for mesc-scale modification, the following

information summarizes the pertinent facts on carbon black dust:

L

2)

&)

Carbon black dust consists of fine essentially spherical particles
composed of 95-997% pure carbon, the remainder being made up of
volatile materials., It is formed by the controlled incomplete
combustion of fossil fuels according to a variety of processes.
If put out in sizes less than a few microns,it has nagligible
fall velocity. Most carbon blacka can be ﬁroduced in quantity
for about $.05 to §.10 per Kg.

The density of carbon black particles is 2 gmfcm3. The high
radiation absorptivity and low heat capacity (about .125 cal/g°C)
0f carbon dust make it an ideal agent for interception of solar
radiation and transfer of this heat to the purrounding air
modeculea by conduction. Turbulent mixing carries the heat
further. Being hydrophobic, carbon dust does not veadily absorb
water vapor. If put ocut in small sizes it will not act as a con~
densation nucleus.

Particles of (.1 micror radius maximize the solar absorption per
unit mass but, as discuaaed by Frank (Paper II), this size is not
critical., Solar absorption to weigﬁt is not greatly altered by
variations in size from .0Ly to 0.20n radius. Individual par—
ticles of 0.1y radius weigh but 10 % gm. It takes 3 x 100°
particles or about 0.3 gm of carbon to solidly cover a horizontal

crogss—section of 1 mz.
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5)

6)

7}

Carbon black dust particles heat the surrounding air primarily
(v 94%) by direct solar energy absorption and rapid molecular
conduction of this heat to the surrounding air. About 6% of

the heat transfer from the carbon to the air is accomplished by
long~wave radiation.

The maximum efficiency of solar radiation to weight and cost
requires that the percentage area coverage of carbon black be in
the range of 0-30%. Higher carbon area coverage rales cause re-
dundancy in solar absorption and lower emergy to weight and cost

ratios.

Absorption rates for area coverage perceatages of 0-20% are litctle

affected by zenith angle changes up to 65-70°, This allows for
9 to 10 hours of nearly constant absorption rate during daylight
hours.

One kilogram (Kg) of carbom black dust can absorb more tham 40
billion calories of solar radiation in a single 10 hour period.
On the other hand, coal, currently the cheapest of conventional
combustible fuels, provides on complete combustion about 7
million cal per Kg or about 1/6000 &s much heat per unit mass as
the carbon. The relative costs of energy available fyrom carbon
black dust and coal are shown In Tagble 1. The cost of complete
combustion coal heat is about 280 times greater than the cost of

carbon heat per 10 hr. period. Améng'energx sources normally

used by man only nuclear energy compares with carbon black as

a source of accumulation of energy per unit mass, and no knowm

substance compares ag a source of heat per unit cost. A 20

Kiloton nuclear explosion produces about the same amount of thermal



TABLE 1

RELATIVE AMOUNTS AND COSTS QF COAL AND CARBON BLACK DUST ENERGY

Fuel GCost Heat: Heat per Unit Cost
(dollar/Kg) (cal/Kg) {cal/dollars)
Coal & $.005 n 7x10° cal/Re & 1.4x10° cal/dollar
Carbon ~ §.10 . éxlﬂlo cal/Kg A 4.0x1011 cal/dollar
Black per 10 hrs. per 10 hrs,
Ratio .
{Carbon Black) . 20 o £000 . 280
Coal 1 1 1

energy as can be obtained from 1,000 Kg of carbon dust in 10
hours of solar heating. In addition, the carbon dust is not ne-
cessarily consumed dufing the heat absorption process and might be
used again on following days. Silver lodide seeding in super-cooled
clouds can also liberate tremendcus amounts of energy per unit mass,
but the energy from this sturce doea not locally accumulate unless
the cumulus mass compensation for the stimulated convection occurs near
and on a2 time scale of the seeding., This is rare. As the seeded
cloud dies out the suspended frozen particles melt and re-evaporavs.
8) Table 2 lists the short wave absorption by carbon dust in the
tropical'boumdary layer {(surface to 950 mb) which would result
from various carbon dust eQuivalenﬁ area coverages. The con-
centration of 0.1y radius carbon particles per km? is also shown.
For carbon dust area coverages of 10 and 20 percent, only ~ 25

and ~ 50 Kg respectively of carbon dust are needed to cover an



TABLE 2
TYPICAL TROPLCAL BOUNDARY LAYER HEATING RATES FROM 1 MILLION Xg OF
CARBON DUST
Area % Area Carbon DusE Mass  Net Heag Absorbed Temperature Change
Coverage Kg/km {cal/em* 10 hrs) (°C/10 hrs)
72,000 km® 5% 11 60
40,000 km* 9% 22 110
20,000 km® 187 45 200 13
15,000 ku®  26% 65 270 18
10,000 kn®  35% 90 325 22
6,800 knm®  53% 120 410 27
5,100 km?  70% 180 470 31

area of one km;. 1f generation rates are about 10 cents/Kg,tbis
amounte to but $2.50 and $5 per one‘km? coverage.

Ten percent area coverage of carbon dust provides enough
heat to increase the mean temperature of the alr within the bound-
ary layer (surface to 950 mb) at a rate of about 1°C/hr for a
10 hour period. Table 2 also gives the boundary layer heating
rates that can be accomplished for various areas and percentage
carbon particle coverages with 1 millfon Kg of carbon. Fig. 3
portrays comparative areas which can be covered by various amounts
of carbon dust at 10 percent area coverage in contrast with the
typlcal size of the large hurricane clow cluster. This would
cagse an artificial increase of the mean boundary layer tempera-
ture of 1°C/hr for 10 hours over the dotted area shown. These
enormous area coverages and heating rates open the possibility

of meso-synoptic~scale weather modification.
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COMPARISON OF TYPICAL HURRICANE CLUSTER AREA WITH AREA OF

0% CARBON BLACK COVERAGE WHICH 1S POSSIBLE WITH VARIOUS NO. OF C5A AIRCRAFT

Fig. 3.

100,000 Kg

THIS COVERAGE GIVES
ABOQUT 1°C/hr HEATING

1,000,000 Kg FOR 10 HRS, THROUGH
THE LOWEST 50mb

TYPICAL HURRICANE
CLUSTER AREA

j 2,000,000 Kg

Comparison of typicel hurricare cluster area (6O latitude diameter)
with the area (dotted) of 10 percent carben black coverage which
ig possible with various amounts of carbon black dust. Estimating
the cost of carbon dust to be ~ $0.10 per Kg, these three area

coverages would require carbon amounts of $10,000, $100,000 and
$200,000.



III., FHYSICAL EYPOTHESES

The energy budget of the globe epecifically dictates that the average
global precipitation be about a meter per year. The largest portion of
this precipitation falls over the oceans and is of no benefit to man. If

man could slightly decrease vertical stability conditions over land, a

small percentage increase of global land precipitation might result. This
could have a sizable beneficial economic impact. This should be man’s
primary weather modification goal. Tbe proper tapping of solar energy
with carbon dust might give man control of an energy source sufficiently
large to allow him to objectively contemplate such possibilities.

On a less ambitious scale it is hypotbesized that beneficial meso-
scale weather modification may be possible in the coming decade or two
by solar absorption of carbon dust in the following situations:

a. Rainfall enhancement along tropical and sub-tropical ceastlines.

b. Reduction of immer-core hurricane iIntemsity.

c. Cumulonimbus ephancement over selective land regions in need of
praecipitation.

d. Alteration of extra~tropical cyclones.

e¢. Fog dissipation.

f. Accelerating snmowmelt in agricultural areas.

These are a few of the potential applications to which the intercep-
tion of solar energy might be put to use by man. There are likely
many other atmospheric situations in which man could benefit from
application of a meso-scale heat source of the magnitude discussed.

The most likely locatiom for carbon dispersal is over the oceans
where the planetary boundary layer does not experience a diurnal tempera-

ture cycle and where the stimulation of extra evaporation is possible.

1l
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a. Extra evaporation

The direct heating of alr by carbon absorption is but one of two in~
fluences which can occur. If accomplished over water bodies, the en~
hanced solar heating of the air should also stimulate an increase in
evaporation. The increased warming of the air will stimlate extra ver—
tical mizing and dowoward penetration of upper lewvel dryer air te the
ocean surface. This dryer air will increase the water vapor pressure dif-
ference between the ocean and the air and lead to increased evaporation
rates. Evaporation rates may perhaps be Increased by double or more
their normal values. This evaporation influence can also continue for
many hours after the beating has taken place.

It is seen in Fig. 4 that the Aq or qg (saturation vapor pressure of
the air which is equivalent to the ocean temperature) minus q (vapor con—
tent of the air just above the ocean) difference between air at 850 mb and
the ocean surface is about three times larger than the difference between
surface air and tbe value representing saturation at the ocean tempera-
ture. Any down mixing of upper level air should substantially increase
the 9.4 of the air just sbove the ocean. This will substantially in-

crease the evaporation rate. The energy for this increased evaporationm,

however, will come largely from the ocean apd not the air. Thus, 1t may

be possible for the carbon dust solar heating to locally extract enexgy
from the ocean that would not naturally occur. The potential buocyancy

of the low levels will later be enhanced by the extra water vapor content.

b, Method of dispersion

It appears that it will be possible to manufacture small ~ 0.1 micron
(1) size carbon particles directly from liquid petroleum products {(i.e.

hydrocarbons) on aircraft or from ship or land surface sites. Paper III
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TEPHIGRAM PLOT OF
q and Aq or (Qye-q)

(gm/Kg)

20°C 265°%¢C

Fig. &, Portrayal of tropical or sub~tropical specific humidity difference
of upper layer air with surface saturated specific humidity of
the ocean (qg) and how extra downward mixing of dryer air would
greatly enhance the 949 values and the oceanic evaporation rates.

by €. A. Stokes shows how it is posaible to obtain about 50% mass yield

of carbon or 1 Kg of carbon dust for 2 Kg of liquid hydrocarbons. The
carbon particles can thus be generated in the desired size range and dis-
persed without storing. This prevents handling and clumping problems.
Feasibility studies by Stokes are in progress to determine the best meth-
odg of manufacture. It is highly desirable that the carbon particles be
mapufactured at individual dispersien sites. Liquid petroleum can be much
more easily handled and dispersed than can solid carbop dust which ig pur-

chased at the factory.



IV. DISCUSSION OF SPECIFIC HYPOTHESES

a. Rainfall enhancement along tropical and sub-tropical coastlines

Precipitation enhancement from weather system genesls or Intensifica-
tion upwind from coastlines with ea-shore flow 1s believed to be z very
likely possibility. There are many coastal and adjacent inland regions in
the tropics and sub~tropics which need additional precipitation and which
have on—shore flow. If tropospberic vertical wind shears are not too large,
it is very likely that meso~scele weather system genesis or enhancement is
possible.

It is envisaged that an artificial beat source will lend itself to
the production of extra cumulus convection and an extra local meso-scale
convergence. A sizgble amount of extra low lavei mass and water vapor
convergence should occur. A continuing enhancement of cumulus convection
should take place. If enough extra convection occurs, them, if tropospheric
vertical wind shears are not too large, this extra cumulus heating is
likely to feedback to the meso-system and keep it going or iatensify it,
Maintenance and growth can occur after the original heat has dissipated.
Figs. 5 and 6 portray how a wesk meso-system might be generated upwind
from a tropical coastline.

It must be emphasized that we are discussing a mesowscale heat source
and the resulting meso—scale pressure-wind patterns which are induced.
We are not discussing the direct stimulation of Individual cumulus elements.
The individual cumuzlus elements will result as a consequence of the extra
meso~scale low level mass and water vapor convergence. Most previous
weather modification schemes have dealt only with the alteration of already

existing cumulus.

14
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Fig. 5. Plan view portrayal of how carbon dust seeding 1/2 to 2 days
upwind from tropical and sub-tropical coastlines might act to
generate or enhance a weak meso-scale weather system,

ENHANCED  CLOUDINESS
ond  PRECIFITATION
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BOWNWARD OF
CRYER AIR
EXTHA
EVAPORATION
o B Al
S s sEA

I i DAY TRAVEL > I

Fig. 6. Cross-section portrayal of carbon dust Interception of solar
radiation upwind from a coastline with enhanced vertical mixing
and evaporation.
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b, Reduction of inner~core hurricane Iintensity

The present NOAA stormfury hurricane modification hypothesis [see.
Project Stormfury Annual Reports of 1971-1972 (available from NOAA NHRL
Miami office)] and the one here proposed for carbon dust seeding rests
with the physical idea of artifically interupting a portion of the hur-
ricane's low-level inflow which would normally penetrate to the eye wall
region and force it to rise, instead, at an outer radius. As extensively
discussed by Gray (1973), angular momeatum and surface friction considera-
tions dictate that hurricane intengity is cruclally dependent on the amount
of mass inflow and the radius to which the boundary layer inflow penetrates
towards the storm center. Rapild and sizable reductions in the hurricane
inner core wind structure would cccur if the boundary layer inflow could
be artifically reduced by but 5 to 10 percent. If the outer boundary
layer survounding the hurricane shield can be artificially warmed at a
rate of gbout 1/2 to 1C/hr for a periocd of tem hours, a significant stim—
ulation will be given to cumulus convection at radii beyond the eye wall
cloud so as to cause a noticeable decrease in the low level inflow to the
radius of maximum wind. This should lead to a decrease in the inner core
maximum wind velocitles. A significant decrease in storm damage should
result.

It is hypothesized that if sizable areas surrounding the hurricane
cloud cluster can be seeded in the boundary layer with 1-2 million Kg of
carbon black dust, the effect will be to stimulate zdditional cumulus
convection elther at the place of the carbon seeding or, if turbulence
and large boundary layer mixing occurs, at radif inside the carbon seeding
but beyond the radius of maximus winds, The effect of the carbon dust

seeding will be to emhance the cumulus buoyancy by increasing the low
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level temperatures and evaporation rates. This will cause more cumulus
convection at outer radii and take extra mass out of the boundary layer.
The low level inflow into the center should be reduced. This should
cause a weakening of the cyclone. More discussion of this physical

hypothesis is contained in Paper V.

Fig. 7 18 a cross-section view which shows where the proposed carbon
black dust would be placed just beyond the edge of the cirrus shield and
how this might interrupt part of the low level inflow mass through en-
hancement of cumulus convection beyond the eye-wall radius. Fig. 8 is
a plan view which more explicitly shows the typical regions around the
hurricane cirrus shield in the clear moat area where the proposed carbon
black seeding would be accomplished. This could likely be accomplished
with 10-20 jumbo type cargo alrcraft. As the right-front gquadrant of the
storm usually has the largest inflow, it might be more desirable to con-
centrate the seeding in the right semi-cirele. If not, the seeding can
be spread around the entire cluster.

The carbon dust must be placed sufficiently upstream in the woat
region such that it does not advect so far underneath the citrus shield
that the solar absorption is lost befowe its 10 hour heating can be ac-
complished. In some intense hurricane cases where the moat reglon is
very large it may be desirable to place the carbon dust 36 hours travel
away from the cirrus sbield and obtain two days of solar heating.

Therefore, the extra solar heatiﬁg at oﬁtar radii is expected to lead
to an increase not only of outer radii thermal buoyancy but also of buo-

yancy due to extra water vapor content from enhanced evaporation. Even

though the extra evaporation influences may not be felt at the place of

carbon seeding, they are expected to take place in the air before it reaches
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Fig. 7. Idealized portrayal of typical hurricane radial circulation and how carbon black dust seeding of

the boundary layer just beyond the cirrus shield might lead to enhanced cumulus convection and
reduction of low level inflow which penetrates to the eye-wall cloud.
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PROPOSED CARBON BLACK
SEEDING AREAS
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Fig. 8. Long hatched areas show where the hurricane boundary layer
seeding of carbon black dust should be accomplished in the
clear area moat region 8-10 hours upwind from the hurricane
cirrus shield.

the eye-wall radius 18~36 hours later. ¥ig. 9 more explicitly shows how
enhancement of buoyancy £rom extra heating and evaporation will lead to

more artificially induced cumulus convection at radii beyond the eye-wall

cloud and to probable lessening of the Inflow to the imner storm region.

This should weaken the inner core reglon of maximum circulation.

¢. _Cumulonimbue enhancement over selected land regions in need of
precinitation

It is hypothesized that a significant location change and/or en~
hancement of cumulonimbus convection may be possible over land areas where

the potential for cumulus convection is already high. This ds an es~
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peclally likely situation if the land areas have a high amount of evapo-

transpiration. If the land areas are moist or have dense vegetation,

mich of the incoming radiation goes to evaporation or storage and the
diurnal warming curves are damped. In these situations the carbon dust
could be used to more rapidly warm up the boundary layer and to dictate
where the initiasl daytime convection should occur. An area concentration
of the morning and early afternoon solar heating would likely produce
extra Ch convection and precipitation if the potential for cumulus con-
vection 1s already high.

Over land the carbon dust might also be used in selective situations

as an elevated heat source (if dispensed from aircraft) and could act as
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a stimulant to earlier and more concentrated cumulus convection., KEs-
pecially favorable situations would be areas where large~scale low level
convergence is present, such as around low pressure systems and along
froants. Here daytime cumulus convection would be expected to break out in
the selectively seeded areas where the esarliest atmospheric warming

cccurs.,

Carbon dust heating might thus be used to dictate where the eariiest
thermal destabilization and cumulus convection take place. Early morning
stable conditions act to inhibit convection. Any large-scale upward
foreced circulation would likely relieve itself in the areas which first

become thermally unstable.

d. Alteration of extra—tropical cyclones

A significant economic gain might result if weak extra-tropical
storm systems could be intensified in dry regions such as the western U.S.
This would likely result in extra precipitation.

When cyclones are intense, move slowly, or are stationary, flooding
conditions, heavy snow, and high sea conditions can produce considerable
economic loss. This is especially true in the heavily populated areas along
the U.8. Hast Coast and in Western Eurcpe. In this second type of situation
economic benefit might result in some cases if the intense cyclones could
be artificially weakened. If carbon dust solar heating is employed on a
large enough scale,it might be possible for man to produce a modest but
significant intensity reduction of extra-tropical cyclones.

Modest cyclone intensification might be accomplished by warming up
selective areas st low levels to the east of the extra-tropical cyclone

and stimulating extra cumulus convection just east of the storm center.

This is likely to produce extra precipitation. If cyclone weakening

were desired, then solar energy input to the cold center of the extra-tropical
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c¢yelone at middle or upper tropospheric levels would likely act fo pro-

duce a modest but significant vortex weakening.

e. Fog dissipation

Caleculations of the radiative absorptivity of carbon and of the amount

of golar radiation available inside fog clouds indicate that carbon particles

can absorb enough extra radiation to speed-up the dissipation of fog.

It is proposed that carbon dust be generated and dispersed divectly inte

the fog from aircraft or ground sources (ir the fog is mot too thick).
It is hypothesized that this would significantly accelerate the radiational
burn—off of the fog. The logistical and economic requirements of this are

not large.

f. Accelerating snowmelt in agricultural regions

There are several large, relatively flat agricultural areas in the
world where a snow cover persisting late into the spring can cause a
costly reduction in the length of the growing season. The Great Plains
of the U.S. and the Russian wheat belt are good examples. When these areas
are snow covered,they typically have surface albedos of from 40%-90%
depending upon the age and condition of the snow and have relatively strong
inversions just above the boundary layer. Large amounts of carbon dust
particles can be dispensed from inexpensive ground generators into the
boundary layer. By warming the boundary layer air under proper conditions
it should be possible to accelerate the spring melt of the snowpack, there-
by increasing the growing season. The high albedo of the snow surface
would cause a stroung upward diffuse solar radiation flux and thus increase
the efficiency of the carbon abseorpiion. Absorption would take place from
both the upward and downward fluxes, In addition, the carbon particles
should have a relatively long boundary layer residence time due to the

strong inversion whiech should permit multiple day use of the carbon.



V. COMPARISON OF THIS HYPOTEESIS WITH PREVIOUS RADIATION ALTERATION
MODIFICATION PROGRAMS

To date, research on the gsubject of solar weather modification has

been centered on fog and natural cloud dissipation and on developing and

enhancing individual cumulus. Downie (1960), Fenn and Oser (1962) and
Van Straten et al. (19538) have previously discussed the use of carbon
dust in this way. The application of these approaches has been limited bv
the large amounts of heat required to evaporate meaningful amounts of
moisture (i.e. 600 cal/gm) and by the small amounts of carbon used.

The Naval Research Laboratory seeded 8 cumulus clouds with 1-3 Kg
of carbon black in July, 1958 (Van Straten et al. 1958). All of the clouds
dissipated to some extent, but observation and instrumentation capabilities
were insufficient to establish a definite cavesal relationship. In addi-
tion, clear air ai the approximate level of existing cumilus cloud bases
was seeded on 5 runs during the same series of teste. Small clouds were
observed to form in all cases. Once again it was impossible to establish
definite causal relationships. The overall feeling of the test group was
that the carbon black did seem to help dissipate existing clouds and form
small ones in clear air, but the natural wvariability of cumulus clouds angd
the inadequacy of monitoring techniques prohibited any conclusive results.

Laboratory tests by the Naval Research Laboratory in 1958 showed
that carbon black did increase digseipation rates of artificially created
fogs in cloud chambers which were subjected to heat lamps. Hdwever,
neither the dissipation mechanism nor the radiative properties of carbon

black were quantitatively well established.

The Geophysics Research Directorate made 18 runs seeding small clouds

and clear air in October, 1958-April, 1959 (Downie, 1960). Carbon amounts
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from 1-3 Kg per mission were used. Observed results were less successful than
those observed earlier by the Naval Research Laboratory. A few clouds dissi-

pated, but others did mot. Clear air seeding produced no obvious results

although a few small clouds occasionally formed in the test areas. The
test persomnel concluded that no definite effects of carbon black on
clouds could be substantiated through their test results.

In general, these early ewperiments with carbon black suffered from
four major shortcomings:

1) The existing knowledge of the radiative properties of carbon black
was entirely inadequate to provide realistic estimates of the
energy processes occurring in the atmosphere.

2) The amounts of carbon used were much too small. Small scale
diffusion effects could easily dissipate the heat absorbed and
overpower the effects of the heat accumulation.

3) Severe logistical and clumping problems associated with the
handling and dispersal of the carbor particles were encountered.

4) Adequate observation and instrumentatlon capabilities to enable
conclusive analysis of field test results were not available.

The previocus research by €. Downle and B. Silverman* {(U.8. Air Force
Cambridge Research Lab.), F. Van Stratea*, R. Ruskin*(U.S. Navy Research
Lab.) and T. Smith*(Private Industry), etec., in general, proved not to be
promising. 'The amounts of carbon used (5-20 Xg) were not consistent with
the purposes. Dispersing and clumping problems were encountered. Pre-
vious work im the late 1950's and early 1960's was conducted on a scale
(generating or intensifying individual cumulus) and with a technology
(dispersing already manufactured carbon) which is entirely different

than the one proposed in these papevs.

*®
Personal communication.
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By contrast, this research is concerned with the feasibility of
carbon particle modification on the meso-gscale (5 100-200 km on a sgide)
using amounts of 1-2 million XKg. We are planning to directly manufacture
the carbon dust on aircraft or from carbon particle generating sources on
ships or at surface gites. By direct manufacture of the carbon black
dust from field sources, one avoids the clumping, packing, and logis-
tical problems involved with obtaining tbe carbon particies from the
factory. Previous experimenters did not consider the possibility of
wanufacturing the carbon dust directly at the experimental location from
aireraft or at surface dispersion sites. The carbon particles are thus
dispersed directly from tbe carbon generating burners which convert ligquid
hydrocarbon fuel to carbon and carbon dioxide. This greatly reduces log-
istical requirements and assures that the rigbt sized particles will dis~
perse without clumping and other difficulties.

The authors propose to overcome most of the previous experimental
shortcomings by expanding the field tests to utilize many thousands of
pounds of carbon dust, by manufacturing the carbon particles directly on

the delivery vehicle, and by more careful study and monitoring of the

heating and meteorological effects.

a. Coating surfaces with black material

The ESSO 0il Company of New Jersey (Black and Tarmy, 1963a, Black,
1963b) has explored the possibillity of boundary layer heat augmentation
from coating land surfaces with black-top (tar). These results have not
been very encouraging. The black-top program has suffered from three

basic drawbacks:
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1) The surface air blows over the few miles of black tar field in
only a few minutes., Only a relatively small heat input can be
made per unit mass of air. The carbon dust scheme, in contrast,
has the carbon particles moving with the air mags. The energy
input_ovar a number of hours can be very large.

2) The land surface would naturally warm up and heat the air asbove
to an appreciable extent without tbe black tar. The black top
heating is only the difference between its heating and the natural

surface land heating which would normally occur. In contrast,
when applied over the ocean, nearly all of the solar absorption

by the carbon dust is extra energy gain.

3) The envisaged area coverages of the black top of n 100 kn® are
too amall to have a significant influence. By comparison the
authora are proposing the carbon dust beating of area amounts
equsl to 10,000 to 100,000 km®.

Attempts at melting anow fields by coating them witb carbon dust have,
in general, proven unfeasible. Dispensing the carbon dust from alrcraft
or helicopter requires that the carbon aink to the ground before the winds
sweep 1t away. This requires carbon particles of 100~1000§ radius. These
particles are too large to have an economically feasible area to mass
ratio except in very highly restricted conditions.

It may thus be concluded that the previous weather modification field

programs in radiation alteration were, in general, on much too small a

scale and did not have the best physical justification.



VIi. COMPARISON OF CARBON DUST RADTATION ABSORPTION WITH OTHER AEROSOL
ABSORPTION
Many researchers have estimated that atmospheric aerosols absorb
significant smounts of ilncoming solar radiation. The question then arises
whether analogles exist between the radiative effects of existing
atmospheric aerosols, eitber natural or man made, and the here proposed
carbon dust cloud for weather modifiecation.

The two primary radiative differences between the proposed carbon
dust cloud and the existing natural and man made atmospheric aerosols are:
1) differences in the absorption and scattering properties of the

aerosols and

2) differences in the spacial distribution and amount of the particles.
Garbon dust particles of sub-micxon size are highly efficient absorbers
of solar radiation and exhibit very low levels of backscatter. In contrast,
typically 33%-100% of the solar radiastion extinction due to most atmo-
spheric aerosol samples is reflected. This normally results in a cooling
of the eartb/atmosphere system by most atmospberic aerosols as well as an
increased atmospheric stability (due to r&absorﬁtion of reflected light
above the aerosol and lower solar incidence below) above that of a carbon
dust cloud in which only 1-10% of the extinction is due to backscatter.
Since the albedo of a carbon dust cloud is only about 1-2% (Frank and
Corrin, Paper 1V), the carbon cloud virtwally always results in a net
warning of the earth/atmospbere systeﬁ. Thefe iz no significant wafming
above the cloud due to reabsorption of reflected solar radiation, and
solar incidence below the cloud is reduced primarily by the amount of ab-
sorption in the cloud. It is concluded that a seeded carbon dust cloud

is likely to have a significantly smaller radlative effect on the atmo-
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sphere above and below the seeded area than would any naturally occuring
atmospheric aerosol. Any stably induced changes of an atmospheric
column containing a carbon dust cloud will be predominantly a result of
the direct heating of the seeded volume by absorption of solar radiation.

The proposed epacial distributions of carbon dust particles are

diffarent from those of most normal atmospharic aerosols. A carbon cloud,
when initilally dispersed, would be confined to & finite horizontal area
with relatively distinct boundaries. This produces strong horizontal
gradients of solar absorption between the surrounding air and the carbon
cloud, and it is the resulting heating gradients which should result in
the anticipated dynamic responses. In addition, most applications prefer
a carbon dust cloud dispersed in the planetary boundary layer, perhaps
beneath a low level inversion, resulting 1n a distinct vertical gradient
of heating in at least the Initial stages. This heating would tend to
destabilize the atmosgpheric ¢olumn.

Although sarosols in general play a significant role in the global
atmospheric radiation budget, situations in which natural or man made
aerosols occur in unusually large and localized comcentrations are of
primary interest here since thelr occurrences exhibit spacial distribution
characteristics similar to the carbon dust cloud. A numbar of such high
aerosol~concentration episodes have been studied with respect to their
radiative characteristics and possible influences on the weather. A few
of the better known ones are compared with the proposed carbon modifica-
tion hypothesis below:

1) besert Dust — Large concentrations of dust frequently occur in the

atmosphere downwind of deserts after large windstorms. Perhaps

the best known of these are the Sahara Desert dust clouds which
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often move westward over the Atlantic Ocean. The severest of
these dust clouds have been estimated to absorb as much as 50-60
cal/cm? per day of solar radiation, (Carlson, Prospero and Hanson,
1973), about 1/2 of the daily absorption of a carbon dust cloud
of 10% horizontal area coverage. However, the great majority

of this dust (and hence absorption) is found in the 600 mb-830 mb
laver (Prospero and Carlson,_1972). Therefore, the dust cloud
heats the air at elevations significantly above the boundary

layer and typically above a strong inversion. This would tend to

stabilize the atmoaphere and suppress convection. A carbon dust
cloud, however, would be dispersed in the boundary layer below the
inversion and would tend to destabilize the atmosphere and stim-
uwlate convection, In addition, the Szhara éﬁst typically is not
strongly concentrated in local areas. Thus, we do not feel that
solar'absorption by natural atmospheric dust is similar to that of
the proposed carbon dust.

The modification of weather downwind from large urban areas - Urban
weather modification is generally attributed to a combination of the
heat plume of the city dtself and to changes in condensation and ice
nuclei concentrations in the atmosphere (Semonin and Changnon, 1974).
However, aerosol absorption of solar radiation in the heavily polluted
alr downwind from industrial urban areas is also a possible con—
tributing mechanism to the urban induced modification, It is in-
teresting to compare the likely extra urban aerosol solar heating
with the proposed azolar heating which can be obtained from carbon

dust particles.
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Aerosols over the moat polluted urban centers are relatively
poor absorbers of solar radiation. The atmospberic aerosols with
some significant effect upon solar radlation attanuation are in
the approximate size range of .0l < r < 1y and absorb and scatter
according to MIE theory. Particles smaller than r ~ 0.0lu are
generally very poor absorbers of solar radiation while particles
much larger than sbout r A 1.0u do not hava enough total surface
area to abaorb much solar radiation due to their low number con-—
centrations.

The imaginary part of the complax Indax of refraction (nz)
for natural zerosols which determinea their absorptivity has been
measured to be sbout n, ~ 0,01 although Eiden (1966) haa mesaured
tentative values as high as n, = 0.1 for very heavily polluted
urban air. These valuas are much less than the .28 < n, < 2.30
valuas exhibited by carbon over the solar gpectrum. Although
the axact dependence of aarcaol abaorption upon tha imaginary
part of the complex index of refraction is very difficult to
precisely speclfy, computations of particle absorptivities by
Plass (1965) and others show that carbon particlas should ab-
sorb from 5 to 100 times more solar radiationm per partiele than
would most atmospheric aerosols in the most effective size range
(.0ly < r < 1.0p). The proposed carbon dust configurations ex-
hibit much bigher particle cdncentrafions in the highly abaorbent
8.01p = 1.0p size range than do most natural and man produced
aerosols. Howaver, during extreme urban air pollution apisodes

the particulate concentrations in this size range can equal or
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occasionally slightly ewxceed the proposed carbon dust concentra-
tions (Whitby, Husar, aspd Lidu, 1971).

Berause of low particle absorptivity, urban aerosols can be
expected to absorb no more than about 5%2-20% as much solar radia-
tion as a carbon dust cloud of 10% area coverage. Such an
urban aerosol backscatters a significant amount of solar radisation.
This reduces surface heating. In addition, aerosol concentrations
of this magnitude usually occur only during meteorological conditions
highly unfavorable to developing convection (e.g. subsidence in-

version)., Finally, the location of the urban aerosol {over land)

is less favorable for producing horizontal heating gradients than
the oceanic boundary layer site proposed for carbon dust geeding.
It may thus be concluded that while an wurban azeroacl will exhibit
some radiative similariﬁies to a carbon dust cloud, the much
smaller amounts of solar radiation absorbed and the umfavorable
atmospheric and geographic environment in which it typically
exists make it highly unlikely that a significant mesoscale at-

mospheric response will occur. Therefore, the urban aerosol

does not provide a very wseful analogy to a carbon dust cloud,

Rainfall suppression from vegetation fires - From time to time
reports have been made of apparent suppression of rainfall down-
wind from areas where a large amount of agricultural burning occurs.
A typical and well documented cage is the decrease in precipita-
tion downwind from sugar cane fires which occurs with increasing
cane production (Warner, 1968) in Australia. However, tbis ig
thought to result from increased concentrations of condensation

nuclei from the cane fire smoke rather than from radiative
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effects. This smoke is believed to produce more and smaller
cloud drops {(Warner and Twomey, 1967). Rainfall requires larger
and fewer drops. Precipitation is thus inhibited. The carbon
cloud would not act in this manner since the only particles pro-
duced in significant quantities during the controlled carbon gen-
eration process are the carbon black particles themselves.

Csrbon black is highly hydrophobic and will not act as an effec~
ive condensation nucleus (Frank and Corrin, Paper IV). Hence,
carbon seeding should not have any effect on concentrations of
condensation or ice nuclei and should not affect cloud physics

processes in this regsrd.

a. Summary

Although 1t is tempting to compare localized natural aercsol con-
centrations to the proposed carbon dust clouds, none of the normally
occurring atmospheric aerosols surveyed here have radliative chsracteristics
or gpacial distributions similar enough to the carbon dust clouds to
allow any meaningful analogies to be drawn. Few normally occurring aerosols
exhibit the strong absorptivity of carbon or exist in locally concentrated
clouds with relatively sharp boundaries such as a carbon dust cloud.
Therefore, it is doubtful that any such aserosols result in an atmospheric
response similar to the response which s carbon dust cloud would be ex-

pected to produce.



VII. SYNOPSIS

Many previously unexplored avenues of beneficial utilization of solar
energy may be available to man. It is time for man to explove these areas of
potential meso~scale weather modification. The discussions of these papers
are very different than most curré;t weather moéificatinn schemes which
concentrate on alteration of individual cumulus elements.

The following four papers will discuss many of the radiational,
technological, ecological and meteorological requirements and problems

which are likely to be encountered when man attempts the above types

of modification.
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Weather Modification by Carbon Dust Absorption of Solar Energy
Paper II: Radistion Characteristics

William M. Frank

ABSTRACT

This paper evaluates the radiational properties of clouds consisting
of carbon black psrticles in aerosol form spread artificially in the
atmosphere to absorb solar radiation and hence to create an atmospheric
heat source for possible large-scale weather modification. Properties
of carbon black are discussed. A method for estimating absorption of
solar radiation by clouds developed by Korb and Moller (1962) is applied
to study solsr absorption and scattering of carbon black dust clouds.

The very high energy gafn to weight and cost is discussed.
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I. TNIRODUCTION

This paper is concerned with the potential use of carbon black as
a clear air heat source by spreading particles over a large area in order
to trigger beneficial mesoscale or synoptic scale flow changes. The
radiation properties of carbon clouds of large horizontal extent com~
pared to their vertical depth are studied incorporating the effects of
water vapor and planetary surface albedo. OQuantitative results are ob-

tained for several cloud models.
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II. RADIATIVE PROPERTIES QF CARBON BLACK DUST IN THE ATMOSPHERE

- Carbon black

Carbon black dust consists of fine spherical particles composed of
95-997 pure carbon, the remainder being made up of volatile materials.
The density of the carbon particles is about 2.0 g/cm3. The high
radiative absorptivity and low heat capacity (about .125 cal/goc) of
carbon black make it an ideal agent for interception of sclar radiation
and transfer of this heat to the surroundings by conduction. These

properties are discussed in more detail later.

b, Radiation characteristics of carbon black

The complex index of refraction of carbon particles computed by
Krascella {1965) is shown as a function of wavelength in Fig. 1. The
absorption (GA), scattering (US) and extinction (GE) cross sections of
spherical carbon particles computed by MIE scattering theory are shown
as functions of the size parameter a = 2§£ in Fig. 2. These coefficients
are defined as the ratios between the equivalent areas with which particles
absorb, scatter, and extinct light and the actual geometric cross section.
They are functions of the refractive index of carbon, particle size and
the wave length of the affected light. The coefficients are related as

shown in eguation (1)}.

Op = 0, + oy = extinction cross section (1}

The values shown in Fig. 2 (Xrascella, 1965) are in close agreement
with experimental and theoretical estimates of the tinting strength of
carbon black particles made by various carbon black companies.

Marteney (1965), in a companion study to that of Krascella, obtained
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experimental absorptivities of carbon particles dispersed in air which
are in close agreement with Krascella's theoretical values. Fenn

(1962, 19635) estimated somewhat higher values of these parameters.
Carbon black particles, when formed, are virtually all spherical and of
relatively uniform size and composition. Since the particles will be
dispersed into the air immediately after formation, the relevance of the
MIE scattering theory to light extinction by carbon particles seems to

be reasonable.

¢. Charascteristics of the carbon cloud

For this study each carbon dust cloud was assumed to be composed of
uniform carbon particles. The clouds are of large horizontal extent compared
to their thickness, and each cloud or cloud laver was assumed to be homo-
geneous. Water vapor coantents of the clouds were agsigned according to
standard atmospheric concentrations depending upon cloud height. All water
vapor was assumed to be ﬁncondensed.

The above assumptions were made for convenience of computation.

Real situation variations from these assumed values are not felt to be
large enough to appreciably alter the results to be showm. Any of the

assumptions can be varied to meet individual case refinement as desired.

d. Determination of Optimum Particle Size

For economic reasons it is desirable to maximize the amount of radiation
absorbed by the carbon particles per unit méss. To do this the optimum
particle size must be determined. Since the cloud is of relatively large
horizontal extent compaxed to its height, much of the forward scattered
incident radiation will be absorbed due to increased optical path length.
Hence, we wish to maximlze the extinction coefficient of the cloud per

unit mass, rather than the absorption coefficient.
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The extinction coefficient of a cloud is given by:

~ 2
KEwN wr*cE {2)

where N

number of particles per cm3
radiug of particles

g_ = extinction cross section (a function of a = ,?JLE as
determined from MIE scattering theory).

Let the volume of a single carbon particle = VP = % (3 r?
Liet the total mass of carbon particles = M, = V’I‘ P o
where p. = density of carbon black (~2gm/ cmB)
V’I’ = total volume of particles
A M
N c 3
N e = ——p— & S — (3)
VP Pe 4
Then K = .i. ..1\./.{..{_:- ..i.. . ' (4)
E 4 o r E * C
: 2
The size parameter (¢ ) is defined: o = «%—f where X is the wave-
length of radiation. Hen'_cel
o (1')\ .
r= “.2_?'1' and 4 (5)
K, = "M g (@
2_pc X 3 *

For & glven mass of carbon per unit volume:
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S“Mc = constant,
chk
Hence:
g
KE =% - {const.}, (N
g, o]

—E 45 plotted in Fig. 3. The maximum value of f— from this graph will
give us the maximum value of KE for any given mass per unit volume. Solving

graphically KE is a maximum at approximately o = 0.7.

Fig. 3. Extinction cross section (gg) and aE/a for spherical carbon
particles.
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Although sunlight has an intensity peak at A = .54, to maximize
the extinction across the entire solar spectrum we shall use the median
value of solar wave length which is approximately: A = .72u. This gives

an optimum radius of:

o 2 £0.7) (A
* 2w - FAS (&)

r = 08 micron (u).

For simplicity we shall assume particles of v = .lu for the remainder of

dy
this study. Note from the gradual slope of the-zé curve in Fig., 3 that
light extinction per unit mass of carbon is not highly sensitive to particle

gize changes. B8ize quality control should not be a crucial problem.

e. Division of the soliar spectrum

Io agverage the general transmission function, the sclar spectrum must
be divided into finite bands, and average values of the extinction coefficient
and optical depth must be determined for each band, These parameters vary
rather smoothly with changing wave length, However, water vapor absorption
is quite irregular with respect to wave length. It 1s therefore desirable
to choose bands such that each of the absorption bands of water vapor will
coincide with one of the defined spectral bands. In the spectral bands
with no water vaper absorption, water vapor absorption will be zero,
and in the bands which coincide with water vapor bands, average valuesg
may be determined. (The solar constant valﬁe used is 1.95 ly/min.).

The spectral divisions used, the water vapor absorption bands, and the
solar irradiance {(radiant flux incident on a unit ares) of each band
at the top of the atmosphere are shown in Table 1. Also shown are the

values of the absorptien (Ga), geattering (US), and extinction (UE) Crogs
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TABLE 1

DIVISION OF SOLAR SPECTRUM

Wavelength Water
Band (X} Vapor
Region (microns) Band
1 28 - 42 -
2 42 - 50 | -
3 .30 - ,80 -
4 60 - ,70 -
5 L0~ 74 T2
6 JTh o~ 79 -
7 W79 - 84 .Bu
8 .84 - .86 -
9 .86 - .98 . 94U
10 .98 - 1,05 -
11 1.05 - 1,22 1.13u
12 1.22 - 1,61 1.40p
13 1.61 -~ 2,10 1.87u
14 2,10 - 2,20 -
15 2.20 - 3,00 2.,7u
16 3.00 - 3,80 3.2u
17 3.80 - 4,50 -
18 4,50 - 10.00 6.3u.
Total:
. Median:

Incidient Absorption
SolgzlEnergy Abs, Scatt. Ext, Quantity
onluin ° % % s

220 k.04 .93 1.97 53
232 1.07 .80  1.87 .57
.270 1,07 .56 1,65 .65
.228 1.07 A48 1.55 .69
077 1,07 .37 1.44 74
.089 1.04 .35 1.39 .75
075 1.01 32 1.33 .76
030 1.00. .28 1.28 .78
143 .99 24 1,23 .81
.069 .91 A6 1,07 .85
.138 .B% A1 B0 - 89
.181 69 .06 75 .92
.099 4T 04 .51 .93
.013 .40 .02 A2 .95
052 .29 0 .29 1.00
. 020 .19 0 19 1,00
.008 .13 0 13 1.00
012 .05 0 .05 1.00
1.95
1.07 .37 144
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sections and the absorption quantity (KA)' Absorption gquantity is de-
fined as the ratio of the absorbed light to absorbed plus scattered 1ight

as shown in equation (9).

abgorption coefficient + pWKW

KA T extinction coafficient + pWKW (%)

where

Py = Water vapor dengity

%

H]

absorprion coefficient of water wvapor.

£, Method for solving the eguation of radiative transfer through a cloud

A method developed by Korb and MBller (1962) was used to solve the
general equation of radiative transfer through a cloud (as developed by
Chandrasekhar, 1960). The radiation field was broken up into 2 + 2«
fluxes; one directed upward, one downward, and 27 fluxes in the horizontal

plane, This breaks the general transfer equation down into a series of

linear differential eguations which give absorption, transmission, and
reflection of radiation as percentages of total incident radiation, These
equations are shown in appendix I for the cases where surface albedo is
zero and where surface albedo is non zero,

The absorption, reflection, and transmigsion were determined for
each given zenith angle and optical depth for a marrow spectral band,
and the results were summed for gll apectral bands to give total values
for given zenith angle and optical depth. HNine zenith angles from 0° to
80° at 10° intervals were chosen. Tor simplicity, calculations of daily
abgsorption assumed a 12 hour day with the sun directly overhead at noon,
The total absorption and transmission per day for each optical depth was

obtained by time averaging the values over the 10 hour 40 minute period
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with zenith angles less than 80° in computation steps of 10° zenith
angle change (40 minutes). Water vapor absorption within the cloud was
also included in the computations.

The above radiation model was run assuming no surface reflection
and alsc for various albedos by introducing an upward diffuse radiation
field using mean values of the scattering function components. Intensity
of the upward scattered field varied with albedo and the amount of light
initially transmitted through the cloud.

Solar irradiances at the top of each cloud were reduced using cal-
culations by Dave and Furukawa (1966) to account for ozone {03) absorption
and molecular scattering above the cloud top. Molecular scattering within
the cloud was not considered. Absorption and scattering by molecular
oxygen (02) and carbon dioxide (COZ) is insignificant for the purposes of
these calculations and was not taken into account. Effects of natural
tropospheric aerosols were not considered in these calculations.

¥or each cloud configuration studied, the total absorption of sclar
radiation by carbon and water vapor was calculated. The absorption of
the equivalent volume at the same altitude due to water vapor alone was
then calculated. Tt was assumed that water vapor in the air around the
test cloud would absorb radiation at the rate of the carbon-free air.
Since the evaluation of carbon black as a heat source was the object of
thig study, the net effectiveness of the carbon was the difference between
rhe total solar radiation absorbed by the carbon cloud and the radiation
that would be absorbed without the carbon cloud. It was expected that
the carbon and water vapor cloud would absorb less than the sum of
the absorptions of a carbon-only cloud and water—vapor-only cloud
due te the redundancy of the abgorption characteristics of the two
substances at longer wavelengths. This proved to be the case, but the

loss in efficiency was very small.
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TIT. RESULTS

a. Absorption in the tropical atmosphere

It is felt that the tropical atmosphere presents the best opportunities
for beneficial large scale weather modification. Particular interest is
centered on carbon black dust seeding into the tropical boundary layer
(1013 mb ~ 950 mb). Absorptions were first computed for clouds containing
4,0 em and 5.0 cm of precipitable water wvapor - (ppw) - but no carbon to
simulate clear air absorption in the tropical atmosphere. These are the
amounts of water vapor found above 950 mb and 1013 mwb respectively in a
mean tropical cloud cluster. The amounts of solar radiation absorbed per
day in clear tropiczl conditions are shown in Table 2. Tt is noteworthy
that the 5.0 cm ppw atmosphere absorbs only asbout 5% more radiation per

day than does the 4.0 cm ppw atmesphere. This dndicates that 957 of

the golar radiation absorbed daily by the 5.0 cm ppw atmosphere is absorbed
by the portion of that atmosphere containing the uppermost 4.0 em. Since
so little solar radiation (gbout 9 ly/day) is absorbed by the lowest 1 cm
of ppw, no significant redundancy in abseoryption by water vapor and carbon
would occur in a carbon dust cloud dispersed between 1013 wb and 950 mb

in the tropics. Therefore, such a carbon dust cloud can be treated as a
dry cloud to a reasonsbly high degree of accuracy.

Calculations of absorption by a dry carbon cloud in the tropical
boundary layer (1013-950 mb) were made using reduced values of solar energy
incident at the 930 mb level to approximate the effects of water vapor,
ozone, and molecular scattering. A surface albedo of 10X was assumed. Re-
sults are shown in Table 3, and net absorption as a function of carbon
concentration is shown in ¥ig. 4. An increasing loss of efficiency of ab-
sorption per unit mass occurs at increasing densities ag progressively less

solar radiation penetrates to the lower levels of carbon, especially at
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high zenith angles. Therefore, from an economic point of view it is
desirable to cover large areas with low concentrations if the magnitude of
heat gain to carbon dust expended is to be maximized. A carborn particle
concentration of 10,000 particles{cm3 represents 18% horizontal area coverage
for this cloud model. This would require only 45 kg of carbon black dust

per square kilometer of horizontal cloud area.

b. Absorption by carbon dust in the mid-latitude standard atmosphere

Computations of daily absorption were made for a cloud extending from
sea level to 11 km containing 2.8 cm ppw, the approximate mid-latitude
standard atmospheric water vapor content, and carbon particle conw

centrations from zero to 2000 particles[cma. It was assumed that such a
TABLE 2

SHORT WAVE ABSORPTION BY CLEAN AIR TROPICAL

ATMOSPHERE
cm precipitable water 4,00 5.03
Absorption:
(ly/day) 153 162
 TABLE 3
SHORT WﬁVE_ABSORPTION BY CARBON DUST CLGUDS oF
VARIOUS CONCENTRATIONS IN THE TROPICAL BOUNDARY
LAYER (1013-950 mb)
Percent Area o 9z 18% 267 35% 53 70%
Coverage! -
. Concentration '
20,000 30,000 40,000
(?articles/cm3): 0 5,000 10,000 15,000 , .
Net Absorption: 0 98 177 243 298 384 448

by Carbon (ly/day)
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NET ABSORPTION BY DRY CARBON CL.OUD

500
TROPICAL. ATMOSPHERE
CLOUD HEIGHT =0~550m

- (1013 -950 mb)
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Fig. 4. Net absorption of solar radiation by a dry carbon cloud in the
tropical boundary layer.
cloud model might be used to intensify existing broadscale circulations.
Total absorptions and net usable absorptions (total absorption minus
natural clear air water vapor absorption)} per day are shown in Tabié 4,
These absorptions are plotted as functions of cloud demsity in Fig. 3.
Absorption in langleys per minute rates are plotted as a function of
zenith angle for each particle concentration in Fig. 6. This shows the
relative effects of decreasing incident solar radiation and increasing
optical path length with zenith angle change. It can readily be seen that
when dealing with large concentrations of carbon dust, efficiency is
considerably lower at zenith angles greater than 600, which comprises
roughly a third of the 12 hour day. Operations requiring large concentrations

of carbon black for intense local heating would be most economical during
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TABLE 4

ABSORPTION BY CARBON DUST CLOUD

Cloud Depth O-11 km

Area Coverage 0% 9% 18% 26% 35% 53% 707
Particles/cm> O 250 500 750 1000 1500 2000
Total

Absorbed 137 1y 240 1y 324 1y 394 1y 452 1y 343 ly 610 1y
by Cioud

Absorbed by

Water Vapor 137 1y 137 1y 137 1y 137 1y 137 1y 137 1y 137 ly
in Clear Adr

Net Usabl "
Absorhed € 0 103 1y 187 1y 257 1y 315 1y 406 ly 473 1y
N = particles/cm3

C = 7 area coverage of Carbon

iy lost by

competing 0 141y 251y 351y 421y 57 1y 67 1y

with water
vapor

{absorption by carbon cloud with no water vapor-net usable absorbed)
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800 - ABSORPTION OF SOLAR RADIATION BY CARBON PARYICLES

CLOUD HEIBHT = O~ Km
- ALBEDO = 0

TOTAL ABSORPTION
600 {Carbon and Water Vapor}
MET USABLE ABSORPTION

{Tatal Abs. — Abs. of Clesr
Survounding Ak}

ABSORPTION (Ly/day)

200

i i F1 1 i 1 1

H
0 400 800 200 1800
'CARBON PARTICLES /cm?

0 ) 20 30 40 50 60 70
PERCENT AREA COVERAGE

"

L
2000

i A ok

Fig. 5. Total and net usable absorption of solar radiation by carbon
particles and water vapor,

the mid-day hours, while those requiring only moderate concentrations
8 < 500 particlesfcm3) would be efficient throughout the eantire solar

day.

¢. Inflvence of water wvapor absorption

To obtain an estimate of the magnitude of the efficiency loss due to
the redundant absorption tendencies of carbon and water vapor at higher wave
lengths, absorption values of a 911 km carbon cloud were caleulated assuming
water vapor content to be zero. Tﬁe resulfs are plotted in Fig, 7 along
with the total and net usable absovption potential for the mid-latitude
model. The absorption loss increases with particle concentration, and the
ratio of lost absorption to net ussble sbsorption increases slightly. The
lost absorption ranges from 0% to about 147 of net uvsable absorption for

the densities tested.
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14 b ABSORPTION vs ZENITH ANGLE

CLOUD HEIGHT = O-ii Km

ALBEDOD = O
N= 2000 {70% coverage}

L2 F

N={SD0 {53% coverage)

N=10D0 (35% coveragel

NZT50 (26% coverage;

NS00 {B8% coverage!}

ABSORPTION {Ly/min}
»

N2220 {9% coverage}

at
N={ {water vopor only}
@l
I . l ; i
O 20 40 80 80

ZENITH ANGLE (degq) -

Fig. 6. Variation in absorption of solar radiation with zenith angle.
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EFFECT OF WATER VAPOR ON NET ABSORPTION
OF SOLAR RADIATION BY CARBON <LOUD
CLOUD WFIGHT = O-1tKm

800 -

= ALBEDO = O
[~ TOTAL, ABSORPTION
Q; SO0 {Corbon dnd Weter Vapar)
:i DRY ABSORPTION {Corbon Only}
> NET USABLE ABSORPTION
o {Totel Abs - Abs. of Cleor
l& 400 Surrounding Air)
2
&
- |

200

i 3 i } $ H ; ] F H

e} a0 800 1200 1600 2000
CARBON PARTICLES 7cm?®

0 e} 20 30 40 50 &0 70
PERCENT AREA COVERAGE

Fig. 7. Loss of efficiency of carbon absorption due to redundant
absorption by water vapor.

d. Long wave radiation loss

To develop a complete heat budget of a carbon black cloud, it is
necessary to consider the loss of absorbed radiation due to vertical long
wave radiant flux divergence. Korb and MBller (1962) calculated values
of long wave flux divergence of various carbon clouds for a 24 hour day.

They considered GO, and water vapor to be selective absorbers and the carbon

2
particles to be gray absorbers. Standard mid-latitude atmospheric values
of water vapor concentrations were used. Results are shown in Table 5.

The difference between flux loss from a cleoud comsisting of carbon, water

vapor and CO2 and a similarly dimensional c¢loud consisting only of water

wvapor and CGZ represents the loss of effective heating by the carbon black.

In the most extreme case, the 1-6 km cloud with a carbon concentration of



TABLE 3

L.ONG WAVE RADITION FLUX DIVERGENCE LOSS BY VARIOUS AEROSOL CLOUD MODELS (Korb and Moller, 1962)

Long Wave Flux Divergence (ly/24hr)

Cloud (1) §~120,C!0:‘2 {(2) HZO,COZ,Carbon [(2) - (1] (3> HZO,COZ,Carbon [(3) - (D]
Height Cloud (N=103em ~3)Cloud  Net Loss by Carbon (N=10%m-3)Cloud Net Loss by Carbon
1-2km =-33.7 ~34,3 ~-0,6 ~38,6 ~4,9

5-6km ~23.3 ~23.3 0,0 -24,9 ~1.6

1-6km ~126.9 -128.0 | -1,1 ~137.2 -10.3

10~11km ~14,3 ~14,1 +,02 ~11,8 +2.,5

(Negative values indicate lossg)

gs
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1x 104 particles per cw3, the sffective loss is only 10.3 ly which rep-
resents only about 2% of the total solar radiation absorbed in one day by
such a cloud. At very high altitudes (the 10-11 km cloud) there is a
slight relative gain of long wave radiation by the cloud., Thus, long wave
flux should not have a significant effect on the net radiative energy gain
of carbon geeded air. It is assumed, therefore, that virtually all radiation
absorbed by the cloud will be directly converted into heat within the absorptien
layer.

This finding agrees well with the results of a thermodynamic heat
transfer analysis of the carbon particles by the author in which it was
found that about 95% of the absorbed solar energy is conducted to the
surrounding air while about 5% is emitted ag long wave radiation. Pare
of the emitted radiation is reabsorbed by carbon particles and water
vapor within the carbon cloud fesulting in the very low net long wave

radiative flux divergences found by Korb and Miller.

e, Influence of surface albedo

The effects of varying surface albedo upon total dally absorption were
taken into account by spplying the upward diffuse radiation field described
earlier to the mid-latitude cloud model. The effects are the same for the
tropical boundary layer cloud, Computations were made for surface albedo
values (és) of 0%, 10%, 20%, 30% and 50%. The net absorption values are
plotted as functions of particie concentration in Fig. 8. The increase in
net absorption due to surface albedé is greatest between concentrationg of
about 500 and 1500 particles/cm3 peaking at abour 1000 particlesfcm3 (357%
area coverage)., It decreases with higher concentrations due to greater
initial interception of light and hence lower reflected values., Even with

a 507 surface albedo increase net absorption is changed by only 15X or less.
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NET ABSURPYION FOR VARIOUS SURFACE ALBEDOS
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Fig, 8, Absorption of solar raéiatioﬁ by carbon particles dispersed
pver surfaces with various albedos.

Therefore, although the effects of surface albedc upon absorption are not
negligible, they are low enough to be safely neglected in many situations

without greatly affecting results.

f. Absorptioﬁ distribution im the vertical

For application of this study to actual operations, it is necessary
to kniow how the absorbed radiation is distributed vertically through the
cloud. To obtain an approximation of this a 4 km thick cloud was divided
into four directly adjacent 1 km thick layer clouds. For each carbon
particle concentration, absorption in each cloud layer was computed, the
top layer first, the top plus the second layer next, and so forth, By
simple subtraction the amount of solar radiation absorbed in each laver

was determined for this homogeneous cloud model. This cloud was located
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between 200 mb 2nd 100 mb. For simplicity and with previous demonstration of
its small effect, water vapor absorption was neglected. Surface albedo was
also neglected. In this calculation the upward diffuse radiation fiegid
would have been reduced below values in the previous cloud model due to
water vapor sbsorption of both the downward transmitted and the upward
reflected radiation., Amounts absorbed in each layer are shown in Table

6. Total absorption is greatest in the upper layer and decreases in cach
succeeding layer as the amount of light incident at the top of each layer
becomes less. As particle concentrations increase, the percentage of ab-
sorbed light which is absorbed in the upper layer increases sharply. There-
fore, if vertically homogeneocus heating is required, the particles must

be distributed with lowest concentrations at the top increasing to the

heaviest concentrations at the bottom of the cloud.

TABLE 6

ABSORPTION (lylcnt%, 10hr4Omin) IN EACH CLOUD LAYER

(%) 0% 126% 252%

Cloud Levels N(%f»"g») 4000 10,000 20,000
1. 171 349 528
2. 126 179 168
3, 96 164 69
4, 75 64 34

TOTAL  (100~200 mb) 468 696 799
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g, Particle size distribution in the vertical

It was felt that due to relatively high extinction of light in the
shorter wavelengths, the light incident upon lower layers of a carbon cloud
would exhibit longer median wavelengths than would light imcident upon
upper lavers. A significant increase in median wavelength would indicat%
that larger particles would be required to maintain optimum absorption per
unit mass as determined from Pig. 3. The four layer cloud model from 200 mb
te 100 mb was used to evaluate this effect. For each of 3 different carbon
particle concentrations, light incident upon the top of each layer was
estimated by subtracting previously absorbed iight from initial incident
light intensities for each spectral region. The median wavelength of light
incident upon each layer was calcualted.

Computations were made for carbon particie concentrations of 4,000,
10,000 and 20,000 particles/cmS. The expected increase in wavelengths of
solar light at lower levels did occcur. In the most extreme case (N =
20,000 particies{cmB) the increase in wavelength of incident light from the
highest to the lowest of the 4 layers was 76%, but this is a higher con-

centration of carbon than would probably be used in most types of applications.
For the two lower concentrations wavelengths varied omnly 14% (N = 4,000
particies/cm3) and 397 (N = 10,000 particles]cm3). In the lower parts

of the troposphere, water vapor absorption in the longer wavelengths would
reduce the amounts of the mean wavelength increases. TFrom Fig. 3 it was
determined that maximum absorption per unit mass would occur at o = 0.7

where a = 2%& . A 39% increase in wavelength would require a 39%

increase in particle radius to malntain optimum sbsorption efficiency.

Since initial optimum particle gize was approximated as about r = .1y,

the optimum particles in the bottom layer of the model cloud would be about
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r= ,13u for N = 4,000 particlae!cma and r = .15u for N = 10,000 particles/
cm3. Particle size variations of these magnitudes do not have a significant
effect upon total cloud absorption values.

In addition lower overall light iatensities in the lower layers make
the importance of having particles of optimum gize less in lower layers
than in higher layers. Therefore, for carboen particle concentrations
likely to be used in weather modification work, uniform particle sizes
can be used without appreciable loss of absorption efficiency per unit

nNassS.

It ia desirable to know approximately how long dispersed sub-
micron carbon particles are likely to remain in the atmosphere. The
author discusses the probable residence times of carbon particles dig-
persed in air in paper IV. It was concluded that carbon particles
dispersed in the low or middle tropilcal troposphere would have mean
residence times of about 3 to 8 days. This indicates that carbon
dispersed in an area with low ventilation (such as a closed circu-
lation) could act as a heat aource for wmore than one day. However,
carbon dlapersed in the tropleal boundary layer would 1ikely diasi-
pate much faater due to the high levels of convective activity found

there.

i '“Major-fiﬁdings

Computations of daily absorption of solar radiation by several con-
figurations of carbon clouds were performed. Carbon black was shown to
be a highly efficient absorber of short wave radiation.

The optimum particle size for absorption of solar radiation was

determined to be r = .08y, but this exact radius is not extremely critical.
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Absorption per unit mass of carbon decreases with increasing carbon
concentrations due to the screening out of radiation in the upper layers

of the cloud. This effect greatly reduces absorption efficlency at carbon

horizontal area coverages greater than about 25%.

Clouds with low concentrations of carbon are relatively efficient
absorbers throughout the solar day, while high density clouds are effi-
cient sbsorbers per unit masg only when the solar zenith angle is small.

Redundant dbsorption tendencies of carbon and water vapor cause
gome loss of efficiency in carbon cloud absorption compared to absorp~
tion of the clear surrounding air., However, this effect is relatively
small (0 ~ 14% loss) in most of the cloud configurations tested, This
efficiency leoss is negligable for carbon clouds in the tropical boundary
layer.

The longwave radiation loss of a carbon cloud is not significantly
greater than the longwave radiation loss by an equivalent clear air mass.
Therefore, longwave fiux divergence should not cause a heat loss by
the carbon cloud relative teo the surrounding air,

Virtuvally 1007 of the solar radiation absorbed by the carbon particles

is transmitted as heat to the surrounding air.

increasing gurface albedos can increase the sbsorption of carbon
clouds, but the net gain is relatively small { a cloud over a 30% albedo
surface absorbs only 10-15% more radiation than a cloud over a 07 albedo
surface). |

In a relatively dense wvertically homogeneous cloud most of the
ahgorption cccurs in the upper lavers of the cloud. %o obtain uniform
vertical absorption the carbon must be distributed with concentrations

increasing towards the bottom of the cloud.
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Although the median wavelengths of radiation incident on the lowest
layers of the clouds are greater than that of incident solar radiation at
the cloud tops, the wavelength shifts are not great enough to Yequire
the use of larger carbon particles in the lower cloud layers to maintain
maxinum absorption efficiency.

Carbon particles dispersed in the troposphere should exhibit residence
times of approximately 3-8 days. This would indicate that it may be
possible to obtain heat for more than one day in cases where the carbon

cloud is located in areas of weak ventilation.



IV, CGONCLUSIONS

d. Carbon Dlack d8 an atmodpheric heat source

The characteristic of carbon black which makes it attractive as an
atmospheric heat source is the extraordinarily large amount of solar radiatiom
per unit mass of carbon which can be absorbed and hence trapsmifted to the
air. One gram of carbon can absorb more than 40 million calories of solar
radiation in & single day. On the other hand coal, currently the cheapest
of conventional combustible fuels, provides only about 7,000 cal per gram.

it is Important to realize the amount of air temperature increase
which is posaible using carbon black. For example, in the tropical bound-
ary layer (1013 - 950 mb), 1 x 105 kg of carbon black could be dispersed
into a carbon cloud covering over 4000 square kilometers and extending
from sea level to 950 gb with a horizontal area coverage of 9%Z. This cloud
could provide enough heat to increase the temperature of the air within
the seeded boundaries by about 8C per 10 hours, Table 7 shows several
cloud configurations and possible cloud heating rates which could be ob~
tained by dispersal of I x 105 kg of carbon black.

Among energy sources normally used by man only nuclear energy compares
with carbon black as a gource of energy per unit mass, znd no known sub-
stance compares as a source of heat per unit cost. A 20 Kiloton nuclear
explosion produces about the same amount of thermal energy that 1,000 kg
of carbon black produces in 10 hours. The carbon is not consumed
during the heat generation process, and if atmospheric conditions are
chosen carefully, residence times of several days are possible with re-
sulting increases in efficiency. The major expense to be expected
when attempting to utilize carbon black as an atmospheric heat scurce

is the cost of dispersal. Prelimingry cost analysis indicates that

63
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the cost 'of air dispersal of large amounts of carbon black from air-
craft would be 2-3 times the price of the carbon black itself., Even so,
the available heat per unit cost is very large. TFhe amount of golar
heating per unit cost which can be realized using a carbon dust cloud
seems to be large enough to permit cost effective large scale weather

modification.

TABLE 7

TYPICAL TROPICAL BOUNDARY LAYER CARBON DUST INDUCED HEATING RATES

Total carbon mass = lxlO5 kg

Cloud Height = 0,55 km

Cioud Configuration: Circular (radius = r)

Net Heat
Absorbed -
Z cal Temperature
Area Q:T;**~w~0 Change
Area Coverage cm“10hrs, (°C/i0nrs.)
2 o
7200kn 5% el
4000kn” 9% 110 | 8
2000kn’ 18% 200 13
1500kn> 262 270 | 18
1000km2 35% 325 : 22
680km> 53% 410 | 27
510k’ 70% 470 31
Acknowledgements

The author wishes to express hié gratitude to Prof. Myron Corrin
for his aid with the thermodynamic analysis and discussion of the char~
acteristics of carbon black and to Pr. Stephen Cox, Dr. Thomas McKee
and Dr. Thomas Vonder Haar for thelr assistance with radiative theory.
Prof. William M. Gray proposed this research topic and acted as the

author's overall research advisor.



65

REFERENCES

Chandrasekhar, S., 1960: Radiative transfer. Dover Publications Inc.,
New York, 393 »pp.

Dave, J. V. and P. M, Purukaws, 1966: Scattered radiation in the ozone
absorption bands at selected levels of a terrestrial, rayleigh
atmosphere. Meteorological Monmographs, Vol. 7, WNo. 29, 270 pp.

Fenn, R, W. and H. Oser, 1962: Thecretical considerations on the
effectiveness of carbon seeding, U. 5. Army Signal Research
and Development Laboratory Report No. 2258, 25 pp.

s 19651 Seattering properties of concentric
soot~water spheres f£or vigible and infrared light. Applied Optics,
Vel., 4, Wo.1l, 1504~1509.

Korb, Gunther and F. M8ller, 1962: Theoretical investigation of
energy gain by absorption of solar radiation in clouds. Final
Report on U.S. Army Signal Corp Contract No. DA~91-341~EUC~
1612, 185 pp.

Krascella, N. L., 1965: Theoretical investigation of the absorption
and scattering characteristics of small particles. NABA Report
No. CR-210, Office of Technical Services, Dept. of Commerce,
Washington, D. C., 57 pp.

Marteney, P. J., 19653: Experimental investigation of the opacity of
small particles. NASA Report No. CR-211, Office of Technical
Services, Dept. of Commerce, Washington, 49 pp.



Weather Modification by Carbon Dust Absorption of Solar Energy
Paper IT1: Generation of Carbon Particle Clouds

Charles A. Stokes, Sc.D.
157 Hun Road, Princeton, New Jersey 08540

{Consultant to Department of Atmospheric Science, Colorado State University
¥ort Collins, CO)

ABSTRACT

This paper discusses the technology required to generate clouds
of gsub-micron size carbon particles and digperse them directly into
the air from airborne, ground, or sea surface sovurces for use in large-
scale weather modification experiments. It is determined that it would
be feasible to generate such clouds using existing afterburner equipped
jet eangines with relatively simple modifications.

66
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Previous investigators (Downie and Smith, 1958; Fenn and Oser,
1962; Fenn, 1964; Smith et al., 1959; Van Straten et al., 1958; Wexler,
1958) have realized the enormous technical and economic potential for
the use of solar intercepting clouwds in producing weather modificatioms.
For discussions of certain weather modification applications of a solar
energy intercepting cloud of carbon particles and a sumnary of some of
the important previous research in thisg field, the reader is referred
to the companion paper by Gray end Frank (Paper I). To date, however,
there has been devised no practical means to create such clouds. The
amount of energy that can be absorbed in one day by one pound of carbon
particles suitably dispersed in the atmosphers ls of the order of
7 x 10? btu (2 x 1010 calories) which is to be compared with the heat
of combustion of carbon at about 14,500 btu. Except for atomic energy
effects there is notbing else known that can produce heat eifects of

this order with the "consumption” of such a small amount of material.

(We place consumption in quotes because the carbon is not actually con-
sumed in the heat absorbing process.)

In this project we were seeking to establish beyond any reasonable
doubt the feasibility of ground and airborne generation of clouds of
carbon particles in the fraction of z micron size range at a rate of 10-
50,000 pounds of carbon per hour. Feasibility as used here means that
all process steps and types of devices are now in use separately on a
large scale so that, given adequate funds and the belp of organizations
and personnel highly skilled in each of the parts of the process, the
basic engineering design of a full scale prototype unit could be started.
It should be noted that generation of carbon dust clouds from surface

sites (ground or ship based) is quite feasible using approximately the
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same equipment and technology as airborne sources. However, since air-
borre generation would greatly increase the number of possible applica-
tions, it is very important to demonstrate the feasibility of this par—
ticular method of generation. It will be assumed that demonstration of
the feasibility of airborne generation will be sufficient proof of the
feasibility of grournd or sea surface (i.e. ship) based generation. The
alternatives studied are listed below:
1) Redispersion of carbon made previously.

Commercial carbon black has been taken aloft in various aircraft

and has been dispersed intc the air through venturi devices

utilizing air flow to produce the necessary shear of particles

for dispersion. This method is judged impractical for the large

amount of carbon discharge required by this project. 3Between

200 and 1000 bags per hour of beaded carbon would have to be han-

dled, opened, finely ground and fed through a disperser. While
this might be dore in 2 large aircraft (e.g. a Boeing 747), the

cost of modifying and equipping the aircraft would be very large.
4 special crew of about 5 to 10 people would be required to bandle
the carbon in a plane. Degree of dispersion would leave much to
be desired, and this alore could make this method impractical.

2) Carry aloft a commercial carbon black furnace.
This alternative is not only more costly but presents weight and
power problems., These could be solved in a very large aircraft,
but the cost could be enormous.

3) Use of a ram jet engine.
This could be done excepi that such engines are not currently in

use. An afterburner is in effect a ram jet added to a turbine jet
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engine, We mention thig possibility only to indicate that it has
been congidered.

4} Use of afterburner type jet engines to generate carbon directly.

This alternative was consgidered by far the cheapest, most effective,
nost convenient, and safest alternative. It was therefore chosen
for detailed study.

As clearly revealed in published patents, (J. C. Krejei, 1958;
Burton F. Latham, Jr. and Robert G. James, 1967; Charles L. De Land,
1967; George ¥. Friauf and Brian Thorley, 196la; George F. Friauf and
Brian Thorley, 1961b), the carbon generation process essentially consists
of burning a primary fuel with about 1407 to 3807 of theoretical air and
then injecting into the hot, turbulent combustion products of the primary
fuel a high molecular weight liquid hydrocarbon. A portion of the in-
iected hydrocarbon and part of the hydrogen evolved from the hydro-
carbon fuel burn instantly creating a2 highly luminous flame which is
quenched from a theoretical flame temperature of some 3600 - 3800F to
art exit temperature of 2700 ~ 3000F by the endothermic decomposition
of that part of the hydrocarbon which is not burned. The decomposition
products rapidly condense or polymerize into primary carbon particles

which also tend to grow upon each other in chains much like a string of

frogs eggs. The entire carbon forming process after injection of the
hydrocarbon is complete in a matter of milliseconds. There are patented
ways to control the chaining tendency so as to give smaller or larger
agglomerates.

It is fairly evident that the afterburner of a jet engine sets up
almost ideal conditions for injecting a liquid hydrocarbon fuel into hot
primary combustion gases with some residual oxygen content. Missing

only are adjustments in alr ratios, provisions for injecting the hydro-



70

carbon through suitably cooled nozzles, provision of an elongated after-
burner shell in order to allow sufficient time for carbon formation and
provision for supplemental cooling of the modified afterburner due to
the highly iuminous radiant flame. There may also be practical problems
to be dealt with in protecting the aircraft body from too much heat
from the streaming highly luminous flame., The feasibility of adapting
an afterburner type jei engine to airbornme carbon particle cloud genera-
tion is discussed in detail in a feasibility study project by the author
( Stokes and Reed, 1973) .and in Appendix B of this paper. Such an engine
could be mounted easily on a portable test stand on the ground ox on a
ship for land or sea surface carbon generated.

Tt is necessary to have a stable, noncorrosive fuel which is liguid
and pumpable at a reasocnable temperature, preferably not much over
100F. This condition can be met with certain commerical carbon black
fuels. Some of the regular aircraft fuel tanks can be used provided
precautions are taken against possible damage of any rubber or plastic
1inings, fittings, seals, etc. by the carbon fuel. The fuel can be
kept warm in the tank with electrical immersion heaters powered by the
ajrcraft electrical system. The wattage required is very small.

Having deduced that we could use an afterburner type jet engine
to produce the kind and quantity of carbon wanted, we next had to check
our findings with engine manufacturers to see if our proposal could be
accomplished in a practical fashian; The results were indeed pgratifying.
The opinion firmly expressed was that existing jet engines could be
modified by lengthening the afterburner and that such an engine could
be used in place. As an altermative to using engines that are wing

mounted, a "flying test platform” could be used. This is a plane fit-
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ted with a device to lower a jet engine from the fuselage in flight,
a comonly used method ir engine development work.

An ideal aircraft would be a B-52 with its 8 afterburner engines, 4
0f whicb could be modified. Some re-piping of the fuel tanks would also
be required. During take off 2ll engines would be used in the normal
manner. In the alr 4 engines would be switched te carbon production.

The approximate conditions that would apply before and after mo-
dification of 3 typical large afterburner engine are shown in Figs. 1
and 2.

We have concluded that by slightly modifying readily available jet
engines carbon dust particles could be produced and dispersed into the
alr at a rate of 20~30,000 pounds per hour per engine. Roughly half
of the welght of the carbon fuel would appear as carbon particles re-
sulting in a carbon particle production cost of about 4¢-~6¢ per pound.

One pound of .1 radius carbon particles would contain approximately

4 x 1016 particles, and 200 pounds of these particles dispersed in air

can absorb over 100 calories of solar radiation per cm2 per day over a

one mile gquare area (4 x 1812 calfmilez day) heating the air accordingly.
The operation would be safe and in every way feasible from the point of
view of fuel combustion, mechanical and aercpautical aspects. Therefere,
the carbon dust particles could be generated and dispersed from airborne
sources as well as from land or sea surface sites. It is beyond the scope
of this paper to go into the engineering details or costs, but these
matters are under study. A program for the development acd testing of
protoitype carbon particle generating enpines using existing jer aircraft
engines and test facilities bas been proposed and outlined in a feasibility

gtudy report by the author and Reed (1973).



72

AFTERBURNER AND TAILPIPE ASSEMBLY OF JET ENGINE
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Fig. 1. Conditions existing in the afterburnmer and tailpipe assembly of
a typical jet engine during afterburner cperation (based on
data for the J-57 and J-79 jetr engines).
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Fig. 3 shows how carbon dust would be generated and dispensed from .
a jet aircraft. Fig. 4 shows a carbon dust smoke plume being generated
by an uncontrolled petroleum fire in Wyoming. This is typical of the
type of carbon plume which wouldlbe used for weather modification. Note

the shadew cast by the carbon plume.

Fig. 3. Illustration of how carbon dust would be generated and dispensed
from a jet aircraft.



Fig. 4. Carbon dust smoke plume generated from an uncontrolled oll fire
in Wyoming.
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Weather Modification by Carbon Dust Absorption of Solar Energy
Pagper IV: Envirvonmental Impact

Willism M. Frank and Myron L. Corrim

ABSTRACT

Large scale carbon dust weather modification operations will involve
the introduction into the atmosphere of substantisl quantities of carbon
black particles and certain gaseous and particulste by-products of tbe
csrbon generation process. The effscts of conducting a typical carbon
sseding operation upon human health, long term atmespheric conditions,
and the ocean and its ecosystem as well as esthetic considerations are
discussed.

Carbon black particles are found to be essentlially non-toxic to
test mammals when ingested, placed in prolonged contact with skin, in~
jected beneath the skin, or inhaled for any length of time and at any
concentrations likely to be encountered during any carbon sssding opera-
tion. None of the by-products from the carbon gsnsratlion process would
be present in tbe atmosphere over populated areas at concentrations ap-
proaching Environmental Protection Agency (EPA) proposed standards. It
was concluded that the generation and dispersal of carbon black particles
and their by products into the atmosphere would not have any significant
effect upon human health.

Atmospheric effecty of carbon dust and its by products generated from
carbon seeding operations would be insignificant with regard to alteration
of global weather or climate, even 1if the operations were carried out as
frequently as one per day.

Carbon dust which falls to the surface of the oceans would probably
sink to the ocean bottom at a rate equal to or exceeding the Stoke's free
fall welocity, and therefore, it should not glter the energy balance of
the oceans. Being essentially non-toxic and imert, it should not affect
the oceanic ecosystenm. '

Esthetic effects obviously involve highly subjective judgements.
However, a typical carbon seeding operation should at most result in a
temporary hazy appearance over populated areas which would be much less
noticeable than the haziness of the ailr over most large urban areas.
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I. INTRODUCTIION

It is probable that the carbom particles used in meso or synoptic
scale operations will be manufactured as they are dispersed by the com-
trolled incomplete combustion of some type of petroleum distillate. At
this time, the exact nature of the products and the process to be used
are not known but the following estimates will be used:

For each pound of fuel burned, the products will be:

1i/2 ib carbon black
320 vapor

002

€0

NGZ

NO

Various hydrocarbons in both gaseous and
particulate form

The amounts of the variousg gases will be estimated later as will the
nature of the hydrocarbons, This chapter deals with the physiological
effects of the carbon particles and the possible ecological and climatic
effects of all of the products, The physiological effects upon humans of
HZO vapor, COZ, Noz, NO and CO are well documented., This section will show
that the maximum potential concentrations of these gases will not be detri-
mental to human health. To evaluate the environmental impact of generating
carbon particles and dispersing them into the atmosphere im relatively
large amounts {1-2 million pounds per operation) it is convenient to
divide the subject into five major areas. These are:
1) toxicity of the carbon black particles,
2} effects of the by-products of the carbon generation process
upon human health,
3) long~term effects of carbon black and its by-products upon
the atmosphere,
4) impact of the carbon black dust upon the oceanic ecosystem, and

5) temporary esthetic effects of the carbon uvpon the local area.

Each of these areas will be treated separately below.
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IT. THE TOXICITY OF CARBON BLACK

It is planned that the carbon particles used in weather modification
work will probably be generated as they are dispersed by the incomplete
combustion of fossil fuels. Until the actual apparatus has been designed
and field tested, it will not be-possible to detarmiue.fhe exact chemical
composition of the carboﬁ black produced. Therefore, this section is limited
to discussion of toxicity studies performed with wvariocus existing commercial
carbon blacks. The studies mentioned below employed carbon blacks of
several different sizes produced by a variety of processes. It is felt
that the carbonbblacks generated in weather modification work would be
essentially similar to some of these commercial varieties tested.

Present carbon weather mndification propesals call for dispersal of
carbon dust into the atmosphere over the sea about one day upwind of any
pajor land area. Therefore, the initial carbon c¢cloud éconcentration of
40 uglm3, l-ng/ms = 10*6g/m3) should diffuse to relatively low concentra-
tions before encountering a populated area. |

Carbon black particles are composed primarily eof elemental carbon
with variable amounts of ox&ggn, hydrogen, sulfur, and trace amounts of
ash components. They are produced by the cambustion,of'one_or more
hydrocarbons in.aﬂ oxygen deficient environment and subsequent coﬁdensar
tion of the carbon either in furnaces or in long rows of naturzl gas
_ bﬁrners ¥nown as channels. ?Q?nace blacks which are of the most interest
for the purposes of this study,are typically 95~99% pure carbog. For
. most purposes, carﬁon black can be treated as a.basically inert suhstance.
The most complete study of the physiological effects of carbon black

was performed by Nau, Neal, and Stembridge (1958, 1958, 1960, 1962) and
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was sponsored by the state of Texas. They studied the effects of:i-
a) ingestion
) skin contact
¢} subcutaneous injection, and
d) inhalation of carbon black by animals,

Fourteen different tvpes of carbon particles ranging frem apprcximétely

.005 u to .1 u in diameter were used, These are the size ranges we pro-.
pose for modification. Ten of iﬁa blacks were produ;ed by variations of
the furnace method (the process most likely to be used in weather modifi-
cation operations), and four were manufactured by channel processes. The

results of their tests are svmmarized below.

a. Ippestion of carbon black

Carbon black was fed in large doses to a group of mice as part of
their regular diet. Different groups were fed:
a) carbon as deliveved from the manufacturer

b) carbon which had been extracted by hot benzene to remove
certain hydrocarbons which had been absorbed by the carbon

¢) a known carcinogen, and
d)} carbon which had been allowed to absorb some of the known
carcinogen.

Contrel groups were maintained on their normal diets. It was found that
ingestion of large amounts of carbon black, as supplied by the industry
or after benzene extraction, produced no changes from normal. Ingestion
of the pure carcinogen produced sbundant tumors in the mice, but eating
carbon black which had absorbed some of the carcinogen caused no effects.
Apparently, the carcinogen lost most of its toxlcity when absorbed by the
carbon. Carbon black appears to be.harmless when ingested. This result
is not surprising since carbon black has been used for years as a certified
food coloring in certain foods (jelly beans, licorice, gum drops, etc.)
with no reported ill effects. In addition, carbon black is capable of ab-

gsorbing amounts of at least one carcinogenic hydrocarbon, greatly reducing

the toxicity of that substance.
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b Skin centact

The second phase of the Nau, Neal, and Stembridge (1958) tests dealt-
with possiblie effects of various types of carbon black upon prolonged skin
contact. The results showed that there were no detectable changes from
the normal in hamsters, mice, guinea pigs, rabbits, or monkeys regardless

of the amount of carbon contacted by the skin or the exposure time,

c. Subcutaneous injection

Tests of the effects of carbon black when injected under the skin
were performed on mice and rabbits to simnlate the possible intrusion of
carbon into the body through skin lacerations or abrasfions. It was found
that injecting carbon black under the skin caused no significant changes
from normal. <Certain hydrocarbons extracted from the carbon by benzene
extraction caused tumors when injected, but these substances are apparently
bound so tightly to the carbon that they cause no tumors when unextracted
carbon ig injected.

In separate lab tests carbon was suspended in solutions of blood
plasma and of gastric juice for as long as 7 days. There was no
significant elution of hydrocarbons from channel or furnace black sug-

pended in either of thege mediums,

4. Tohalation of carbon black

Bamsters, mice, guinea pigs, and monkeys were placed in dust inhala-
tion chambers for 7 hours per day, five days a week., Monkeys were exposed
to carbon black for up to 13,000 hours while the mice were exposed for
virtuaily their entire lifetimes. Carbon black concentrations of 2400 ug/mB
for furnace blacks and 1600 ygfm; for channel blacks were used., Thege

concentrations are substantially higher than tbe carbon concentrations
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proposed for use in carbon black weather modification, Initial carbon
concentrations during field operations would probably be on the order
of 40 pg/m3 and would decrease steadily with time, This is 1/40 to 1/60
of the amounts that were used in the inhalation studies.

Results of the inhalation tests ghowed that there was measurable ac-
cupulation of carbon dust in the lungs of test animals only after breath-
ing relatively large concentrations of carbon dust for exposure times great-
er than about 400 hours. No malignancieg or other related disorders were
encountered in test animals. These results indicate that inhalation of
carbon black has no undesirable effects other than long term particle ac~
cumulation in the lungs. This accumilation represents a health hazard only
when it occurs in the lower respiratory tract, particularly in the alvecli
sacs of the lower lungs where oxygen and carbon dioxide are exchanged be-
tween air and the blood. As discussed in the National Air Pollution Control
Administration Report No. AP~49 (1969) this intake and deposition of particles

ﬁpon the alveoli is stromgly size dependent, ¥ig. 1 from this report shows
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Fig. 1. Calculated fraction of particles deposited in the respiratory
tract as a function of particle radius. (This figure represents
the calculated efficiencies of deposition of particles of wvar-
ious sizes in the tracheobronchial and alveclar regions of the
respiratory system, and shows the size for minimum efficiency.)
{From NAPA Report AP-49, 1969). The broken line shows the 0.1ln
carbon particles to be used.
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that there is a minimum efficiency in particle deposition within the alveoli
for particles on the order of r=.1y. These are the size carbon particlés

to be manufactured for weather modification operations. Therefore, the
carbon particles used in this study are less likely to be retained in the
aiveoli than most natural or other map-made zerosols.

The Pnvirommental Protection Agency (EPA) in the Federal Register

of December 23, 1971, has set contaminants standards by mean geometric
average of weight of particles per cubic meter. The minimum level rep-
resenting the omnset of undesirable particulate levels has been estab-
lished as 70 ag/ms. By way of comparison, the particulate loadings of
the proposed carbon experiment weould initially be only about 40-50 ug/m3
(representing 10% equivelent horizontal area coverage by the carbon) and
should decrease considerably due to diffusion and rainout before the car-

bon cloud would be advected inland over a populated area.

TABLE 1

Summary of NASN Suspended Particulate Samples for
Urban Stations by Population Class, 1957-1963

Arith. Geo.

No. of ¥o. of Min, Max3 mean mean
Pop. class samples stations (ug/m3) (ug/m”) (ug/m°) (ug/md)

1. 3 miilion and over 316 2 57 714 182 167
2. 1-3 miilion 519 3 34 594 1561 146
3, 0.7-1.0 million 1193 7 14 658 129 113
4, 0,4-0,7 million 3053 19 18 977 128 112
5. 0.3-0.4 million 9531 92 10 1706 113 100
6. 50,000-100,000 5806 81 6 982 111 93
7. 25,000-50,000 1606 23 5 679 85 71
8. 10,000-25,000 484 6 i1 539 80 63
9. <10,000 150 3 22 396 156 84

Table from Stern, 1968, ug/ms means micrograms per cubic meter (lOﬂﬁg/mz).
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Table 1 shows typical particulate loadings over different sizes of Uniteé_
States cities. It ig clear that the carbon cloud, even at its initial
concentration (10%Z area coverage), representg a much smaller aerosol
loading than would be found over any of these cities on an averags day.
Thig factor together with the low vetgntion efficiency in the alveoli

of 0.1p size particles, the relativsly short exposure time to be expected
from advection of a carbon cloud over a populated area, and the non-
toxicity of the carbon particles point to the conclusion that inhalation
of carbom particles disperssd during the proposed operation will not con-

stitute a hazard to human health.



TII. HEALTH EFFECTIS OF TEE BY-PRODUCYS OF CARBON GENERATION

The by-products of carbon black genevation are water vapor <H20), car-

bon dioxide (COZ)’ carbon monoxide (€0), nitric oxide (NO), nitrogen dioxide

(NOZ), and small amounts of various gaseoug and particulate hydrocarbons.

the exact fuel and generator design are not yet known, it is not possiblel

to state exactly what proportions and amounts of each of these substances
will be present. However, it is fairly well egtahlished that there will
be at least 0.5 1b of carbon produced from each pound of fuel consumed.
Two of the gases, CO2 and Hzﬁ,are not considered pollutants. Another,
NO, is essentially non-toxic but is of interest because of its rapid
conversion to NOZ in the atmosphere and because of its vole in the
formation of photochemical smog. ¥For the purpose of estimating maximum
effects, it will be assumed that €0 will be produced in a quantity

equal to 25% of the initial fuel weight and that the combined nitrogen
oxides (NO and NOZ) and the gaseous hydrocarbons will be produced equal
to 10%Z of fuel weight. This should provide very generous overestimates
of their concentrations. The resulting concentrations of these gases

in the initially dispersed carbon cloud will be compared to the health
standards proposed by the eavirommental protection agency. However, it
should be noted that since the proposed weather modification operations
would be carried out over the oceans at least one day upwind from coasts,
the concentrations of the gases when they reach populated areas should
be much lower, probably an order of magnitude more dilute. It is assumed
that a large scale weather modification operation might utilize as much

as 2 million 1bs of carbon black requiring the consumption of about 4

million Ibs of fuel. Using the above criteria, amounts of 1 milliom lbs
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of CO and 400,000 1bs of nitrogen oxides and hydrocarbons willl be assumed.
A carbou cloud of this magnitude will cover approximately 40,000 xm” at
107 horizontal area coverage. The proposed cloud would extend from the
surface to about 0.5 km when initially dispersed. The volume of the
model cloud is approximately 2 x 1013 m3‘ The concentrations of the
by-product gases as initially dispersed together with proposed EPA standwf

ards are shown in Table 2, Particulate hydrocarbons are not differentiated

TABLE 2

Concentrations of Carbon By-Product Gases and Proposed EPA Standards

Gas Maximum Initial Dispersed Proposed EFA
Concentration Standards
co 0.018 ppnm 9 ppm (max 8 hour con-

centration, unot to be
exceaded more than
cuce per year).

) 9 ug/m> 100 ug/m® (annual
arithmetic mean)

NO, NO

Gaseous Hydrocarbons 9 ug/m3 125 ug/m? (max 3 hour
concentration, not to
be exceedad more than
OnCe pPeY year),

from other particulates in EPA standards. Their effect on the total
particulate loading of the atmosphere is insignificant compared to the
effects of the carbon particles themselves on that loading, and the par-
ticulate hydrocarbons will not be considered separately here. The effects
of the carbon dust particles on atmospheric pollution levels are dis-
cussed elsewhere in this paper.

It is obvious that the carbon monoxide (C0) produced will be in-
significant compared to proposed pollution standards. The concentration

of CC produced would be far too small to have any physiological effect
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upon humans. It may be concluded safely that there will be no hazard
resulting from CO during carbon manufacture. Nitrogen oxides and hydro-
carbons would alsoc be produced at levels significantly lower than pro-
posed EPA standards. It should be noted that the estimate of 107

yield by mass of either of these two substances during the carbon man~

ufacture process constitutes a very large overestimate of their likely

concentrations. The above figures were chosen to demonstrate that

even with a large margin of error local concentrations should not

create z health hazard. Since the concentrations of all of the gases

in Table 2 should be reduced by an order of magnitude before the carbon
cloud is advected over land, it seems safe to say that the by-products

of the carbon generation process should uot create any important poliution

problems.



Iv. LONG TERM ATMOSPHERIC EFFECTS

Te evaluate the long term atmospheric effects of yerfprming one or
more carbon weather modification operations, it is necessary to establish
the approximate residence time of the carbon particles in the atmosphere
as well as the physical effects of the carbon upon the earth atmosphere
system. The principal mechanisms for removal of aerosols from the atmo-
sphere are rainout (particles becoming attached to raindrops during the
condensation process) and washout (particles being captured by falling
raindrops during precipitation). Particles on the order of r = .1u
will not fall out of the atmosphere from gravitational forces in any reasonable
amount of time., Washout is an effective removal mechanism only for relatively
large particles (larger than a few microns). Adam and Sewonin (1970)
have shown that for particles in the lu size range, & 0.5 cm/hr rain will
remove less than 1% of the particles per hour via washout, Kerker, et al.
(1970) found that collection efficiencies (ratic of mass of particles swept
out by falling droplet to total mass of particles in volume swept out by
droplet) of 0.3u particles by raindrops 1s only on the order of ,01%.
These results indicate that washout is a very inefficient removal mechanism
for sub micron sized particles. Rainout appears to be the principal removal
mechanism for sub micron aerosol particles. Peterson and Crawford (1970),
using a large cloud diffusion code model with a precipitation scavenging
option, found that rainout is a more important removal mechanism than
washout for sub micron particles, but it is difficult to obtain accurate
estimates of rainout efficiencies for specific particle sizes.

Martel (1870) estimated that natural atmospheric particles in middle
latitudes have residence times of about & days in the lower to middle tro-

posphere, Studies of sediment patterns of eolian dust (land derived dust
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carried by the air) from the floor of the Atlantic Ocean off of West
Africa %y Chester {1972) indicate that the entire trchSphere there is
gleansed of the eolisgn dust in less tﬁan 10 days. ﬁnxe than 70Z of the
eclian dust particles measured are smaller thaﬁ 4 ﬁ_in diameter and were
assumed to have been removed by precipitation scavenging, probably rain-
out. PFigure 2 shows that natural aerosol particles range from about

01 ﬁ to 100 p in size with the greatest number of particles dbeing con-
centrated in the size range from .0l 1 to .1 u (Quanzel, 1970; Junge, 19533
Ikebe and Kawano, 1970; Junge and Jaenicke, 1971). Carbon particles of

«1 ¢ radius should not differ greatly from mean atmospheric particles

with respect to size. Although carbon particles differ in composition
from most nmatural atmospheric aerosols, they should have aerodynamic
properties similar to those of other basicslly inert particles. There-
fore, an assumption that carbon particles dispersed in the lower tropo-
sphere (1000 mb ~ 700 mb) would have mean residence times of but 3 to 8
days seems reasonable, Carbon particles dispersed in the oceanic tropi-
cal boundary layer would likely digsipate more quickly than average due

to the high levels of convective activity found there.

Carbon particles dispersed in the atmosphere may affect the global
scale climate in two ways., They may slightly decrease the earth-atmosphere
system albedo, and they could redistribute solar energy in the vertical
if gome of the carbon was to reach the upper atmosphere. Being basically
inert and highly hydrophobic, the cafbon should not cause any changes in
condensatipn nuciei or ice nuclei concentrations., The albedo increase is
due to the low backscatter of clouds of carbon particles {(less than 2% for
even a relatively dense carbon cloud) and their high absorptivity (Frank,

1973). A carbon cloud will absorb an appreciable amount of both incoming
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PREFACE

The five papers of this report have been writtem in an attempt to
open up a new dialogue among meteorologists and other sclentists on
the possibility of meso-scale weather modification through carbon dust
interception of solar emergy. Growing population pressures and predicted
future global food shortages dictate that man explore all his possibili-
ties for beneficial weather modification. WNearly all the weather mo-
dification efforts over the last quarter century have been aimed at pro-
ducing changes on the cloud gcale through exploitation of the saturated
vapor pressure difference between ice and water. This is not to be
criticized, but it is time we also congider the feasibility of weather
modification on other time-space scales end with other physical hypo-
theses. The authors wish to share their ideas on this new area of po-
tential weather modification with other interested individuals and obtain
their comments and criticisms. They are hopeful that more exploratory

research on this subject can soon be started.

ii
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Weather Modification by Carbon Dust Absorption of Solar Energy
Paper I: Background Information and Bypothesis

William M. Gray and William M. Frank

ABSTRACT

Growing global population pressures and predicted future food and
energy shortages dictate that man fully explore his potential use of solar
energy. The following group of five papers explores the possibility of
beneficial weather modification through artificial golar energy absorption.
A varlety of physical ideas as related to artificial heat sources on dif=-
ferent scales of motion are considered. Interest is concentrated on the
fessibility of meso-scale (v 100-200 km} weather modification by solar
energy absorption by carbon aerosol particles of ~ 0.1 micron size or less.
Particles of this size maximize solar energy absorption per unil mass.

1t is hypothesized that significant beneficial influences can be
derived through judicious exploitation of the solar abgorption potential
of carbon black dust. There is an especially high potential for this over
tropical oceans. If dispensed in small enough sizes of one Egnth micron
or less, solar energy absorption amounts as high as ~ 2 x 10*Y cal/lb per
10 hours or about 4 x 10+l cal/dollar per 10 hours can be obtained. This
is a tremendously powerful heat source, especially if it stimulates an
additional oceanic evaporation energy gain. Preliminary observational and
modeling information indicates that this artificial heat source can be
employed on the meso-scale (100-200 km) to give significant economic gain
regarding precipitation exhancement and tropical storm destruction alevia~
tion. It may also be possible to use carbon dust to enhance precipitation
over land areas, alter extra tropical cyelones, and to speed up fog burn~
off and snowmelt.

The following five papers discuss this physical hypothesis from the
meteorological, radiational, engineering, ecological and economic points
of view. )



I. BACKGROUND DISCUSSION

These papers are written with the purpose of opening up a3 dialogue on
a new area of potential weather modificatioﬁ——namely meso—scale weather
modification from solar energy interception by small carbon particles. It
would appear that present day weather modification may need a broader
scientific outlook. Nearly all the weather modification efforts over the
last quarter century have been aimed at producing changes on the cloud
scale through exploitation of the saturated vapor pressure difference be-
tween ice and water. This is not to be criticized, but it iIs time we also
consider the feasibility of weather modification on other time-space

sceles and with other physical hypotheses.

‘a.  Reed

Growing global population pressures and predicted food and energy
shortages dictate that man fully explore his potential for beneficial wea~
ther modification from both an economic and a humanitarian point of view.

All physical ideas on all scales of motinn should be considered.

b. Physical idea

Most of the sun's energy pemetrates through the earth's atmosphere to
the surface. A large direct atmospheric heat source would result 1f some
of this incoming solar enmergy could, instead, be absorbed directly within
the atmosphere. This is especially true over the oceans where most of the
incoming solar energy goes into evaporation and where the lower atmosphere

does not experience a diurnal tempereture variation,

c. General questione

Can man intercept an appreciable amount of the incoming solar energy

in selective areas and convert this energy into significant wind-pressure



and precipitation changes? Is the tropical and sub~tropical troposphere
often in a potentially umnstsble state such that an addition of artificial
energy would trigger beneficial changes? If this is so,what are the likely
economic effects? The rain which £alls over the cceans dees not benefit
man. Perhaps man in the future will be able te cause a small amount of

the rain which would normally fall over the oceans, ingtead, fo occur

over land areas in need of precipitation.

d. Technical questions

Can man economically generate carbon dust in sufficiently small
sizes (< 0.1 micron) such that large area coverages per unit mass of
carbon can be obtained? What are the technical and radiational limits

te the size of the carbon particles?



II. CARBON DUST AS AN ARTIFICILAL HEAT SQOURCE

& Arxtificial interception of solar radiation

From 60-80 percent of the incoming solar radiation (Io) in the cloud
free arsas reaches the earth's surface. In the tropics this figure is 80~
85 percent. As pictorially shown on the left portion of Fig. 1, the largest
portion of dincoming solar energy is absorbed by the oceans. Most of this
energy subsequently goes into evaporation. Because this evaporation energy
transport from the ocean is not directly dependent on solar radiatlon, but
goes on during both the day and night, tbe oceanic boundary layer does
not experience a large daily heating cycle as is common over land.

1f a significant portion of the incoming solar emergy over the oceams
could be ahsorbed in the atmospheric boundary layer during the daylight
hours, an artificial stimulation of cumulus convection would occur. This

might be accomplished by aerosol interception of solar radiation as shown

I INCIOCENT SOLAR RAOIATION AT TOP OF
TROPICAL ATMOSPHERE -~800 Cal/em® per day

- 20% af I, absorbed
or scatfered &
reflacted back
1o space
GCEAN SURFACE ‘b-a“ so

«20% of L, absorbed
or stottered &
reflected back
1o space

axtra | 5% of L, (KO coiories /doy)
absorbed by 10% corbon black coverogs

ol >
______

o i S S J I_i pup—— ) p———
-~ B80% of I, --65% of I,
absorbed by Ocean absorbed by Ocean

Fié. 1. Contrast of clear air tropical condition with normal solar
absorption by atmosphere—ocean (on left) with extra solar abe
sorption with 10% aerosol coverage in boundary layer (on the
right).



on the right side of Fig. 1. Fig. 2 compares the extra boundary layer
short wave heating which is posaible in 10 hours due to 15 percent
extra shsorption of incident solar radiation with the usual 10 hour net

long and short wave radiation of the tropical troposphere as determined by

Cox and Suomi (1969).

ospheric heat source

The characteristic of carbon dust which makes it so attractive as an
atmospheric heat source is the extra-ordinary quantity of solar radiation
which can be absorbed by a unit mass of carbon. The following discussion
by Frank {Paper II) extensively discusses the charvacteristics of carbon

black dust as an atmospheric absorber of solar radiation from the method

; -
2 o
3k RAOIATION  INDUCED
TEMPERATURE CHANGES
24
o ¥
2 st ¥
Wi o)
Z el 3 §
i =
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£ 7 2
ol SHORT WAVE HEATING IN 10 HOURS
WITH 158% EXTRA To ABSORPTION
| I /ﬁ?/ 77,
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°C/I0hr

Fig. 2. Comparison of 10 hr heating-cooling rates due to long and short
© wave radiation in clear regions with the extra boundary layer
induced heating {shaded area) which is possible in 10 bours from
15 percent artificial solar absorption.



of estimating aerosol solar absorption developed by Korb and Méller (1962).

The reader 1s referred to these papers for a thorough discussion of this

subiect.

For the purpose of discussing the use of carbon black dust as an

artificial solar energy source for meso-scale modification, the following

information summarizes the pertinent facts on carbon black dust:

1)

2)

3)

Carbon black dust consists of fine essentially spherical particles
composed of 95-99% pure carbon, the remainder being made up of
volatile materials. It is formed by the controlled incomplete
combustion of fossil fuels according to a varlety of processes.

1f put out in sizee less. than a few microns,it has negligible
fall velocity. Most carbon blacks can be ﬁroduced in guantity

for about $.05 to $.10 vexr Kg.

The density of carbon black particles is 2 gm/cmB. The high
radiation asbsorptlvity and low heat capacity (about .125 calngC)
of carbon dust make it an ideal agent for intercepiion of solar
radiation and transfer of thig heat to the surrounding air
molecules by conduction., Turbulent mixing carries the heat
further. Being hydrophobic, carbonr dust does not readily absorb
water vapor. LIf put out in small sizes it will not act as a con-
densation nucleus.

Particles of 0.1 micron radius maximize the solar absorption per
unit mass but, as discussed by Frank (Paper II), this size 1s not
critical. Solar absorption to waight is not greatly altered by
variations in size from .0ly to 0.20u radius. Individual par-
ticles of 0.1y radius weigh but 1071 gn. It takes 3 x 10%3

particles or about 0.3 gm of carbon to solidly cover a horizontal

2
crogs—section of 1 o,



4)

3)

6)

)

Carbon black dust particles heat the surrounding alr primarily
(v 94%) by direct solar energy absorption and rapid molecular
conduction of this heat to the surrounding air. About 6% of

the heat transfer from the carbon to the air is accomplighed by
long-wave radiation.

The maximum efficiency of solar radiation to weight and cost
requires that the percentage area coverage of carbon black be in
the range of (~30%Z. Higher carbon area coverage rates cause re-
dundancy in solar absorption and lower energy to weight and cost
ratios.

Absorption rates for area coverage percentages of 0-20%Z are little
affected by zenith angle changes up to 65-70°. This allows for
9 to 10 hours of nearly constant absorption rate during daylight
hours.

One kilogram (Kg) of carbon black dust can absorb more than 40
billion calories of solar radiation in a single 10 hour period.
On the other hand, coal, currently the cheapest of conventional
combustible fuels, provides on complete combustion about 7
million cal per Xg or about 1/6000 as much heat per unit mass as
the carbon. The relative costs of energy availazble from carbon
black dust and coal are shown in Table 1. The cost of complete
combustion coal heat is about 280 times greaber than the cost of

carbon heat per 10 hr. period. Ambng'enezgx sources normally

used by man only nuclear energy compares with carbon black as

a source of sccumulation of energy per unit mass, and no known

substance compares as z source of heat per unit cost. A 20

Kiloton nuclear explosion produces about the same amount of thermal



TABLE 1

RELATIVE AMOUNTS AND COSTS OF COAL AND CARBON BLACK DUST ENERGY

Fuel Cost Heat Heat per Unit Cost
{dollar/Kg) (cal/Kg) {cal/dollars)
Coal ~ $.005 u 7x106 call/Xg by 1.4x109 cal/dollar
Carbon ~ $.10 v 4x10%0 cal/kg  n 4.0x10M cal/dollar
Black per 10 hrs. per 10 hrs.
Ratio .
(Carbon Blsck) . 20 o, £000 . 280
Coal 1 1 kR

energy as can be obtalned from 1,000 Xg of carbon dust in 10
hours of golar heating. TIn addition, the carbon dust is not ne-
cessarily consumed during the heat absorption process and might be
used again on following days. Silver iodide seeding in super~cooled
clouds can also liberate tremendous amounts of energy per unit mass,
but the energy from this source does not locally accumulate unless
the cumulus mass compensation for the stimulated convection occurs near
and on a time scale of the seeding. This is rare. As the seeded
cloud dies out the suspended frozen parficles melt and re-evaporaze.
8) Tazble 2 lists the short wave absorption by carbon dust in the
tropicallboundary layer (surfsce to 950 mb) which would result
from various carbon dust equivslen£ area coversges. The con~
centration of 0.1y radius carbon particles per kmz is also shown.
For carbon dust area coverages of 10 and 20 percent, only ~ 25

and v 50 Kg respectively of carbon dugt are needed to cover an



TABLE 2
TYPICAL TROPTICAL BOUNDARY LAYER HEATING RATES FROM 1 MILLION Kg OF
CARBON DUST
Area # Area {larbon Dus& Masg  Net Heag Absorbed Temperature Change
Coverage Kg/kn (cal/em” 10 hrs) (°C/10 hrs)
72,000 kn® 5% 11 60
40,000 km® 9% 29 110
20,000 km® 187 45 200 13
15,000 km® 26 65 270 18
10,000 km®  35% 90 325 22
6,800 km*  53% 120 410 27
5,100 km®  70% 180 470 31

area of one kmz. If generation rates are about 10 cents/Kg,this
amounts to but $2.50 and 45 par one-km? coverage.

Ter percent area coverage of carbon dust provides enough
heat to increase the mean temperature of the air within the bound-
ary laver (surface to 950 mb) at a rate of about 1°c/nr for a
10 hour period. Table 2 also gives the boundary layer heating
rates that can be accomplished for various areas and percentage
carbon particle coverages with 1 million Xg of carbon. Fig. 3
portrays comparative areas which can be covered by various amounts
of carbon dust at 10 percent area coverage in contrast with the
typical size of the large hurricane cloud cluster, This would
cause an artificial increase of the mean boundary layer tempera-
ture of 1°C/hr for 10 hours over the dotted area shown. These
enormous area coverages and heating rates open the possibilivy

of meso—synoptic-scale weather modification.
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COMPARISON OF TYPICAL HURRICANE CLUSTER AREA WITH AREA OF
0% CARBON BLACK COVERAGE WHICH IS POSSIBLE WITH VARIOUS NO. OF C5A AIRCRAFT

(00,000 Kg

THIS COVERAGE GIVES
ABOUT 1°C/hr HEATING

L0O0,000 Kg FOR [0 HRS, THROUGH
THE LOWEST 50mb

TYPICAL HURRICANE
CLUSTER AREA

2000,000 Kg

Fig. 3. Comparison of typical hurricane cluster area (6° latitude diameter)
with tbe area (dotted) of 10 percent carbon black coverage which
ig possible with various amounts of carbon black dust. Estimating
the cost of carbon dust to be ~ $0.10 per Kg, these three area

coverages would require carbon amounts of $10,000, $100,000 and
$200,000.



III. PHYSICAL HYPOTHESES

The energy budget of the globe specifically dictates that the average
global precipitation be about a meter per year. The largest portilon of
this precipitation falls over the oceansg and is of no bepefit to man, I
man could slightly decrease vertical stability conditions over land, a
small percentage increase of global land precipitation might result. This
could have a sizable beneficial economic impact. This sbould be man’s
primary weather modification goal, The proper tapping of solar energy
with carbon dust might give man control of an emergy source sufficilently
large to allow him to objectively contemplate such possibilities,

On a less amwbitious secale it is hypothesized that beneficial meso-
scale weather modification may be possible in the coming decade or two
by solar absorption of carbon dust in the following situationsg:

a. Rainfall enhancement along tropical and sub-tropical coastlines.

b. Reduction of Inner~core hurricane intensity,

¢. Cumulonimbus enhancement over selective land regions in need of
precipitation.

d., Alteration of extra-tropical cyclones.

e. Fog dissipation.

f. Accelerating snowmelt in agricultural areas.

These are a few of the potential applications to which the intercep~
tion of solar emergy might be put to ude by man. There are likely
marty other atmospheric situations in which man could benefit from
application of a meso-scale heat source of the magnitude discussed.

The most likely location for carbon dispersal is over the oceans
where the planetary boundary layer does not experience a diurnal tempera-

ture cycle and where the stimulation of extra evaporation is possible.

il



12

a. Ewxtra evaporation

The direct heating of air by carbon absorption is but one of two in-
fluences which can occur. If accomplished over water bodies, the en-
hanced solar heating of the air should also stimulate an increase in
evaporation. The increased warming of the air will stimulate extra ver-
tical mixing and downward penetration of upper level dryer air to the
ocean surface. This dryer air will increase the water vapor pressure dif-
ference between the ocean and the air and lead to increased evaporation
rates. Evaporation rates may perhaps be iIncreased by double or more
theilr normal values. This evaporation influyence can also continue for
many hours after the heating has tzken place,

It is seen in Fig. 4 that the Aq or 9g {saturation vapor pressure of
the air which is equivalent to the ocean temperature) minus q {(vapor con-
tent of the air just above the ocean) difference between air at 850 mb and
the ocean surface is about three times larger than the difference between
surface air and the value representing saturation at the ocean tempera-
ture, Any down mixing of upper level air should substantially increase
the a4 of the air just above the ocean. This will substantially in-

crease the evaporation rate. The energy for this increased evaporation,

however, will come largely from the ocean and not the air. Thus, it may

be possible for the carbon dust solar beating to locally extract energy
from the ocean that would not naturally occur. The potential buoyancy

of the low levels will later be enhanced by the extra water vapor content.

b, Method of digpersion

It appears that it will be possible to manufacture small ~ 0.1 micron
{1} size carbon particles directly from ligquid petrocleum products (i.e.

hydrocarbons) on aircraft or £rom ship or land surface siteg, Paper III
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Fig. 4. Portrayal of tropical or sub-tropical specific humidity difference
of upper laver air with surface gaturated specific humidity of
the ocean (qg) and how extra downward mixing of dryer air would
greatly enhance the 9,~4 values and the oceanic evaporation rates.

by €. A. Stokes sbows how it is possible to obtain about 507 mass yield

of carbon or 1 Kg of carbon dust for 2 Kg of liquid hydrocarbons. The
carbon particles can thus be generated in the desired size range and dis-
persed without gtoring. This prevents handling and clumping problems.
Feasibility studies by Stokes are in progress to determine the best meth-
ods of manufacture. It is highly desirable that the carbon particles be
manufactured at Individual dispersion sites. Liquid petroleun can be much
more easily handled and dispersed than can solid carbon dust which is pur-

chased at the factory.



IV. DISCUSSION OF SPECIFIC HYPOTHESES

a. Rainfall enhancement along tropical and sub-tropical coastlines

Precipitation enhancement from weather system genesis or intemsifica-
tion upwind from coastlines with on-shore flow is believed to be a very
likely possibility. There are many coastal and adjacent inland regions in
the tropics and sub-tropics which need additional precipitation and which
have on-shore flow. If tropospheric vertical wind shears are not too large,
it is very likely that meso-scale weather system genesis or enhancement is
possible,

It is envisaged that an artificial heat source will lend itself to
the production of extra cumulus convection and an extra local meso-scale
convergence. A sizable amount of extra low levei mass and water vapor
convergence should occur. A continuing enhancement of cumulus convection
should take place. If enough extra convection occurs, then, if tropospheric
vertical wind shears are not too large, this extra cumulus heating is
likely to feedback to the meso-system and keep it going or intensify it.
Maintenance and growth can occur after the original heat has dissipated.
Figs. 3 and 6 portray how a weak meso-system might be generated upwind
from a tropical coastline.

It nmust be emphasized that we are discussing a meso-scale heat source
and the resulting meso-scale pressure-~wind patterns which are induced.
We are not discussing the direct stimulation of individual cumulus elements.
The individual cumulus elements will result as a consequence of the extra
meso~scale low level mass and water wvapor convergence. Most previous
weather modification schemes have dealt only with the alteration of already

existing cumuius.

14
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Fig. 5. Plan view portrayal of how carbon dust seeding 1/2 to 2 days
upwind from tropical and sub—tropical coastlines might act to
generate or enhance a weak meso-scale weather system.
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Fig. 6. Cross—section portrayal of carbon dust interception of solar
radigtion upwind from a coastline with enhanced vertical mixing
and evaporation.
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b. Reduciion of imner—core hurricane intensity

sy

The present NOAA stormfury hurricane modification hypothesis [see
Project Stormfury Annual Reports of 1971-1972 (available from NOAA NHRL
Miami office)] and the one here propesed for carbon dust seeding rests
with the physical idea of artifically interupting a portion of the hur-
ricane's low-level inflow which would normally penetrate to the eye wall
region and force it to rise, instead, at an outer radius. As extensively
discussed by Gray (1973), angular momentum and surface friction considera-
tions dictate that burricane intensity is crucially dependent on the amount
of mass inflow and the radius to which the boundary layer inflow penetrates
towards the storm center. Rapid and sizable reductions in the hurricane
inner core wind structure would occur if the boundary laver inflow could
be artifically reduced by but 5 to 10 percent, If the outer boundary
layver surrounding the hurricane sbield can be artificially warmed at a
rate of about 1/2 to 1C/hr for a period of ten hours, a significant stim-
plation will be given to cumulus convection at radii beyond the eye wall
cloud so as to cause a noticeable decrease in the low level inflow to the
radius of maximum wind. This should lead to a decrease in the inner core
maximm wind velocities. A significant decrease in storm damage should
resuli.

It ie hypothesized that if sizable areas surrounding the hurricane
cloud cluster can be seeded in the bqundaxy layer with 1-2 million Kg of
carbon black dust, the effect will be to stimulate additional cumulus
convection either at the place of the carbon seeding or, if turbulemce
and large boundary layer mixing occurs, at radii inside the carbon seeding
but beyond the radius of maximum winds. The effect of the carbon dust

seeding will be to enhance the cumulus buoyancy by increasing the low
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level temperatuves and evaporation rates. This will cause more cumulus
convection at outer radii and take extra mass out of the boundary layer.
The low level inflow into the center should be reduced. This should
cause a weakening of the cyclone. More discussion of this physical
hypothesis is contained in Paper V.

Fig. 7 is a crogss—section view which shows where the proposed carbon
black dust would be placed just beyond the edge of the cirrus shield and
how this might interrupt part of the low level inflow mass through en-
hancement of cumulus convection beyond the eye-wall radius. Fig. 8 is
a plan view which more explicitly shows the typical regions around the
hurricane cirrus shield in the clear moat area where the proposed carbon
black seeding would be accomplished. This could likely be accomplished
with 10~-20 jumbo type cargo aircraft. As the right-front quadrant of the
storm usually has the largest infiow, it might be more desirable to con-
centrate the seeding in the right semi-circle. If not, the seeding can
be spread around the entire cluster.

The carbon dust must be placed sufficiently upstream in the moat
region such that it does not edvect so far underneath the cirrus shield
that the solar absorption is lost before its 10 hour heating can be ac-
complished. 1In some intense hurricane cases where the moat region is
very large it may be desirable to place the carbon dust 36 hours travel
away from the cirrus shield and obtain two days of solar heating.

Therefore, the extra solar heatiﬁg at o@ter radii is expected to lead
to an increase not only of cuter radii thermal buoyancy but also of buo~
yancy due to extra water vapor content from enhanced evaporation. Even

though the extra evaporation influences may not be felt at the place of

carbon seeding, they are expected to take place in the air before it reaches



T ARTIFICHAL
i CLOUD
: CARBON
NFLOW ;o BLACK T INFLOW
77T T v ava 77 A A A A e
500 200 o 200 400 600
LEFYT SIDE +—RADIUS (Km) s HIGHT SIDE

Fig. 7. Idealized portrayal of typilcal hurricane radial clrculation and how carbon black dust seeding of
the boundary layer just beyond the cirrus shield might lead to enhanced cumulus comvection and
reduction of low level inflow which penetrates to the eye-wall cloud.
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Fig. 8. Long hatched areas show where the hurricane boundary layer
seeding of carbon black dust should be accomplished in the
clear area moat region 8-10 hours upwind from the hurricane
cirrus shield.

the eye-wall radius 18-36¢ hours later. Fig. 9 more explicitly shows how
enhancement of buoyancy from extra heating snd evaporation will jead to

more artificially induced cumulus convection at radii beyvond the eve-wall

cloud and to probable lessening of the inflow to the inner storm regiom.

This should weaken the inner core region of maximum circulation.

c.  Cumulonimbus enhancement over selected land regione in need of
precipitation

It is hypothesized that a significant location change and/or en-
hancenent of cumulonimbus convection may be possible over land areas where

the potential for cumulus convectlon is already high., This is an es-



20

s CIRRUS  SHIELD mm——‘—*‘w*z

QUTFLOW

INCREASED POTENTIAL FOR CUMULUS CONVECTION
BEFORE EYE-WALL 1S REACHED

EYE

////////////4////\«//\(///.
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Fig., 9. Idealized view of how an increase of low level temperature-
moisture through carbon dust interception of solar radiation
would lead to extra hurricane enhancement of deep cumulus
convection at outer radii, and tend to cause lesg low level
mass penetration of the eye-wall cloud regiom.

pecially likely situation if the land areas have a high amount of evapo~

transpiration. If the land areas are moiat or have dense vegetation,

much of the incoming radiation goes to evaporation or storage and the
diurnal warming curves are damped. In these situations the carbon dust
could be used to more rapidly warm up the boundary layer and to dictate
where the initial daytime convection should occur. An area concentration
of the morning and early afternoon solar heating would likely produce
extra Cb convection and precipitation if the potential for cumulus con-—
vection is already high.

Over land the carbon dust might also be used in selective situations

as an elevated heat source (if dispensed from aircraft) and could act as
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a stimulant to earlier and more concentrated cumulus convection, Eg-
pecially favorable situationg would be areas where lsrge-scale low level
convergence is present. such as around low preseure systems and along
fronts. Here daytime cumulus convection would be expected to break out in
the selectively seceded arecas where the eaxliest atmospheric warming

oCcCcurs.

Carbon dust heating might thus be used to dictate where the esrliest
thermal destabilization and cumnlus convection take place. Early morning

stable conditions act to inhibit convection. Any large-scale upward
forced cireulation would likely relieve itself in the areas which first

become thermally unstable.

d. Alveration of extra-tropical cyclones

A significant economic gsin might result if wesk extra~tropical
storm systems could be intensified in dry regions such as the western U.S.
This would likely result in extra precipitation.

When cyclones are intense, move slowly, or are stationary, fleoding
conditions, heavy snow, and high sea conditions can preduce considerable
economic lose. This is especially true in the heavily populated sreas along
the U.S. East Coast and in Western Furope. In this second type of situation
economic benefit might result in eome cases if the intense cyclones could
be artificially weakened. If carbon dust solar heating is employed on a
large enough scale,it might be possible for man to produce a modest but
significant intensity reduction of extra-tropical cyclones.

Modest cyclone intensification might be accompliahed by warming up
selective sreas at low levele to the east of the extra~tropical cyclone

and stimulgting extra cumulus convection just east of the storm center,

This is likely to produce extra precipltation. If cyclone weakening

were desired, then solar energy input to the cold center of the extrs—tropical
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cyclone at middle or upper tropospheric levels would likely act to pro-

duce 2 modest but significant vortex weakening.

e. Fog dissipation

Calculations of the radiative absorptivity of carbon and of the amount

of solar radiation available inslide fog clouds indicate that carbon particles

can absorb enough extra radiation to speed-up the dissipation of fog.

1t is proposed that carbon dust be generated and dispersed directly into

the fog from aircraft or grouud sources (1Y the fog is not too thick).
It is hypothesized that this would significantly accelerate the radiational
burn-off of the fog. The logistical and economic requirements of this are

not large.

f. Accelerating snowmelt in agricultural regions

There are several large, relatively flat agricultural areas in the
world where 2 snow cover persisting late into the spring can cause a
costly reduction in the length of the growing season. The Great Plains
of the U.S. and the Russian wheat belt are good examples. When these areas
are suow covered,they typically have surface albedos of from 40%2-90%
depending upon the age and condition of the snow and have relatively strong
inversions just asbove the boumdary layer. Large amounts of carbon dust
particles can be dispensed from inexpensive ground generators into the
boundary layer. By warming the boundary layer air under proper coanditions
it should be possible to accelerate the gpring melt of the snowpack, there-
by increasing tbe growing season. The higb albedo of the snow surface
would cause a strong upward diffuse solar radiation flux and thug Increase
the efficiency of the carbon absorption. Absorption would take place from
both the upward and downward fluxes., In addition, the carbon particles
should bave a relatively long boundary laver residence time due to the

strong inversion which should permit multiple day use of the carbon.



V. COMPARISON OF THIS HYPOTHESIS WITH PREVIOUS RADIATION ALTERATION
MODIFLCATION PROGRAMS

To date, research on the subject of szolar weather modification has

been centered on fog and natural cloud disgipation and on developing and

enhancing individual cumulus. Downle (1960), Fenn and Oser (1962) and
Van Straten et al. (1958) have previously discusaed the use of carbon
dust in this way. 'The application of these approaches has been limited by
the large amounts of heat required to evaporate meaningful amounts of
moisture (i.e. 600 cal/gm) and by the small amounts of carbon used.

The Naval Researchb Laboratory seeded 8 cumulus clouds with 1-3 Kg
of carbon black in July, 1958 (Van Straten et al. 1958)., All of the clouds
digsipated to some extent, but observation and instrumentation capabilities
were insufficient to establish a definite causal relationship. In addi-
tion, clear air at the approximate level of existing cumulus cloud hases
was seeded on 5 runs during the same series of tests. Small clouds were
observed to form in all cases. Once again it was impossible to establish
definite causal relatlonships. The overall feeling of the test group was
that the carbon black did seem to help dissipate existing clouds and form
small ones in clear air, but the natural variability of cumulus clouds and
the inadequacy of monitoring techniques prohibited any conclusive results.

Laboratory tests by the Naval Research Laboratory in 1958 showed
that carbon black did increase dissipation rates of artificially created
fogs in cloud chambers which were subjected to heat lamps. Hdwever,
neither the dissipation mechanism nor the radiative properties of carbon

black were gquantitatively well established.

The Geophysics Research Directorate made 18 runs seeding small clouds

and clear air in Octobexr, 1958-April, 1959 (Dovmie, 1960). Carbon amounts
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from 1-3 Xg per mission were used. Observed results were less successful than
those observed earlier by the Naval Research Laboratory. A few clouds dissi-

pated, but others did not. Clear air seeding produced no obvious results

although a few small clouds occasionally formed in the test areag. The
test persommel concluded that no definite effects of carbon black on
clouds could be substantiated through their test results.

in general, these early experiments with carbon black suffered from
four major shortcomings:

1) The existing knowledge of the radiative properties of carbon black
was entirely inadequate to provide realistic estimates of the
energy processes occurring in the atmosphere.

2) The amounts of carbon used were much too small. Small scale
diffusion effects could essily dissipate the heat absorbed and
overpower the effects of the heat accumulation.

3) Severe logistical and clumping problems associated with the
handling and dispersal of the carbon particles were encountered.

4) Adequate observation and instrumentation capabilities to enable
conclusive analysis of fleld test results were not available.

The previoug research by C. Downie and B. Silverman* (0.8, Air Porce
Cambridge Research Lab.), F. Van Straten*, R. Rnskin*(ﬁ.s. Navy Research
Lab.) and T. Smith*(Private Industry), etc., in genersl, proved not to be
promising. The amounts of carbon used (5-20 Kg) were not consistent with
the purposes. Dispersing and clumping problems were encountered. Fre-
vious work in the late 1950's and early 1960's was conducted on a scale
{generating or intensifying individual cumulus) and with a technology
{dispersing already manufactured carbon) which is entirely different

than the one proposed in these papers.

*
Personal communication.
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By contrast, this research is concerned with the feasibility of
carbon particle modification on the meso-scale (5 100-200 km on a side)
using amounts of 1~2Z million Kg. We are planning to directly manufacture
the carbon dust on aireraft or from carbon particle generating sources on
ships or at surface sites. By direct manufacture of the carbon black
dust from field sources, one avoids the clumping, packing, and logis-
tical problems involved with obtaining the carbon particles from the
factory. Previous experimenters did not consider the possibility of
manufacturing the carbon dust directly at the experimental location from
aircraft or at surface dispersion sites. 'The carbon particles are thus
dispersed directly from tbe carbon generating burners which convert ligquid
hydrocarbon fuel to carbon and carbon dioxide. This greatly reduces log-
istical requirements and asswes that the right sized particles will dis-
perse without clumping and other difficulties.

The authors propose to overcome most of the previous experimental
shortcomings by expanding the field tests to utilize many tbousands of
pounds of carbon dust, by manufacturing the carbon particles directly on

the delivery vehicle, and by more careful study and monitoring of the

heating and meteorological effects.

8. Coating surfaces with black material

The ESSO 0il Company of New Jersey (Black and Tarmy, 1963a, Black,
1963b) has explored the possibllity of boundary layer heat augmentation
from coating land surfaces with black-top (tar). These results have not
been very eancouraging. The black-top program has suffered from three

basic drawbacks:
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1) The surface air blows over the few miles of black tar field in
only a few minutes. Only a relatively small heat input can be
made per unit mass of alr. The carbon dust scheme, in contrast,
has the carbon particles moving with the air mass. The energy
input over e mumber of hours can be very large.

2} The land surface would naturally warm up and heet the air above
to an eppreciable extent without the black ter. The bleck top
heating is only the difference between its heating and the natural

surface land heeting which would normally occur. In contrast,

when applied over the ocean, nearly all of the solar ebsorption
by the carbon dust is extre energy gain.

3) The envisaged area coverages of the bleck top of n 100 kn® are
too amall to have e significant influence. By comperison the
euthors are propoaing the carbon dust heating of aree ampunts
equal to 10,000 to 100,000 ku®.

Attempts et meliting snow filelds by coating them witb carbon dust have,

in general, proven umfeasible., Dispensing the carbon dust from alrcreft
or helicopter requires that the carbon sink to the ground before the winds
sweep it away. This requires carbon particles of 100-1000u radius. These
particles are too large to have an economically feasible area to mass
retlo except in very highly restricted conditions.

It may thus be concluded thet the previous weather wmodification field

programs in radiation alteration were, in general, on much too smal] e

scale and did not have the best physical justificetion.



VI. COMPARISON OF CAREON DUST RADIATION ABSORPTION WITH QTHER AEROSOL
ABSORPTLION
Many researchers have estimated that atmospheric aercsols absorb
significant amounts of incoming solar radiation. The questlon thsn arises
whether analogies exist between the radiative effects of existing
atmospheric aerosols, either natural or man made, and tbe here proposed
carbon dust cloud for weather modification.

The two primary radiative differences between the proposed carbon
dust cloud and the existing natural and man made atmospheric aerosols are:
1) differences in the absorption and scattering properties of the

aerosols and

2) differences in tbe spacial distribution and amount of the particles.
Carbon dust particles of sub-micron size are highly efficient absorbers
of solar radiation and exhibit very low levels of backscatter. In contrast,
typically 33%-100% of the solar radiation extinction due to most atmo~
spheric aerosol samples is reflected. This normally results in a cooling
of the earth/atmospbere system by most atmospheric serosols as well as an
increased atmospheric stability (due to reabsorétion of reflected light
above the aerosol and lower solar incidence below) above that of a carbon
dust cloud in which only 1-10% of the extinction is due to backscattsr.
Since the albedo of a carbom dust cloud is only about 1-2% (Frank and
Corrin, Paper 1V), the carbon cloud virtually always results in a net
warming of the earth/atmosphere system. Thefe is no significant waiming
above the cloud due o reabsorption of reflected solar radiation, and
solar incidence below the cloud is reduced primarily by the amount of abw
sorption in the cloud. It is concluded that a seeded carbon dust cloud

is likely to have a significantly smaller radiative effect on the atmo-
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sphere above and below the seeded area than would any naturally occuring
atmospheric aerosol. Any stably induced changes of an atmospheric
column containing a carbon dust cloud will be predominantly a result of
the direct heating of the seeded volume by absorption of solar radiarion.

The proposed spacial distributions of carbon dust particles are

different from those of most normal atmospheric serosols. A carbon cloud,
vhen initially dispersed, would be confined to a finite horizontal area
with relatively distinct boundaries. This produces strong horizontal
gradients of solar absorption between the surrounding air and the carbon
cloud, and it is the resulting heating gradients which should result in
the anticipated dynamic responses. In addition, most applications prefer
a carbon dust cloud dispersed in the planetary boundary layer, perhaps
beneath a low level inversion, resultlng in a distinct vertical gradient
of heating in at least the inirisl stages. This heating would tend to
destabilize the atmospheric column.

Although aerosols in general play a significant role in the global
atmospheric radiation budget, situations In which matural or man made
aerosols occur in unusually large and localized concentrations are of
primary interest here since their occurrences exhibit spacial distribution
characteristics similar to the carbon dust cloud. A number of such high
acrosol-concentration episodes have been studled with respect to their
radiative characteristics and possible influences on the weather, A few
of the better known ones are compared with the proposed carbon modifica-
tion hypothesis below:

1) Desert Dust - Large concentrations of dust frequently occur in the

atmosphere downwind of deserts after large windstorms. Perhaps

the best known of these are the Sahara Desert dust clouds which
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often move wistward over the Atlantic Ocean. The severest of
these dust clouds have been estimated to absorb as much as 50-60 |
cal/cmg per day of solar radiation, (Carlson, Prosperc and Hanson,
1973), about 1/2 of the daily absorption of a carbon dust cloud
of 107 horizontal area coverage. However, the great majority

of this dust (and hence absorption) is found in the 600 mb~850 mb
layer (Prospero and Carlson,‘1972). Therefore, the dust cloud
heats the air at elevations significantly above the boundary

layer and typically above a strong inversion, This would tend to

stabilize the atmosphere and suppress convection. A carbon dust
cloud, however, would be dispersed in the boundary layer below the
inversion and would tend to destabilize the atmosphere and stim-
ulate convection. In addition, the Sahara éﬁst typically is not
strongly concentrated in local areas. Thus, we do not feel that
solar_absorption by natural atmospheric dust is similar to that of
the proposed carbon dust.

The modification of weather downwind from large urban areas - Urban
weatber modification is generally attributed to a combination of the
heat plume of the city itself and to changes in condensation and ice
nuclei concentrations in the atmosphere (Semonin and Changnon, 1974).
However, asrosol absorption of solar radiatiom in the heavily polluted
air downwind from industrial urban areas is alse a possible con-
tributing mechanism to the urban iInduced modification. It is in-
teresting to compare the likely extra urban aerosol solar heating
with the proposed sclar heating which can be obtained From carbon

dust particles.
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Asgrosols over the most polluted urban csnters are relatively
poor absorbers of solar radiation. The atmogpheric aerosols with
sone significant effect upon solar radiation sttsnuation are in
the approximate size rangs of .0l < r < 1y and absorb and scattsr
according to MIE theory. Particles smallsr than r ~ 0.0lp are
generally very poor abeorbers of solar radiation while particles
much lzrger than gbout r ~ 1.0p do not have enough total surface
area to absorb much solar radiation due to their low number con-
centrations.

The imaginary part of the complex index of refraction (nz)
for natural aerosols which determines their sbsorptivity has been
measursd to be sbout n, ~ 0,01 although Biden (1966) has measured
tentative values as high as n, = 0.1 for very beavily polluted
urban air. These values are much less than the .28 <im, 22.30
values exhibited by carbon over the solar spectrum. Although
tbe exact dependence of aerosol sbsorption upon the iImagingry
part of the complsx index of refraction is very difficult to
precissly specify, computations of particle absorptivities by
Plass (1963) and others sbow that carbon particles should ab-
gorb from 5 to 100 times more solar radiation per particle than
would most atmospheric aerosols in the most effective size rsngs
{.0ly < r < 1.0u). The proposed carbon dust configurations ex-
hibit much higher psrticle céncentra£ions in the bighly abserbent
0.0y - 1.0 size rangs than do most natural and man produced
aerosols. However, during extreme urban air poliution episodes

the particulate concentrations In this size range can equal or
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occasionally slightly ewxceed the proposed carbon dust concentra-
tions (Whirby, Husar, and Ldu, 1971).

Becauvse of low particle absorptivity, urban aeroscls can be
expected to absorb no more than about 5%~20% as much solar radia-
tion as a carbon dust cloud of 10% area coverage. Such an
urban aerosol backscatters a significant amount of solar radiation.
This reduces surface heating. In additdion, aerosol concentrations
of thig magnitude usually occur only during meteorclogical conditions
highly unfavorable to developing convection {e.g. subgidence in-

version). Finally, the location of the urban aerosol (over land)

is less favorable for producing horizontal heating gradients than
the oceanic boundary layer site proposed for carbon dust seeding.
1t may thus be concluded that while an urban aerosol will exhibit
some radiative similarities to a carbon dust cloud, the much
smaller amounts of solar radiation absorbed and the unfavorable
atmospheric and geographic environment in which it typically
exiats make it highly unlikely that a significant mesoscale at~

mospheric response will occur. Therefore, the urban aerosol

does not provide a very useful analogy to a carbon dust cloud.

Rainfall suppression from vegetation fires - From time fo time
reports have been made of apparent suppression of rainfall down~
wind from aveas where a large amount of agricultural burning occurs.
A typical and well documented case is the decrease in precipita-
tion downwind from sugar cane fires which ocecurs with increasing
cane production (Warner, 1968) in Australia. However, this is
thought to result from increased concentrations of condensation

nuclel from the cane fire smoke rather than from radiative
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effects. This smoke is believed to produce more and smaller
cloud drops (Warner and Twomey, 1967). Rainfall requires larger
and fewer drops. Precipitation is thus inhibited, The carbon
cloud would not act in this manner sincs the only particles pro-
duced in significant quantitiss during the controlled carbon gen-
eration process are the carbeoan black particles themselves,

Carbon black is highly hydrophobic and will not act as an effec-
ive condensation nuclsus (Frank and Corrin, Paper IV). Hence,
carbon seeding should not have any effect on concentrations of
ctondensation or ice nuclei and should not affect cloud physics

processes in this regard.

a. Summary

Although it is tempting to compare localized natural aerosol con-
centrations to the proposed carbon dust clouds, none of the normally
occurring atmogpheric aerosols surveyed here have radiative characteristics
or gpacial distributions similar enough to the carbon dust clouds to
allow any meaningful analogles to be drawn, Few normally occurring aerosols
exhibit the strong absorptivity of carbon or exist in locally concentrated
clouds with relatively sharp boundaries such as a carbon dust cloud.
Therefore, it is doubtful that any such aerosols result in an atmospheric
response similar to the response which a carbon dust cloud would be ex~

pected to produce.



VII. SYNOPSIS

Many previously unexplored avenues of bemeficial utilization of sclar
energy may be available to man, It fs time for man to explore these areas of
potential meso-scale weather modification., The discussions of these papers
are very different than most curré;t weather mo&ificatinn schemes which
concentrate on alteration of individual cumulus elements.

The following four papers will discuss many of the radiational,
technological, ecological and meteorological requirements and problems

which are likely to be encountered when man attempts the abowe Lypes

of modification.
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Weather Modification by Carbon Dust Absorption of Solar Energy
Paper ITI: Radiation Charvacterisgtics

William M. Frank

ABSTRACT

This paper evaluates the radiational properties of clouds consisting
of carbon black particles in aerosol form spread artificially in the
atmosphere to absorb solar radiation and hence to create an atmospheric
heat source for posaible large~acale weather modification. Properties
of carbon black are discussed. A method for estimating absorption of
solar radiation by clouds developed by Korb and MOller (1962) is applied
to study solar abaorption and scattering of carbon black dust clouds.

The very high energy gain to weight and cost is discuased.
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I. ZINTRODUCTION

This paper is coucerned with the potential use of carbon black as
a clear air heat source by spreading particles over a large area in order
to trigger beneficial mesoscale or synoptic scale flow changes. The
radiation properties of carbon clouds of large horizontal extent com-
pared to their vertical depth are studied incorporating the effects of
water vapor and planetary surface albedo. Quantitative results are ob-

tained for several cloud models.
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IX. RADIATIVE PROPERTIES OF CARBON BLACK DUST IN THE ATMOSPHERE

a. Carbon black

Carbon black dust consists of fine spherical particles composed of
95-997% pure carbon, the remainder being made up of volatile materials.
The density of the carbon particles is about 2.0 gfcmS. The high
radiative absorptivity and low heat capacity (about .125 cai/gOC) of
carbon black make it an ideal agent for interception of solar radiation
and transfer of this heat to the surroundings by conduction. These

properties are discussed in more detail later.

B, Radiation characteristics of carbon bZack

The complex index of refraction of carbon particles computed by
Krascella (1965) is shown as a function of wavelength in Fig., 1. The
absorption (GA), scattering (GS} and extinetion (GE) cross sections of
spherical carbon particles computed by MIE scattering theory are shown
as functions of the size parameter g = £§£ in Fig. 2. These coefficients
are defined as the ratios between the equivalent areas with which particles
absorb, scatter, and extinct light and the actual geometric cross section.
They are functions of the refractive index of carbon, particle size and
the wave length of the affected light. The coefficients are related as

shown in equation (1}.

og = GA e US = gxtinction cross section {1)

The values shown in Fig. 2 (Xrascella, 19635) are in close agreement
with experimental and theoretical estimates of the tinting streangth of
carbon black particles made by various carbon black companies.

Marteney {1965), in a companion study to that of Krascella, obtained
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Fig. 1. Variation of the real and imaginary parts of the complex in-

dex of refraction of spherical carbon particles with incident
wavelength (Krascella, 1965). “
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Fig. 2. Extinction (0.}, absorption (v,} and scattering (¢ ) cross
gections of spherical carbon particles as functions of size
parameter (a}.
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experimental absorptivities of carbon particles dispersed In air which
are in close agreement with Krascella's theoretical values. Fenn

(1962, 1965) estimated somewhat higher values of these parameters.
Carbon black particles, when formed, are virtually all spherical and of
relatively uniform size and composition. Since the particles will be
dispersed into the alr immediately after formation, the relevance of the
MIE scattering theory to light extinction by carbon particles seems to

be reasonable.

¢. Characteristics of the carbon cloud

For this study each carbon dust cloud was assumed to be composed of
uniform carbon particles. The clouds are of large horizontal extent compared
to their fhickness, and each c¢loud or cloud laver was assumed to be homo—
geneous. Water vapor contents of the clouds were assigned according to
standard atmospheric concentrations depending upon cloud height. All water
vapor was assumed to be &ncondensed.

The zbove assumptions were made for convenience of computation.

Real situation variations from these assumed values are not felt to be
large enough to appreciably alter the results to be shown. Any of ﬁhe

assumptions can be varied to meet individual case refinement as desired.

d. Determination of Optimum Particle Size

For economic reasons it is desirable to maximize the amount of radiation
absorbed by the carbon particles per unit méss. To do this the optimum
particle size must be determined. Since the cloud is of relatively large
horizontal extent compaxed to its height, much of the forward scattered
incident radiation will be abgorbed due to increased optical path length.
Hence, we wish to maximize the extinction coefficient of the cloud per

unii mass, rather than the absorption coefficient.
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The extinction coefficient of a cloud is given by:

= Noeapl.
K'E = Neqwr G'E {2)

where R = number of particles pex cm3
r = vadlus of particles

gg = extinction cross section {a function of o = 2%5 as
determined from MIE scattering theory).

Let the volume of a single carbon particle = VP = % wr;g
Let the fotal mass of carbon particles = M, = V’I‘ e
where p. = density of carbon black (~2 gm/ cms)
VT = total volume of particles
= a - 3
Vo po 4rre _
Then g o3 Mo 1 - W
E 4 Pe T E. -
. : . . 2rr .
The size parameter {« ) is defined: o = = where A is the wave-
length of radiation. Herice_
4 _ ah
r = —2"}} and ‘ . (5)
K = 37 Mo O (8)
E =
2.9(_5 A o .

For a given mass of carbon per unit volume:
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3?Mc = constant.
chk
Hence!
g
KE = {const.)}, (N
o o

;g-is plotted in Fig. 3. The maximum value of Eg‘ from this graph will

give us the maximum value of KE for any given mass per unit velume. Solving

graphically KE is a maximum at approximately a = 0.7.

™= 2y

Fig. 3. Extinction cross section (gﬁ) and GE{a for spherical carbon
particles. '
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Although sunlight has an intensity peak at ) = .34, to maximize
the extinction across the entire solar spectrum we shall use the median -
value of solar wave length which ig approximately: X = .724u. This gives

an optimum radius of:

al 0.7 A
r 2n = 2 (8

r = .08 micron (u).

For gimplicity we shall assume particles of r = .1y for the remainder of

o
this study. Note from the gradual slope of the ;g-curve in Fig. 3 that
light extinction per unit mass of carbon is not highly sensitive to particle

size changes. Size quality control should not be a crucial problem.

e. Division of the solar spectrum

To average the general transmission function, the solar spectrum must
be divided into finite bands, and average values of the extinction coefficient

and optical depth must be determined for each band. These parameters vary

rather smoothly with changing wave length. However, water vapor absorpticn
ig quite irregular with respect to wave length. It is therefore desirable
to choose bands such that each of the absorption bands of water vapor will
coincide with one of the defined spectral bands. In the spectral bands
with no water vapor absorption, water vapor absorption will be zero,

and in the bands which coincide with water vapor bands, average values

may be determined. (The solar canstént valﬁe used is 1.95 ly/min.).

The spectral divisions used, the water vapor absorption bands, and the
solar irradiance (radiant flux inecident on a unit area) of each band

at the top of the atmosphere are shown in Table 1. Alsc shown are the

values of the sbsorption (ca), scattexring (Gs), and extinction (UE) cross
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TABLE 1

DIVISION OF SOLAR SPECTRUM

Incidient

Wavelength Water golar Energy
Band (AX) Vapor

Region (microns) Rand
1 «28 - .42 -
2 A2 - 50 - -
3 .50 - .60 -
&4 .60 ~ 70 -
5 70 - 74 724
6 Th - 79 -
7 9 - 84 . 8u
8 84 -~ ,86 -
9 .86 - .98 .94u
10 .98 - 1,05 -
11 1.05 - 1,22 1.13p
12 1.22 - 1,61 1,40u
13 1.61 - 2,10 1.87u
14 2,10 - 2,20 -
15 2,20 - 3,00 2.7u
16 3.00 - 3.80 3.2m
i7 3.80 - 4,50 -
18 4,50 - 10,00 6.,3u.
Total:
- Median:

Absorption
el Abs, Scatt. Ext, Quantity
eplmin 9% 9 % X2
220 1,04 W93 1,97 .53
.232 1.07 -~ .80 1,87 .57
.270 1.07 56 1,65 .65
228 1.07 A48 1,55 .69
.077 . 1.07 .37 1.44 T4
.089 1,04 .35 1.39 .75
.075 1.01 32 1.33 .76
. 030 1.00. .28 1.28 .78
143 .99 24 1,23 .81
.069 91 .16 1,07 .85
.138 .85 11 .96 .89
.181 .69 .06 .7Sh .92
.099 AT 06 510 93
013 40 02 42 .95
.052 .29 0 .29 1,00
.020 .19 0 .19 1,00
.008 .13 0 .13 1.00
_.012 05 0 .05 1.00
1.95
1.07 .37 1.44
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sections and the absorption quantity (K&). Abgorption quantity is de-
fined as the ratio of the absorbed light to absorbed plus scattered light

as shown in equation (9).

absorption coefficient + QWKW

KA © extinction coefficient + gWKW ®)

where

oy = water vapor density

S

i3

abgorption coefficient of water vapor.

f. Method for solving the equation of radiative transfer through a cloud

A method developed by XKorb and M8iler (1962) was used to solve the
general equation of radiative transfer through a cloud (as developed by
Chandrasekhar, 1960). The radiation field was broken up inte 2 + 2«
fluxes; one directed upward, one downward, and 27 fluxes in the horizontal

plane, This breaks the general transfer equation down into a series of

linear differential egquations which give absorption, transmission, and
reflection of radiation as percentages of total incident radiation. These
equations are shown in appendix I for the cases where surface albedo is
zero and where surface albedo is non zero.

The abgorprion, reflection, and transmission were determined for
each given zenith angle and optical depth for a marrow spectral band,
and the results were summed for all spectral bands to give total values
for given zenith angle and optical depth. Nine zenith angles from 0° o
80° at 10° intervals were chosen. For simplicity, calculations of daily
abgsorption assumed a 12 hour day with the sun directly overhead at noon.
The total abscorption and transmission per day for each optical depth was

cbtained by time averaging the values over the 10 hour 40 minute period
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with zenith angles less than 80° in computation steps of 10° zenith
angle change (40 minutes). Water vapor absorption within the cloud was
also included in the computations.

The above radiation model was run assuming no surface reflection
and alse for various albedos by introducing an upward diffuse radiation
field using mean values of the scattering function components. Intensity
of the upward scattered field varied with albedo and the amount of light
initially transmitted through the cloud.

Selar irradiances at the top of each cloud were reduced using cal~
culations by Dave and Furukawa (1966) to account for ozone (03) absorption
and molecular scattering above the cloud top. Molecular scattering within
the clioud was not considered. Absorption and scattering by molecular
oxygen (02) and carbon dioxide (COZ) is insignificant for the purposes of
these caiculations and was not taken into account. Effects of natural
tropospheric aerosels were not considered in these calculations.

For each cloud configuration studied, the total absorption of solar
radiation by carbon and water vapor was calculated. The absorption of
the equivalent volume at the same altitude due to water vapor alone was
then calculated. It was assumed that water vapor in the air around the
test cloud would absorb radiation at the rate of the carbon~free air.
Since the evaluation of carbon black as a heat source was the object of
this study, the net effectiveness of the carbon was the difference between
the total solar radiation absorbed by the carbon cloud and the radiation
that would be absorbed without the carbon cloud. It was expected that
the carbon and water vapor cloud would absorbh less than the sum of
the absorptions of a carbon-only cloud and water-vapor—only cloud
due to the redundancy of the absorption characteristics of the two
substances at longer wavelengths., This proved to be the case, but the

loss in efficiency was very small.
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I1i. ZRESULIS

a. Absorption in the tropical atmosphere

It is felt that the tropical atmosphere presents the best opportunities
for beneficial large scale weather modification. Particular interest is
centered on carbon black dust seeding into the tropical boundary layer
(1013 mwb - 950 mb). Absorptions were first computed for clouds containing
4.0 em and 5.0 cm of precipitable water vapor - (ppw) — but no carbon to
simulate clear air absorption in the tropical atmosphere. These are the
amounts of water vapor found above 950 mb and 1013 mb respectively in a
mean tropical cloud cluster. The amounts of solar radiation absorbed per
day in clear tropical conditions are shown in Table 2. It is noteworthy
that the 5.0 e¢m ppw atmosphere absorbs only about 37 more radiation per

day than does the 4.0 c¢m ppw atmosphere. This indicates that 957 of

the solar radiation absorbed daily by the 5.0 cm ppw atmosphere is absorbed
by the portion of that atmosphere containing the uppermost 4.0 cm. Since
so little solar radiation (sbout 9 ly/day) is absorbed by the lowest 1 cm
of ppw, no significant redundancy in absorption by water vapor and carbon
would occur in a carbon dust cloud dispersed between 1013 wb and 950 wh

in the tropics. Therefore, such a carbon dust cloud can be treated as a
dry cloud to a reasonsbly high degree of zccuracy.

Calculationg of absorption by a dry carbon cloud dn the tropical
boundary layer (1013-~950 mb) were made using reduced values of solar energy
incident at the 950 mb level to approximate the effects of water VEpOT,
ozone, and molecular scattering. A surface zlbedo of 107 was assumed. Re-
sults are shown in Table 3, and net abgsorption as a function of carbon
concentration is shown in Fig. 4. An increasing loss of efficlency of ab~
sorption per unlft mass occurs at increasing densities as progressively less

solar radlation penetrates to the lower levels of carbon, especially at
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high zenith angles. Therefore, from an econcmic peint of view it is
desirable to cover large areas with low concentrations if the magnitude of
heat gain to carbon dust expended is to be maximized. A carbon particle
conceatration of 10,000 particlesfcm3 represents 187 horizontal area coverage
for this cloud model. Thls would require only 45 kg of carbon black dust

per square kilometer of horizental cloud area.

b. Absorption by carbon dust in the mid-latitude standard aimosphere

Computations of daily absorption were made for a cloud extending from
sea level to 11 km containing 2.8 cm ppw, the approximate mid-latitude
standard atmospheric water vapor content, and carbon particle con=-

centrations from zero to 2000 particles/cm3. It was assumed that such a
TABLE 2

SHORT WAVE ABSORPTION BY CLEAN ATR TROPICAL

ATMOSPEERE
cm precipitable water 4,00 5.03
Absorption:
(ly/day) 153 162
| TABLE 3
SHORT WAVE_&BSORPTION BY CARBON DUST CLGUDS or
YARTOHS CONCENTRATIONS IN THE TROPICAL BOUNDARY
LAYER (1013-950 ab)
Percent Area 0o 97 187  26% 357 537 . 70%
Coverage: '
. Concentration ’
0 15,000 20,000 30,000 40,000
(Particles/cm3): 0 5,000 10,00 ' ’ ’ , ‘
Net Absorption: 98 177 243 298 384 448

by Carbon (ly/day)
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NET ABSORPTION BY DRY CARBON CLOUD

500
TROPICAL. ATMOSPHERE
CLOUD HEIGHT =0~550 m
~ (1013 ~950 mb )
> 400
B
h
~ 300 -
=z
<
5
& 200
N
o1
<1
= 100
-
o | | ! | [ E ; |
0 500 10,000 15000 20000 25000 30000 35000 40,000

CARBON PARTICLES / cm?®

L ] | | l { i ]
0 10 20 30 40 50 60 70

PERCENT AREA COVERAGE

Fig. 4. Net absorption of solar radiation by a dry carbon c¢loud in the
tropical boundary laver.
cloud model might be used to intensify existing broadscale circulations,
Total absorptions and net usable absorptions (total absorption minus
natural clear air water vapor absorption) per day are shown in Table 4.
These absorptions are plotted as functions of cloud density in Fig. 5.
Absorption in langleys per minute rates are plotted as a function of
zenith angle for each particle concentration in Fig. 6. Thig shows the
relative effects of decreasing Iincident solar radiation and inereasing
optical path length witb zenith angle change. It can readily be seen that
when dealing with large concentrations of carbon dust, efficiency is
congiderably lower at zenith angles greater than 600, which comprises
roughly a third of the 12 hour day. Operations requiring large concentrations

of carbon black for intense local heating would be most economical during
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TABLE &

ABSORPTION BY CARBON DUST CLOUD

Cloud Depth 0-11 km

Area Coverage 0% 97 18% 26% 35% 53% 70%
Particles/cmd O 250 500 750 1000 1500 2000
Total

Absorbed 137 1y 240 1y 324 1y 394 1y 452 1y 543 ly 610 ly
by Cioud

Absorbed by
Water Vapor 137 iy 137 1y 137 1y 137 ly 137 1y 137 1y 137 1y
in Clear Air

Net Usable

Absorbed 0 103 1y 187 1y 257 1y 315 1y 406 ly 473 1y

N = particl&s/cmB

C = % area coverage of Carbon

ly lost by

compeling
with water 0 141y 251y 351y 4211y 35711y 671y

vapor

(absorption by carbon cloud with no water vapor-net usable absorbed)
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800 | ABSORPTION OF SOLAR RADIATION BY CARBON PARTICLES

CLOUD HEIBHT = O—~11Km
3 ALBEDO = O

TOTAL ABSORPTION
600 {Carbon tnd Woter Vopor}
NET USABLE ABSORETION
{Total Abs. —ADs. of Clegr
Surrounding Alr}

ABSORPTION (Ly/day)

200

I H i ] A

1
0 400 800 1200
_CARBON PARTICLES /cm3

A

i £ k :
1600 2000

0 0 20 30 40 50 80 70
PERCENT AREA COVERAGE

Fig. 5. Total and net usable absorption of solar radiation by carbon
particles and water wvapor,

the mid-day hours, while those requiring only moderate concentrations
(N < 500 particlesfcmg) would be efficient throughout the entire solar

day.

¢. Influence of water wvapor absorption

To obtain an estimate of the magnitude of the efficlency loss due to
the redundant absorption tendencies of carbon and water vapor at higher wave
lengths, absorption values of a 0-11 km carbon cloud were calculated assuming
water vapor content to be zero. The resuifs are plotted in Fig. 7 along
with the total and net usable absorption potential for the mid-latitude
model. The absorption loss increases with particle concentration, and the
ratio of lost absorption to net usable absorption increases slightly. The
lost absorption ranges from 0% to about 14% of net usable absorption for

the densities tested.
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14 b ABSORPTION vs ZENITH ANGLE

CLOUD HEIGHT = O~1i Km

ALBEDO = £
N=2000 { T0% coverage)

L2k

N=I500 {53% coveroge)

N=1000 (35% coveragel

31: 7S50 (26% coverage!)

N=5Q0 [18% coverage)

N=258 (9% coveragel

ABSORPTION (Ly/min)
[#)]

4r
N=C {water vopor only} f
o
; . ; ] i
C 20 40 60 BO

ZENITH ANGLE (deg.) -

Fig., 6. Variation in absorption of solar radiation with zenith angle.



54

800 EFFECT OF WATER VAPOR ON NET ABSORPTION
OF SOLAR HADIATION BY CARBON CLOUD
CLOUD HEIHT = Ot Km
= ALBEDO =
& TOTAL ABSORPTION
3;‘ 600 (Corbon and Wotar Vopor)
) 7 DRY ABSORPTION {Corbon Orly}
- //4069/’ NET USABLE ABSORPTION
o {Totoi Abs ~Abs. of Claor
i&— 400 Surrounding Air}
&
L22]
Q
200
i 3 i i H i | H L
0 400 800 1200 1600 2000
CARBON PARTICLES /cm?
H 1 i 1 i H i
20 30 40 50 80 TO
PERCENT AREA COVERAGE
Fig. 7. Loss of efficiency of carbon absorption due to redundant

absorption by water wvapor.

d. Long wave radiation loss

To develop a complete heat budget of a carbon black cloud, it is

necessary to consider the loss

wave radiant flux divergence.

of absorbed radiation due to vertical long

Korb and MB8ller {1i962) caleculated values

of long wave flux divergence of various carbon clouds for a 24 hour day.

They considered CGZ

particles to be gray absorbers.

and water vapor to be selective absorbers and the carbon

Standard mid-iatitude atmospheric values

Resgults are shown in Table 5.

of water vapor concentrations were used.

The difference between flux loss from a cloud consisting of carbon, water

vapor and COZ and a similarly dimensional cloud consisting only of water

wvapor and COZ represents the loss of effective heating by the carbon black.

In the most extreme case, the 1-6 km cloud with a carbon concentration of



TABLE 5

LONG WAVE RADITION FLUX DIVERGENCE LOSS BY VARIOUS AEROSOL CLOUD MODELS (Korb and MOller, 1962)

Long Wave Flux Divergence {ly/24hy)

Clond (1) H20,002 (2) HZO,COZ,Carbon [(2) - ()] (3) HZO,COZ,ﬁarbon [(3) - ()]
Height Cloud (N=103%m ~3)Cloud Net Loss by Carbon (N=104cm-3)Cloud Net Loss by Carbon
1-2km ~33.7 ~34,3 -0,6 ~38.6 -4, 9
S5-6km «23.3 -23.3 0.0 -24,9 ~1.6
1-6km -126.9 -128.0 ~1.1 -137.2 -10.3
10~11km ~14,3 -14.1 +.02 ~11.8 +2,5
{Negative values indicate loss)

49
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Ix 104 particles per cmB, the effsctive loss is only 10.3 ly which rep-
resents only about 2% of the toial solar radiation absorbed in one day by
such a cloud. A: very high altitudes (the 10-11 km cloud) there isg a
slight relative gain of long wave radiation by the cloud. Thus, long wave
flux should not have a significant effect on the net radiative energy gain
of carbon seeded air. It is assumed, therefore, that virtually all radiation
absorbed by the cloud will be directly converted into heat within the absorpticn
layer.

This finding agrees well with the results of a thermodynamic heat
transfer analysis of the carbon particles by the author inm which it was
found that sbout 957 of the absorbed solar energy is conducted to the
surrounding air while about 5% is emitted as long wave radiation. PFarc
of the emitted radiation is reabsorbed by carbor particles and water
vapor within the carbor cloud resulting in the very low net long wave

radiative flux divergences found by Korb and Mbller.

e, Influence of surface albedo

The effects of varying surface albedo upon total daily absorption were
taken into account by applying the upward diffuse radiation field described
eariier to the mid-latitude cloud model. The effects are the same for the
tropical boundary layer cloud. Computations were made for surface albedo
values (AS) of 0%, 10Z, 20%, 30% and 507%., The net absorxption values are
plotted as functions of particle concentration in Fig. 8. The increase in
net absorption dus to surface albed§ is greatest between concentrations of
about 500 and 15060 particies/cm3 peaking at about 1000 particlesfcmB (35%
area coverage). It decreases with higher concentrations due to greater
initial interception of light and hence lower reflected values, Fven with

a 50% surface albedo increase net absorption is changed by only 15% or less,
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NET ADSORPTION FOR VARIOUS SURFACE ALBEDOS
CLOUD HEWGHRY £ O« Km
500 -
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. N‘Bﬂ'f) oo
. 9'\"3600650
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g |
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Fig. 8. Absorption of solar raéiatioh by carbon particles dispersed
over surfaces with various albedos.

Therefore, although the effects of surface albedo upon absorption are not
negligibie, they are low enough to be safely neglected in many situations

without greatly affecting results.

£, Absorption distribution in the vertical

For application of this study to actual operations, it is necessary
to know how the absorbed radiation is distributed vertically through the
cloud. To obtain an approximation of this a 4 km thick cloud was divided
into four directly adjacent 1 km thick layer clouds. For each carbon
particle concentration, absorption in each cloud layer was computed, the
top layer first, the top plus the second layer next, and so forth. By
simple subtraction the amount of solar radiation absorbed in each layer

was determined for this homogeneous cloud model, This cloud was located
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between 200 mb and 100 mb. Tor simplicity and with previous demonstration of
its small effect, wzter vapor absorption was neglected. Surface albedo was
also neglected., In this calculation the upward diffuse radiation field
would have been reduced below values in the previous cloud model due to
water vapor absorption of both the downward transmitted and the upward
reflected radiation. Amounts abgorbed in each layer are shown in Table

6. Total absorption is greatest in the upper layer and decreases In each
succeeding layer as the amount of light incident at the top of each layer
becomes less. As particle concentrations increase, the percentage of ab-
sorbed light which is absorbed in the upper layer increases sharply. There~
fore, if vertically homogeneous heating is required, the particles must

be distributed with lowest concentrations at the top increasing to the

heaviest concentrations at the bottom of the cloud.

TABLE &

ABSORPTION (lyfcm%, 10hr40min) IN EACH CLOUD LAYER

C(%) 30% 1267% 252%

Cloud Levels N(-EED) 4000 10,000 20,000
1. 171 3439 528
2. 126 179 168
3. 96 164 69
6. 75 64 34

TOTAL  (100-200 mb) 468 696 799



53 .

g,  Particlie gize distribution in the vertilcal

It was felt that due to relatively high extinction of light in the
shorter wavelengths, the light incident upon lower layers of a carbomr cloud
would exhibit longer median wavelengths than would light incident upon
upper layvers. A significant increase in median wavelength would indicat§
that larger particles would be required to maintain optimum absorption per
unit mass as determined from Fig. 3. The four layer cloud model from 200 mb
te 100 mb was used to evaluate this effect. For each of 3 different carbon
particle concentrations, light incident upon the top of each layer was
estimated by subtracting previously absorbed light from initial incident
light intensities for each spectral reglon. The median wavelength of light
incident upon each layer was calcualted.

Computations were made for carbon particle concentrations of 4,000,
10,000 and 20,000 particles/cmS. The expected increase in wavelengths of
solar 1ight at lower levels did occur. In the most extreme case (W =
26,000 particles/cmS) the increase in wavelength of incident light from the
highest to the lowest of the 4 layers was 764, but this is a higher con-
centration of carbon than would probably be used in most types of applications.
For the two lower concentrations wavelengths varied only 147 (¥ = 4,000
particles/cm3) and 3%9% (N = 10,000 particles/cm3). Tn the lower parts
of the troposphere, water vapor absorption in the longer wavelengths would
reduce the amounts of the mean wavelength increases. From Fig. 3 it was
determined that maximum absorption per unit mass would occur at o = 0.7
where o = 2%5 « . A 39% increase in wavelength would require a 39%
increase in particle radius to maintain optimum absorption efficiency.
Since initial optimum particle size was approximated as about v = .1lu,

the optimum particles in the bottom layer of the model cloud would be about
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r = ,13u for N = 4,000 particles/cmB and r = ,15u for N = 10,000 particles/
cm3. Particle size variations of these magnitudes do not have a significant
effect upon total cloud absorption values.

In addition lower overall light intemsities in the lower layers make
the importance of having particles of optimum size less in lower layers
than in higher lavers. Therefore, for carbon particle concentrations
likely to be used in weather modlfication work, uniform particle sizes
can be used without appreciable loss of absorption efficiency per unit

mass.

k.o 'A‘t'mogpheric regidence time

It is desirable to know approximately how long dispersed sub-
micron carbon particles ave likely to remain in the atmosphere. The
author discusses the probable residence times of carbon particles dis-
persed in air in paper IV. It was concluded that carbon particles
dispersed in the low or middle tropical troposphere would have mean
residence times of about 3 te 8 days. This indicates that carbom
disperaed in an avea with low ventilation (such as a cloaed circu~
lation) could act as a heat source for more than one day. However,
carbon dispersed in the tropical boundary layer would I1ikely diagi-
pate much faster due to the high levels of comvective activity found

there.

g U Major-fin&ings

Computations of daily absorption of golar radiation by several con-
figurations of carbon clouds were performed. Carbon black was shown to
be a highly efficient absorber of short wave radiation.

The optimum particle size forxr absorption of sclar radiation was

determined to be r = .08u, but this exact radius is not extremely critical.
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Absorption per unit mass of carbon decreases with increasing carbon'
concentrations due to the screening out of radiation in the upper layers
of the cloud. This effect greatly reduces sbsorption efficiency at carbon
horizontal area coverages gfeater than about 25%.

Clouds with low concentrations of carbon are relatively efficignt
absorbers throughout the solar day, while high density clouds are effi-
cient absorbers per unit mass only when the solar zenith angle is small.

Redundant sbsorption tendencies of carbon and water vapor cause
some loss of efficiency in carbon cloud absorption compared to absorp-
tion of the clear suyrounding air, However, this effect is relatively
small (0 - 14% loss) in most of the cloud configurations tested. This
efficlency loss is negligable for carbon clouds in the tropical boundary
layer.

The longwave radiation loss of a carbon eloud is not significantly
greater than the longwave radiation loss by an equivalent clear air mass.
Therefore, longwave flux divergence should not cause a heat loss by
the carbon cloud relative to the surrounding air.

Virtually 100% of the solar yadiation absorbed by the carbon particles

is transmitted as heat to the suyrounding air.

Increasing surface albedog can increase the absorption of carbon
clouds, but the net gain is relatively small ( a cloud over a 50% zlbedo
surface absorbs only 10-157%7 more radiation than a cloud over a 0% albedo
surface). |

In a relatively dense vertically homogeneous cloud most of the
gbsorption occurs in the upper layers of the cloud. To obtain uniform
vertical absorption the carbon must be distributed with concentrations

increasing towards the bottom of the cloud.
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Although the median wavelengths of radiation incident om the lowest
layers of the clouds are greater than that of incident solar radiation at
the cloud tops, the wavelength shifts are not great enough to require
the use of larger carbon particles in the lower cloud layers to maintain
maximum absorption efficiency.

Carbon particles dispersed in the troposphere should exhibit residence
times of approximately 3-8 days. This would indicate that it may be
possible to obtain heat for more than one day in cases where the carbon

cloué is located in areas of weak ventilation.



IV, CONCLUSIONS

d. Carbon Black d8 an dtmogpheric Hedt séurce

The characteristic of carbon black which makes it attractive as an
atmospheric heat source is the extraordinarily large amount of solar radiation
per unit mass of carbon which can be absorbed and hence transmitted to the
air. One gram of carbon can absorb more than 40 million calories of solar
radiation in a single day. On the other hand coal, currently the cheapest

of conventional combustible fuels, provides only about 7,000 cal per gram.

It is fmportant to realize the amount of air temperature increase
which is possible using carbon black. For example, in the tropical bound-
ary layer (1013 - 950 mb), 1 x 10° kg of carbon black could be digpersed
into a carbon cloud covering over 4000 square kilometers and extending
from sea level to 950 #mb with a horizontal area coverage of 9%. This cloud
could provide enocugh heat to increase the temperature of thé air within
the seeded boundaries by about 8C per 10 hours. Table 7 shows several
cloud configurations and possible cloud heating rates which could be ob~-
tained by dispersal of 1 x 105 kg of carbon black.

Among energy sources normally used by man only nuclear energy compares
with carbon black as a source of energy per unit mass, and no known sub-
gtance compares as a source of heat per unit cost. A 20 Xiloton nuclear
explosion produces about the same amount of thermal energy that 1,000 kg
of carbon black produces in 10 hours. The carbon is not consumed
during the heat generation process, and if atmospheric conditions are

chosen carefully, residence times of several days are possible with re-
sulting increases in efficiency. The major expense to be expected
when attempting to utilize carbon black as an atmospheric heat source

is the cost of dispersal. Preliminary cost analysis indlcates that
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the cost ‘of alr dispersal of large amounts of carbon black from air-
craft would be 2-3 times the price of the carbon black itself. Even so,
the avallable heat per unit cost is very large. The amount of solar

heating per upit cost which can be realized using a carbon dust cloud
seems to be large enough to permit cost effective large scale weather

modification.

TABLE 7

TYPICAL TROPICAL BOUNDARY LAYER CARBON DUST INDUCED HEATING RATES

Total carbon mass = lxlO5 kg
Cloud Height = 0,535 km
Cloud Configuration: Circular (radius = r)

Net Heat
y Absorbed ;
cal Temperature
Area Q:f§~w--§ Change
Area Coverage em“10hrs. (°C/10hrs.)
2 o

7200km 5% &0
4000km? 9% 110 |
2000kn” 18% 200 13
1500km2 26% 270 18
1000km2 35% 325 : 22
680km> 537 410 - Y
510km” 70% 470 31
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Weather Modification by Carbon Dust Absorption of Solar Energy
Paper 1¥1: Generation of Carbon Particle Clouds

Charles A. Stokes, Sc.D.
157 Hun Road, Princeton, New Jersey 08540

{Consultant to Department of Atmospheric Science, Colorado State University
Fort Collins, CO)

ABSTRACY

This paper discusses the technology required to generate clouds
of sub-micyon size carbon particles and disperse them directly into
the air from airborne, ground, or sea surface sources for use in large-
scale weather modification experiments. It is determined that it would
be feasible to generate such clouds using existing afterburner equipped
jet engines with relatively simple modifications.
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Previous investigators (Downie and Smitb, 1958; Femn and Oser,
1962; Fenn, 19643 Smith et al., 1959; Van Straten et al., 1958; Wexler,
1958) have realized the enormous technical and economic potential for
the use of solar intercepting clouds in producing weather modifications.
Yor discussions of certain weather modification applications of a solar
energy intercepting cloud of carbon particles and a summary of some of
the important previous research in this field, the reader is referred
to the companion paper by Gray and Frank (Paper I). To date, however,
there has been devised no practical means to create such clouds. The
amount of energy that can be zbsorbed in one day by one pound of carbon
particles suitably dispersed in the atmosphers is of the order of

7 btu (2 % 1010 calories) which ig to be compared with the heat

7 x 10
of combustion of carbon at about 14,300 btu. Except for atomic energy
effects there is nothing else known that can produce heat effects of

this order with the “consumption" of such a small amount of material.

(We place consumption in quotes because the carbon is not actually con-
sumed in the heat absorbing process.)

In this project we were seeking to establish beyond any reasonable
doubt the feasibility of ground and airborns generation of clouds of
carbon particles in the fraction of a micron size range at a rate of 10~
50,000 pounds of carbon per hour. Feasibility as used here means that
all process steps and types of devices are now in use separately on a
large scale so that, given adequate funds and the help of organizations
and persomnel highly skilled in each of the parts of the process, the
basic engineering design of a full scale prototype unit could be started.
It should be noted that generation of carbon dust clouds from surface

sites {ground or ship based) is quite feasible using approximately the
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game equipment and technology as airborne sources. However, since air-

borne generation would greatly increase the number of possible applica-

tionsg, it is very important to demomnstrate the feasibility of this par-

ticular method of generation. It will be assumed that demonstration of

the feasibility of airborne generation will be sufficient proof of the

feasibility of ground or sea surface (i.e. ghip) based generation. The

alternatives studied are listed below:

1)

2)

3

Redispersion of carbon made previously.

Commercial carbon black has been taken aloft in various aircraft
and has been dispersed into the air through venturi devices
utilizing air flow to produce the necessary shear of particles
for dispersion. This method is judged impractical for the large
amount of carbon discharge required by this project. Between

200 and 1000 bags per hour of beaded carbon would have to be hanw

dled, opened, finely ground and fed through a disperser. While
this might be done in a large aircraft (e.g. a Boeing 747), the

cost of medifying and equipping the aircraft would be very large.
A special crew of about 5 to 10 people would be required to handle
the carbon in a plane. Degree of dispersion would leave much to
be desired, and this alone could make this method impractical,
Carry aloft a commerciz] carbon black furnace.

This alternative is not only more costly but presents weight and
power problems. These could be golved in a very large aircraft,
but the cost could be enormous.

Uge of a ram jet engine.

This could be done except that such engines are not currently in

use. An afterburner is in effect a ram jet added to a turbine jet
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engine. We mention this possibility only to indicate that it has
been coansidered.

4) Use of afterburner type jet engines to generate carbon directly.

This alternative was considered by far the cheapest, most effective,
most convenient, and safest alternative. It was therefore chogen
for detailed study.

As clearly revealed in published patents, (J. C. Krejei, 19538;
Burton P. Latham, Jr. and Robert G, James,.lgﬁ?; Charles L. De Land,
1967; George F. Friauf and Briaan Thorley, 196la; George F. Friauf and
Brian Thorley, 1961b), the carbon generation process essentially consists
of burning a primary fuel with about 140% to E80Z of theoretical air and
then injectinglinto the hot, turbulent combustion products of the primary
fuel a high molecular weight liguid hydrocarbon. A portion of the in~
jected hydrocarbon and part of the hydrogen evolved from the hydro-
carbon fuel burn instantly creating a highly luminous flame which is
guenched from a theoretical flame temperature of some 3800 - 3800F to
an exit temperature of 2700 - 3000F by the endothermic decomposition
of that part of the hydrocarbon which is not burned. The decomposition
products rapidly condense or polymerize into primary carbon particles

which also tend to grow upon each other in chains much like a string of

frogs eggs. The entire carbon forming process after injection of the
hydrocarbon is complete in a matter of milliseconds. There are patented
ways to control the chaining tendency sc as to glve smaller or larger
agglomerates.

1t is fairly evident that the afterburner of a jebt engine sets up
almost ideal conditions for Injecting a liguid hydrocarbon fuel into hot
primary combustion gases with some residual oxygen content. Missing

only are adjustments in air ratios, provisions for injecting the hydro-
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carbon through suitably coocled nozzles, provision of an elongated after-
burner shell in order to allow sufficient time for carbon formation and
provision for supplemental cooling of the modified afterburner due to
the highly luminous radiant flame. There may also be practical problems
to be dealt with in protecting the aircraft body from too much heat

from the streaming highly luminous flame. The feasibility of adapting

an afterburner type jet engine to airborne carbon particle cloud genera-

tion is discussed in detail in a feasibility study project by the suthor
{ Stokes and Reed, 1973) and in Appendix B of this paper. Such an engine
could be mounted easily on a portable test stand on the ground or on a
ship for land or sea surface carbon generated.

It is necessary to have a stable, noncorrosive fuel which is liquid
and pumpable zt z reasonable temperature, preferably not much over
i00F. This condition can be met with certain commerical carbon black
fyels. Some of the regular aircraft fuel tanks can be used provided
precautions are taken against possible damage of any rubber or plastic
linings, fittings, seals, etc. by the carbon fuel. The fuel can be
kept warm in the tank witrh electrical immersion heaters powered by the
airceraft electrical system. The wattage required is very small.

Having deduced that we could use an afterburner type jet engine
to produce the kind and quantity of carbon wanted, we next had to check
our findings with engine manufacturers to see if our proposal could be
accomplished in a practical fashion; The results were indeed gratifying.
The opinion firmly expressed was that existing jet engines could be
modified by lengthening the afterburner and that such an engine could
be used in place. As an alternative to using engines that are wing

mounted, a "flying test platform™ could be used., This is a plane fit-
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ted with a device to lower a jet engine from the fuselage in flight,
a commonly used method in engine development work.

An ideal aircraft would be a B~52 with its 8 afterburner engines, 4
of which could be modified. Some re-piping of the fuel tanks would also
be required. During take off all engines would be used in the normal
manner. In the air 4 engines would be switched to carbon production,

The approximate conditions that would apply before and after mo-
dification of a typical large afterburner engine are shown in Figs. 1
and 2.

We have concluded that by slightly modifying readily availlable jet
engines carbon dust particles could be produced and dispersed into the
air at a rate of 20-30,000 pounds per hour per engine. Roughly half
of the weight of the carbon fuel would appear as carbon particles re-
sulting in a carbon particle production cost of about 4¢~6¢ per pound.

One pound of 0.1 radius carbon particles would contain approximately

4 x lOlé particles, and 200 pounds of these particles dispersed in air

can absorb over 100 calories of solar radiation per sz per day over a

one mile square area (4 x 1012 cal/milaz day) heating the alr accordingly.
The operation would be safe and in every way feasible from the point of
view of fuel combustion, mechanical and aeronsutical aspects. Therefere,
the carbon dust particles could be generated and dispersed from airborne
sources as well as from land or sea surface sites. It is beyond the scope
of this paper to go into the engilneering details or costs, but these
matters are under study. A program for the development and testing of
prototype carbon particle generating engines using existing jet aircraft
engines and test facilities has been proposed and outlined in a feasibility

study report by the author and Reed (19731).
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AFTERBURNER AND TAILPIPE ASSEMBLY OF JET ENGINE
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Fig. 1.

Conditions existing in the afterburner and tailpipe assembly of

a typical jet engine during afterburner operation (based on

data for the J-57 and J-79 jet engines).
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Fig. 3 showa how carbon dust would be generated and dispensed from ‘
a jet aircraftr. Fig. 4 shows a carbon dust smoke plume being generated
by an uncontrolled petroleum fire in Wyoming. This iz typical of the
type of carbon plume which wnuld.be used for weather modification. Note

the shadow cast by the carbon plume,

Fig. 3. Illustration of how carbon dust would be generated and dispensed
from a jet ajrcraft.



Fig. 4. Carbon dust smoke plume generated from an uncontrolled oil fire
in Wyoming.
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Weather Modification by Carbon Dust Absorption of Sclar Energy
Paper IV: Envirommental Impact

William M. Frank and Myron L. Corrin

ABSTRACT

Large scale carbon dust weather modification operations will involve
the introduction into the atmosphere of substantial quantities of carbon
black particles and certain gaseous and particulate by~products of tbe
carbon generation process. The effects of conducting a typical carbon
seeding operation upon human health, long term atmospheric conditions,
and the ocean and its ecosystem as well ag esthetic considerations are
discussed.

Carbon black particles are found to be essentially non-toxic to
test mammals when ingested, placed in prolonged contact with skin, in-
jected beneath the skin, or inhaled for any length of time and at any
concentrations likely to be encountered during any carbon seeding opera-
tion., None of the by-products from the carbon generation process would
be present in the atmosphere over populated areas at concentrations ap-
proaching Environmental Protection Agency (EPA) proposed standards. It
was concluded that the generation and dispersal of carbon black particles
and their by products intec the atmosphere would not have any significant
effect upon human health.

Atmospheric effects of carbon dust and its by products generated from
carbon seeding operations would be insignificant with regard to alteration
of global weather or climate, even if the operations were carrvied out as
frequently as one per day.

Carbon dust which falls to the surface of the oceans would probably
sink to the ocean bottom at a rate equal to or exceeding the Stoke's free
£all wvelocity, and therefore, it shottld not alter the energy balance of
the oceans. Being essentially non~toxic and inert, it should not affect
the oceanic ecosystem.

Esthetic effects obviously involve highly subjective judgements.
However, a typical carbon seeding operation should at most result in a
temporary hazy appearance over populated areas which would be much less
noticeable than the haziness of the ailr over most large urban areas.
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I, INTRODUCTION

It is probable that the carbon particles used in meso or synoptic
gcale operations will be manufactured ss they are dispersed by the con-
trollied incomplete combustion of some type of petroleum distillate., At
this time, the exact nature of the products and the process to be used
are not known but the following estimates will be used:

For each pound of fuel burned, the products will be:

1/2 ib carbon black

HQG vapor

co
o
NOZ
KO

Various hydrocarbons in both gaseous and
particulate form

2

The amounts of the various gases will be estimated later as will the
nature of the hydrocarbons. This chapter deals with the physioclogical
effects of the carbon particles and the possible ecological and climatic
effects of all of the products. The physiological effects upon humans of
HZO vapor, coz, NOZ' NG and CO are well documented. This section will show
that the maximum potential concentrations of these gases will not be detri-
mental to human health., To evaluate the envirvmmental impact of generating
carbon particles and dispersing them into the atmosphere in relatively
large amounts (1~2 million pounds per operation) it is convenient to
divide the subject into five major areas. These are:
1) toxicity of the carbon black particles,
2) effects of the by-products of the carbon genmeration process
upon human health,
3} long-term effects of carbomn black and its by-products upon
the atmosphere,
4) impact of the carbon black dust upon the oceanic ecosystem, and

3} temporary esthetic effects of the carbon upon the local area.

Bach of these areas will be treated separately below.
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IT. THE TOXICITY OF CARBON BLACK

It is planned that the carbon particles used in weather modification
work will probably be generated as they are dispersed by the incomplete
combustion of fossil fuels. Until the actual apparatus has been designed
and field tested, it will not be possible to determinelﬁhe exact chemical
composition of the caxboﬁ black produced. Therefore, this section is limited
to discussion of toxicity studies performed with various existing commercial
carbon blacks. The studies mentioned below employed carbon blacks of
several different sizes produced by a variety of processes. It is felt
that the carbon Elacks generated in weather modification work would be
essentially similar to some of these commercial varieties tested.

Fresent carbon weather mﬁdification proposals call for dispersal of
carbon dust into the atmosphere over the sea about one day upwind of any
major land area, Therefore, the initial carbon cloud (con;entration of
40 ug!ms, l-ug{m; = leﬂﬁglma) should diffuse to relatively low concentra-
tions before encountering a populated area. -

Carbon black particles are composed primarily of elemental carbon
with variable amounts of ox?gen, hydtogen, sulfur, and trace amounts of
ash components. They are produced by the camhustion_of-one_or mn?e
hydrocarbons innaﬁ.axygen deficiént envirorment and subsequent coﬁdensa~
tion of the carbon either in furnaces or in long rows of natural gas
_ bﬁrners known as channels. E#%nace'blacks,uhich.axe of the most interest
for the purposes of_this study,are typically 95-99% pure carbog. For
. most purposes, carﬁon black can be treated as a.baéically inert substance.
The most complete study of the physiological effects of carbon black

was pérformﬁd by Nau, Neal, and Stembridge (19538, 1938, 1960, 1962) and
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was sponsored by the state of Texas. They studied the effects of:-
a) ingestion
b)Y skin contact
¢} subcutaneousg injection, and
d} inhalation of carbon black by animals.

Fourteen different tvpes of carbon particles ranging from approximétely

005 ¢ to .1 u in dismeter were used. These are the size ranges we pro-.
pose for wodification. Ten of gha blacks were pzodgced by variations of
the furnace method (the process most likely to be used in weather modifi-
cation operations), and four were manufactured by channel processes. The

results of their tests are svmmarized below.

a. TIngestion of carborn black
Carbon black was fed in large doses to a group of mice as part of
thelr regular diet. Different groups were fed:
a) carbon as delivered from the manufacturer
b) carbon which had been extracted by hot benzene to remove
certain hydrocarbons which had been absorbed by the carbon
¢} a known carcinogen, and
d) carbon which had been allowed to absorb some of the kunown
carcinogen.
Control groups were maintained on their normal diets. It was found that
ingestion of large amounts of carbon black, as supplied by the industry
or after benzene extraction, produced no changes from normal. Ingestion
of the pure carcinogen produced abundant tumors in the mice, but eating
carbon black which had absorbed some of the carcinogen caused no effects.
Apparently, the carcinogen lost most of its toxicity when absorbed by the
carbon, Carbon black appears to be harmiess when ingested. This result
is not surprising since carbon black has been used for years as a certified
food coloring in certain foods (jelly beans, licorice, gum drops, etc.)
with no reported ill effects, In additiom, carbon black is capable of ab-

sorbing amounts of at least one carcinogenic hydrocarbon, greatly reduclng

the toxicity of that substance.
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b Skin contact

The second phase of the Nau, Neal, and Stembridge (1958) tests dealtl
with possible effects of various types of carbon black upon prolonged skin
contact, The results showed that there were no detectable changes from
the normal in hamsters, mice, guinea pigs, rabbits, or monkeys regardless

of the amount of carbon contacted by the skin or the exposure time.

e, Subcutanecus injection

Tests of the effects of carbon black when injected under the skin
were performed on wmice and rabbits to simulate the possible intrusion of
carbon into the body through skin lacerations or abrasions., It was found
that injecting carbon black under the skin caused no significant changes
from normal. Certain hydrocarbons extracted from the carbon by benzene
extraction caused tumors when injected, but these substances are apparently
bound so tightly to the carbon that they cause no tumors when unextracted
carbon 1s injected.

In separate lab tests carbon was suspended in solutions of blood
plasma and of gastric juice for as long as 7 days., There was no
significant elution of hvdrocarbons from chanmel or furnace black sus-

pended in either of these mediums,

d. Inhalation of carbon black

Hamsters, mice, guinea pigs, and monkeys were placed in dust inhala-
tion chambers for 7 hours per day, five days a week. Monkeys were exposed
to carbon black for up to 13,000 hours while the mice were exposed for
virtually their entire lifetimes., Carbon black concentrations of 2400 ug!m3
for furnace blacks and 1600 ug/mB for channel blacks were used. These

concentrations are substantially higher than the carbon concentrations
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proposed for use in carbon black weather modification, Initial carbon
concentrations during field operations would probably be on the order
of 40 ug!ms and would decrease steadily with time. "This is 1/40 to 1/60
of the amounts that were used in the inhalation studies,

Results of the inhalation tests showed that there was measurable ac-
cumulation of carbon dust in the lungs of test animals only after breath-
ing relatively large concentrations of carbon dust for exposure times great-
er than about 400 hours. No malignancies or other related disorders were
encountered in test animals. These results indicate that inhalation of
carbon black has no wndesirable effects other than long term particle ac-
cumiziation in the lungs. This accumulation represents a health hazard only
when it occurs in the lower respiratory tract, particularly in the alveoli
sacg of the lower lungs where oxygen and carbon dioxide are exchanged be-
tween air and the blood. As discussed in the National Air Pollution Control
Administration Report No. AP-49 (1969) this intake and deposition of particles

upon the alveoli is strongly size dependent. Fig. 1 from this report shows
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Fig. 1. Calculated fraction of particles deposited in the respiratory
tract as a function of particle radius. (This figure represents
the calculated efficiencies of deposition of particles of var-
fous sizes in the tracheobronchial and alveolar reglons of the
respiratory system, and shows the size for minimum efficiency.)
(From NAPA Report AP-49, 1969). The broken line shows the 0.1lu
carbon particles to be used.
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that there is a winimum efficiency in particle deposition within the alveoli
for particles on the order of r=.1lu. These are the size carbon particlés

to be manufactured for weather modification operations. Therefore, the
carbon particles used in this study are legs likely to be retained in the
alveoli than most natural or other man-made aerosols.

The Environmental Protection Agency (EPA) in the Federal Resgister

of December 23, 1971, has set contaminants standards by mean geometric
average of weight of particles per cubic meter. The minimum level rep-
resenting the onset of undesirable particulate levels has been estab-
lished as 70 ug}m3. By way of comparison, the particulate loadings of
the proposed carbon experiment would initially be only about 40~50 pg/mB
{representing 10% equivalent horizontal area coverage by the carbon) and
should decrease considerably due to diffusion and rainout before the capr~

bon cloud would be advected inland over a populated area.

TABLE 1

Summary of NASN Suspended Particulate Samples for
Urban Statioms by Population Class, 1957-1963

Arith, Geo.
No. of No. of Min, Max3 mean mean
Pop. class samples stations (ug/m3) (ug/m”) (ug/m®) (pe/md)

1. 3 million and over 31s 2 57 714 182 167
2. 1-3 miliion 519 3 34 594 161 146
3. 0.7-1.0 miliion 1191 7 14 658 129 113
4. G.4-0.7 million 3053 19 i8 977 128 i1z
5. 0.1-0.4 million 9531 g2 10 1706 113 100
6. 50,000~160,000 5806 81 6 982 111 g3
7. 25,000-50,000 1606 23 5 679 85 71
8. 10,000~25,000 484 6 11 539 80 63
9. <18,600 150 5 22 396 160 84

Table frowm Stern, 1968, ug/m3 means micrograms per cubic meter (lOwﬁg/m3).
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carried by the air) from the floor of the Atlantic Ocean off of West
Africa bf Chester {(1972) indicate that the entire troposphere there is
cleansed of the eoliazn dust in less tﬁan 10 days. ﬁor& than 70% of the
eclian dust particles measured are smaller thaﬁ 4 ﬁlin diameter and were
assumed to have been removed by precipitation scarepging,_probably rain—
out. Pigure 2 shows that natural seroscl particles range from about

.01 Q to 100 p in size with the greatest number of particles being con-
centrated in the size range from .0L u to .1 u (Quanzel, 1970; Junge, 1955;
Tkebe and Kawanc, 1970:; Junge and Jaenicke, 1971). Carbon particles of

.1 1 radius should not differ greatly from mean atmospheric particles

with respect to size. Although carbon particles differ in composition
from most natural atmospheric aerosols, they should have aerodynamic
properties similar to those of other basically inert particles. Theye-
fore, an assumption that carbon particles dispersed in the lower tropo-
sphere (1000 mb - 700 mb) would have mean residence times of but 3 to 8
days seems reasonable. Carbon particles dispersed in the oceanic tropi-
cal boundary layer would likely dissipate more quickly than average due

to the high levels of convective activity found there.

Carbon particles dispersed in the atmosphere may affect the global
scale climate in two ways. They may slightly decrease the earth-atmosphere
system albedo, and they could redistribute solar energy in the vertical
if some of the carbon was to reach the upper atmosphere. Being basically
inert and highly hydrophobic, the carbon should not cause any changes in
condensation nuclel or ice nuclei concentrations. The albedo increase is
due to the low backscatter of clouds of carbon particles {(less than 2% for
even a relatively dense carbon cloud) and their high absorptivity (¥rank,

1973). A carbon cloud will absorb an apprecilable amount of both incoming



I¥. LONG TERM ATMOSPHERIC EFFECTS

To evalunate the long term atmospheric effects of perfprming one or
more carbon weather modification operations, it is necessary to establish
the approximate residence time of the carbon particles in the atmosphere
as well as the physical effects of the carbon upon the earth atmosphere
system. The principal mechanisms for removal of aercsols from the atmo-
sphere are rainout (particles becoming attached to raindrops during the
condensation process) and washout (particles being captured by falling
raindrops during precipitation). Particles on the order of r = ,lu
will not fall ocut of the atmosphere from gravitational forces in any reasonable
amount of time. Washout is an effective removal mechanism only for relatively
large particles (larger than a few microns), Adam and Semonin (1970)
have shown that for particles in the 1y size range, a 0.5 cm/hr rain will
remove less than 1% of the particles per hour via washout, Xerker, et al.
(1970) found that collection efficiencies {ratio of mass of particles swept
out by falling droplet to total mass of particles in volume swept out by
droplet) of 0.3u particles by raindrops is only on the order of .01Z.
These results indicate that washout is a very inefficient removal mechanism
for sub micron sized particles. Rainout appears to be the principal removal
mechanism for sub micron aerosol particles. Peterson and Crawford (1970),
using a large cloud diffusion code model with & precipitation scavenging
option, found that rainout is a more important removal mechanism than
washout for sub microm particles, but it is difficult to obtaln accurate
estimates of rainout efficiencies for gpecific particle sizes.

Martel (1970} estimated that patursl atmospheric particles in middle
latitudes have residence times of about 6 days in the lower to middle tro-

posphere. Studies of sediment patterns of eollan dust (land derived dust
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upon humans. It may be concluded safely that there will be mo hazard
resulting from CO during carbon manufscture. Nitrogen oxides and hydro-
carbons would alsc be produced at levels significantly lower than pro-
posed EPA standards. It should be noted that the estimate of 107

yield by mass of either of these two substances during the carbon man-
ufacture process constitutes a very large overestimate of their likely
concentrations. The above figures were chosen to demomnstrate that

even with a large margin of error local concentrations should not

create a health hazard. Since the concentrations of all of the gases

in Table 2 should be reduced by an order of magnitude before the carbon
cloud 1s advected over land, it seems safe to say that the by-products
of the carbon generation process should not create any important pollution

prohlems.
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of CO and 400,000 1bs of nitrogen oxides and hydrocarboms will be assumed.
A carbon cloud of this magnitude will cover approximately 40,000 kmz at
10% horizontal area coverage. The proposed cloud would extend from the
gurface to about 0.5 km when initially dispersed. The volume of the
model cloud is approximately 2 x 1013 mS. The concentrations of the

by~product gases as initially dispersed together with proposed EPA standw-

ards are shown in Table 2. Particulate hydrocarbons are not differentiated

TABLE 2

Concentrations of Carbon By-Product Gases and Proposed EFPA Standards

Gasg Maximum Inltial Dispersed Propoged EPA
Concentration Standards
co 0.018 ppm 9 ppm (max 8 hour con-

centration, not to be
exceeded more than
once per year).

NO, NOZ g ug/m3 100 pg/m? {annual
arithmetic mean)
Gaseous Hydrocarbous 9 ng/ms 125 ug/mB {(max 3 hour

concentration, not teo
be exceeded more than
once per year).

from other particulates in EPA standards. Their effect on the total
particulate loading of the atmosphere is insignificant compared to the
effects of the carbon particles themselves on that leoading, and the par-
ticulate hydrocarbons will not be consideved separately here. The effects
of the carbon dust particles on atmospheric pollution levels are dis-
cussed elsewhere in this paper.

T+ ig obvious that the carbon monoxide {CO} produced will be in—
significant compared to proposed pollution standards. The concentration

of CO produced would be far too small to have any physiological effect



ITI. HEALTH EFFECIS OF THE BY-PRODUCTS OF CARBON GENERATION

The by-products of carbon black generation are water vapor (HZO), car~

bon dioxide (002), carbon monoxide (C0), nitric oxide (NO), nitrogen dioxide

(NGZ)’ and small amounts of various gaseous and particulate hydrocarbons.

the exact fuel and generator design are not yet known, it is not possible.

to state exactly what proportions and amounts of each of these subgtances
will be present. However, it is fairly well established that there will
be at least 0.5 ib of carbon produced from each pound of fuel consumed.
Two of the gases, COZ and Hze,are not considered pollutants. Another,
N0, is essentilally non-toxic but is of intevest because of its rapid
econversion to NOZ in the atmosphere and because of its vole in the
formation of photochemical smog. For the purpose of estimating maximum
effects, it will be assumed that CO will be produced in a quantity

equal to 25% of the initial fuel welght and that the combined nitvogen
oxides (NO and ROZ) and the gaseous hydrocarbons will be produced equal
to 10% of fuel weight. This should provide very generousg overestimates
of their concentrations. The resulting concentrations of these gases

in the initially dispersed carbon cloud will be compared to the health
standards proposed by the envirommental protection agency. BHowever, it
should be noted that since the proposed weather modification operations
would be carried out over the oceans at least one day upwind from coasts,
the concentrations of the gases when they reach populated areas should
be much lower, probably am order of magnitude more dilute. It is assumed
that a large scale weather modification opevation might utilize as much
as 2 million lbs of carbon black requiring the consumption of about 4

million 1bs of fuel. Using the above criteria, amounts of 1 million 1bs
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Table 1 shows typical particulate loadings over diffevent sizes of United
States cities. It is clear that the carbon cloud, evern at its initial
concentration (107 area coverage), represents a much smaller aerosol
loading than would be found over any of these citles on an average day.
This factor together with the low retention efficiency in the alveoll

of 0.1y size particles, the relatively short exposure time to be expected
from advection of a carbon cloud over a populated area, and the non-
toxicity of the carbon particles point to the conclusion that Inmhalation
of carbon particles dispersed during the propesed operation will not con-

stitute g hazard to human health.
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solar radiation and outgoing short wave radiation reflected from the earth's
surface. Since the albedo of the carbon cloud itself is less than 27, the
carbon particles should reduce the albede ¢of the earth-atmosphere system
when located above virtually any normal surface type. (Carbon particles

do not contribute significantly to the long wave radiative flux divergence '
of the atmosphere — Frank, 1973). The initial amount of solar radiation
absorbed by the 2 million pounds of carbon dispersed in one operation

ig about 4 % 1016

cal/day assuming no loss of carbon during the first

day. ‘This figure is taken from the 40,000 km? boundary layer cloud for
about 107 area coverage by the carbon. Normally, about 10% of this ab-
sorbed radiation would be the net energy gain by the earth—atmosphere
system due to the presence of the carbon cloud {assuming a surface albedo
of about 20% and a carbon cloud albedo of 27). Hence, the net absorption
gain of the atmosphere/earth gystem would be on the order of 4 x 10%° cal/day
for the first day and would decrease daily as the carbon was removed from
the atmosphere. (Note that over the ocemms, where the operations are most
likely to be initiated, mean surface albedo is less than 20% resulting

in still lower net energy gains). This figure is insignificant compared
to the roughly 2 x 1021 cal/day of solar energy absorbed by the earth/
atmosphere system (Sellers, 1963). Even if enough operations were carried
out fo maintain this approximate level of carbon in the atmosphere every
day, the annual absorption by the earth/atwosphere system would only be
increased by about 0.0002%., It secems highly unlikely that any moticesble
climatic change could result from such a small change in earth/atmosphere
albedo. If is not too surprising that the addition of carbon to the at-

mosphere sbould heve such a small effect on the earth's heat budget in view

of the small fraction of the atmosphere’s normal particulate loading which
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the carbon would constitute. Table 3 shows approximate masses of differesn.
types of particles emitted into the atmosphere each year from natural

and man-made sources (Peterson and Junge, 1971).

TARLE 3

Masg per Year of Particdulates Emjtted into Atmogphere

‘ . Mass : Mass Particles d<5y
Source {Material) (108 merric tons) (106 metric tons)
Sea Salt 1000 500
Converted Natural Sulfates 420 _ . 335
Natural Windblown Dust 500 250
Converted Man—made Sulfates 220 200
Converted Natural Hydrocarbons: 75 75
Converted Natural Nitrates 75 60
Converted Man-~made Nitrates 40 a5
Man-made Particles 135 : 40
Volcanoces ? 25
Yorest Fires . . 35 ' 5
Meteors 10 ' ' 0
TOTAL 2525 + 1530

("Converted" refers to particles created in the air due to chemical
reactions).

Each vear ahout 1530 x 10% metric tons (3.4 x 10%2

1bs) of particles
with diameters less than 5 1 are emitted into the air, This is over a
million times more than the amount of carbom to be introduced from one
operation (2 x 106 ibs). It is inconceivable that enough cgrbon seeding
operations could be carried out in oﬁe vear to have any noticeable effect
on global particulate levels. At the present time automobile tires alone
emit approximately 0.6 x 106 tons of carbon particles into the lower tro-
posphere per year (Gray, 1973) due to the wearing down of the tread.

(Automobile tire tread is approximately 50% carbon black by mass). There

are also undetermined amounts of carbonm black emitted into the aly from
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combustion processes. Therefore, a single carbon seeding operation would
not significantly alter even the annual amount of carbon particles emitted
into the atmosphere.

One important area of interest concerniﬁg possible climatic effects
of the carbon seeding involves the possihle introducﬁien of somé.of the
particles into the stratosphere due to natural mixing prbcesses. This
area ié of special interest due to the potentially long residence times
_(l~2 yearé) of small aerosol particles in the stratosphere. Since the
;afbon.particles are to be dispersed iﬁ the lower troposphere, only a very
smail fraction of them would ever reach the upper atmosphere. The only
activity of man at the earth's surface which appears to affect the parti-
culate levels of the stratosphere significantly {is the production of SOZ
which can react to form sulf#tes aé tropospheric air is mixed upwards
(Kellogg, et ai., 1971). The vast majority of particulates dispersed
from the surface iﬁto the air are remeve§‘by precipitation scavenging.
The exact amount of garbon which might possibly aveid scavenging long
enough to reach the stratosphere is difficult to estimate, but it seems
safe té say that it would be many orders of magnitude smallér than the
amounts of particulates iujected into the upper atmosphere periodically

hy volcanoes. One of the best documented of thesge eruptions was the

Mount Agung (Balil) eruption of 1963 which increased the dust content of
the étratosphere up to 30 times and decreased solar radiation at the
surface by about 1% (Budyko and Pivovarcva, 1971). Even this enormous
injection of particulates into the stratosphere caused no noticeable
changes in the temperature at the earth's surface during the 1-3 year
residence time of the particles. It seems extremely unlikely'that carbon
seeding operations in the oceanic boundary layer could cause any'mea~

surable effect in stratospheric aerosol concentrations or energy halance.



V. CARBON IN THE QCEANS

There has been some concern as to whether large amounts of carbon
deposited on the acean sgrface by precipitation scavenging would ﬁause
aﬁy detrimental effects to‘either the oceanic ecosystem or the physical
characteris;ics §£ the sea surface. 1t seens likely that most of the
_gérbon.particles dispersed in the proposed seeding operation would fall
directly onto the sea surface due to the ampunt of convective activity
in the tropical oceanic béundaty layer. Most of the particles so
scavenged would agglomerate within the various prec‘ipita’cion drops to
sizes.on the order of 1 u. Studies by Chester (1972} of eoclian dust in
the Atlantic off of West Africa indicate that the dust carried west from
Africa by the north-east trade winds and deposited on the sea surface by
precipitation scavenging apparently sinks to the ccean floor without
significant lateral transport by ocean currents. This dust is ?rimafily
composed of particles less than 4 ﬁ in diameter. Stokes' law would pre-
dict a fall rate of only about } m/day for a 4 u particle. By the time
such a particle sank 100 m it would have been transported some 4000 km
by the North Eguatorial current. Therefore, there must be some other
mechanism for accomplishing tbe observed downward vertical transport of
micron-sized dust partiéles. Deleny et al. (1967) has suggested that
filter feeding organisms in the upper layers of sea water ingest the
particles and then excrete them as fecal pellets which are large enough
to sink relatively rapidly. Smayda (1971) has concluded that this is a
possible machanigg far accelerating the ginking rate of tiny particles.
Osterﬁerg.gg_gg. (1963) studied certain radionuclides with short half
lives found in bottom feeding fish at depths of 2800 m or more and con~-
cluded that both prganic and iﬁqréanic materiais sink much fasfer thaa.
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would be predicted by Stokes' Law. They too considered the filter organism
theory to be a possible mechanism. The rained out carbon particies

are generally imert and would be of the approximate size range of eolian

dust deposited on the sea surface., Eolian dust is essentisally hydrophilic
while carbon dust is strongly hvdrophobic. Hence, carbon particles would tend
fo remain on the sea surface somewhat longer than eolian dust particles. Once
the particles become fully wetted, they should settle at a rate similar to that
of the dust particles. Therefore, the overall time required for carbon
particles to settle to the ocean floor should not be much longer than the
10~100 days (depending on particle size and ocean depth) required for eolian
dust particles to sink., There should not be auy significant buildups of carbon
on the sea surface. If particles did accumulate on the ocean surface, they
would tend to form larger aggregates and then settle to the bottom. Hence,
there should be no significant alteration of the air/sea interface energy
exchanges. The carbon will not remain long enough on the surface to have any
effect on the distribution of absorption of solar radiation in the upper

layers of the water. It is coneluded that carbon seeding operations will not

alter the physical characteristics or energy processes of the oceans.

There have been no direct studies done of the effects of carbon par-—
ticles on the oceanic ecosystem. However, results of studies mentioned
previously in this report indicate that carbon dust is nmon~toxic to a variety
of mammals. The carbon itself is nearly chemically inert. There is no
reason to assume that ingestion of carbon particles should prove toxic to
any of the forms of sea life. By the time the carbon from a seeding opera-
tion is rained out of the atmosphere and mixed with sea water, the concentra-
tions of carbon would be too low to have any appreciable effect upon the

normal concentrations of particulates in the micron size rvange found in the
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oceans. It does not seem possible that sea organisms could experience any
i11 effects due to excessive particulate concentrations in the water due to

carbon seeding operations, The small amount of carbon dust would be processed

by organisms in the same manner as the much larger amounts of naturally
occurring dust materials are processed. It appears that carbon seeding
operations of the scale envisaged would have no noticeable effect on the

oceanic ecosystem.



Vi. ESTHETIC EFFECTIS

Perhaps the most frequent questions asked about the environmental
effects of a2 carbon seeding operation concern the esthetic results of
qiSPersing 2 miilion pounds of carbon into the air. It is natural for
people to conjure up images of smokestacks in industrial cities belching
out clouds of soot which fall over the city turuiﬁg everything black.
Fortunately, these images bear little resemblance to the effects of a
carhoé seeding operation.

The carbon particles dispersed during the proposed operation will
be on the order of 0.1 ; in radius. Particles of this size are not
vigible to the unaided eye and do not have an appreciable fall velocity
when suspended in air. As a result, even if the carbon cloud was ad-
vecte&*cver a land area at the Initially dispersed high concentrations,
there would be no “fallout" of carbon particles dirtying the countryside.
?@e uniformity of particle sizes of carbon manufactured by the furnace
processes is quite good, so very few fallout sized particles would be
produced. Those that were would probably fall out over the ocean in the
day or more between the time the cloud is dispersed and the time the cloud
is advected over land. Therefore, the esthetic impact of the carbon
primarily concerns the appearance of the air contalning the carbon.

In its initially dispersed concentration the carbon cloud would
consist of a reglon approximately 200 km across and 0.5 km high (as-
suming a horizontal area coverage of approximately 10%Z). The optical
thickness of a vertical column of the cloud would be about v = 0.1,
1f an observer was located on the sea surface at the center of the cloud

at noon, the sun would appear about 9/10 as bright as it would from a
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point outside the cloud. Looking horizontally 90Z of the light would

be obscured from objects about 12 km away (assuming unlimited visibilit?
outside of the cloud). The probable appearance would be that of a

rather hazy day. Most main United States cities frequently experience

days with visibilities lower than this. Typical dry haze visibility in

los Angeles is only about B km (Pettersom, 1956). Carbon concentrations.
of the sbove magnitude would occur only at the initial site of the seed-
ing. By the time the carbon cloud would be advected over a populated land
area {one or more days) the concentration would.be mich lower. It is
difficult to estimate exact dillution levels but based on diffusion es-
timates alone the concentration would likely decrease to 1/10 or less of
the initial cloud value after one day. Therefore, the concentration of
carbon particles over populated areas should be on the order of 5 ug/ms

or less. This is considerably lower than the approximately 30 pg/m? of
particulates which is average for non~urban areas in the Unjited States and
the nearly 100 ugfm3 average for United States cities (Peterson and Junge,
1871). 'the esthetle effect of the carbon at most would be a slight reductiom
in visibility on the order of a few percent. Such a change would be scarcely
noticegble since the day to day fluctuatien in visibility over land areas
i¢ several times greater than the maximum carbon effect. In addition, tbe
carbon cloud would continue to diffuse while over land, and by the end of
‘the second day after dispersal it is doubtful if it would be visible at
all. It appeara that tbere will be at most a slight,.temporary esthetic
effect consisting of a small reduction in visibility with the appearance
of a slight haze. There should be no other obvious effects of a carbom

_ séeding operation sensed by people downwind from the seeding area except

for the modification of the weather reéulting from the operation.



VIiI. SUMMARY

7.  Summary
Therefore, it is concluded that for the amount, concentration and
location of the proposed carbon dust seeding, no significant environ-

mental hazards should be encountered.
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Weather Modification by Carbon Dust Absorption of Sclar Energy
Paper V: Evidence for Hypothesis and Proposed Regearch Program

William M. Gray and William M. Frank

ABRSTRACT

This paper discusses various types of cbservational, theoretical
and numerical modeling evidence which support the carbon dust hypothesis
on mesoscale weather modification. Cost~benefit analyses are made. A
recommended program of future research on this subject is proposed.
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I. INTRODUCTION

Papers II, TII and IV have discussed the magnitude of the potential
carbon dust heat source, shown the feasibility of direct carbon dust gen— .
eration and digpersal, and indicated that the ecclogical impact is not
Iikely to be a serious problem. Thus, we feel that this type of weather
modification should now be given serious consideration. This paper dis-
cusses various types of observational, theoretical and early numerical
modeling evidence which support the hypothesized types of atmospheric re-
sponse expected from the proposed carbon dust mesoscale heat sources.
Section Z discusses the observational and theoretical evidence, section
3 the numerical modeling evidence. Cost-benefit analyses have been per-
formed and are discussed in section 4. It is shown that very favorable
cost~benefit ratios may be possible from this type of weather modifica-
tion. A discussion of the scientific unknowns and potential problems
and a recommended program of future research are outlined in section 5.

A proposed research program is presented in section 6. A cqmparisnn of
this modification hypothesis with the current research with 'silver
jodide' modification is made in section 7. Scleantific and h;manitarian

justification for this type of research is advanced in section 8.
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T1. OBSERVATIONAL AND THEORETICAL EVIDENCE

There are several natural phenomena which illustrate the formation
of clouds and precipitation resulting from a localized atmospheric heat
source. Although these phenomena differ in several ways from the proposed
carbon dust heat source, some important analogies between the observed
effects of natural heat sources and the expected effects of a carbon dust

heat source can be made.

a. Heat 1sland influences

Iglands and peninsulas typically form daytime heat and cloud islands

by giving off energy to the air passing over them. This often produces

a sea breeze and/or daytime cloudiness over or just downwind from the
islands and peninsulas. The surrounding sea areas typically have much
less cloudiness. Satellite pictures clearly show that persistently high
cloud concentrations are observed to occur over and just downwind from

large tropical and sub—tropical islands.

Table 1 depicts the percentage of summertime cumulus cloud cover over
various large tropical islands and peninsulas as compared with their sur-
rounding bodies of water. In this study the water area considered was
that surrounding the land with an ares three times and a radius twice that
of the land. As can be seen in this table the cloud cover over land is
approximately three times that over the adjoining water. This is true
not only for the average case but for most of the individual day cases as
well.

There have been several observational and theoretical studies of the
heat island effects of individual islands. Malkus (1963) showed that in

the absence of synoptic scale disturbances, the small flat Caribbean island
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Land Bodies

West Pacific
Qcean

a)Taiwan
b)Hainan
c)YpPhilippines

Fast Indian
Ocean

a)Sumatra
b)Borneo
c)Celebes
d)Java

elNew Guinea

Qaribbean Sea

aYYucatan
b)Cuba
¢)Hispaniola
d)Puerto Rico

Madagascar

North Australia

TOTAL

104

TABLE 1

% of Cloud Cover {ver
Large Islands Or
Peninsulas

Jun Jul Aug
(Dec) {Jan) (¥Feb) MEAN

51 47 42 47

35 34 37 35

32 28 35 32

1 41 29 37
1% 25 24 22

36 35 34 35

% of Cloud Cover Over
Surrounding Water

Jun Jul Aug
{Dec) (Jan) (Feb) MEAN

20 15 16 17

14 15 10 14

11 10 12 3l

0 18 13 13

13 15 13 14

of Anegada produced showering clouds over the island while no precipitation

occurred from clouds in the surrounding ocean avea. Malkus and Stern (1953),

Smith (1957), and Estoque and Bhumralkar {1969) have developed numerical

models of the heat island effect which show increasing tenmdencies for

cloud Fformation with increasing island ground temperatures. One of the

most complete studies of this effect was made by Bhumralkar (1972). He

compared the results of his numerical model with observational data ob-

tained over CGraznd Bashama Island on days with temperature, moisture, and
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wind conditions similar to the input values of his model. Computed

and observed cloud and precipitation patterns agreed very well. This
allowed some conclusions to be formed as to the nature of the heat island
effect produced by the 10 km wide island in the presence of a prevail-
ing cross island wind., It was found that in the absence of synoptic dis-
turbances, the heated island perturbed the atmosphere enough to cause
rainfall on the leeward side of the island or just off the leeward shore.
The strength of the created disturbance increased with higher island
temperatures and lower wind veloecities. It was umexpected that a 10 by
130 km island could actually produce precipitation from its heating cycle

alone.

The heat island effect differs from the proposed carbon dust heating

seheme in two major ways:

1) The heat island is stationary and can provide heat to a given air
mass only during the time the air is over the heat source. With
windy conditions thé air may not be over the island for a very
long period of time. By contrast, the carbon dust travels with
the air mass and heats it throughout the day. Air motion does
nol matier.

2) Carbon dust conducts h&ét to the air Qass directly while the trans-
fer of heat from a heated island surface to the air by conduction,

convection and infrared rvadiation is a slower, more inefficient

process. Daytime heating often lags considerably behind the sum,
particularly when surface moisture is present and sclar energy
goes inteo evaporation.
S$ince tropical island heat sources appear to be sufficiently strong to
cause clouds and precipitation to form on days with no synoptie disturb-

ances, it seems likely that the more efficient carbon dust heat source
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covering a larger area might also develop deep cumulus convection and
precipitation in certain situations.

Other evidence of cloud formation due to local heating of the lower
atmosphere was presented by Purdom (1973). His study of satellite photo~
graphs over the United States showed that areas which are free of early
morning cloud cover and which are wholly or partially surrounded by re-~
gions with early morning clouds are preferential areas for the development
of thunderstorms and meso~scale convective systems. It was concluded that
the differential solar heating between the clear and cloudy areas was
responsible for the organization of strong convection in those areas which
were free of morning cloudiness. It seems reasonable that differential
heating of the lower atmosphere by a carbon dust cloud might result in
gimilar dynamic responses.

Henz (1974) has recently studied the areal distribution of spring
and swmmer cumuglonimbus genesis relative to the Colovado Plaing and the
Front Range of the Rocky Mountains, ¥Fig., 1 and Table 2 from his paper
show the much higher incidence of thunderstorm (TRW) genesls over the
elevated terrain features on the western edge of the Plains. This higher
TRW frequency is believed to result from the terrain induced elevated
heat sources which produce steeper lapse rates and enhanced upslope con—
vergence. These elevated sources or "Hot Spots" produce more than seven
times as many TRW's per unit arez as the Plains region to the east. The
question then arises as to whether it is possible to artificially generate
similar types of elevated heat sources using carbon dust dispersad from

aireraft?

b.  Urban heat island effect

Recent studies of the effects of large urban areas upon their local

environments have shown that precipitation amounts and thunderstorm
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Fig. 1. RNumber of thunderstorm echoes generated in the eastern half of
Colorado by each 30 x 45 km rectangular box above the mean of
all grid boxes for 1970~71.. Values higher than 10 have been
shaded. These have been denoted as 'Hot Spots' (from Hemz, 1974).
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TABLE 2

Relationship of Thunderstorm Initiation to Elevation {(from Henz, 1974)

. No. of ©Percent No. of Percent Ratio IRW (Z)
ocation Blocks Area TRW TRW Area ()
Plains < 50007 66 532 263 28 .54

3000 ~ 9000 62 48 684 72 1.49

5000 - 70007 35 27 525 55 2.05

7000 -~ 9000° 27 21 159 17 0.80

"Hot Spot" 14 i1 383 41 3.68
TOTAL 128 100 947 100

frequencies and intensities tend to be greater immediately downwind from
certain cities than in the upwind sectors (Changnon and Huff, 1973;
Changnon, 1968; Beebe, 1972; Atkinson, 1968). The urban industrial
areas affect the environment through the release of sensible heat,
aerosols, molsture, by altering low level turbulence patterns, and by
altering the natural land/air energy transfer characteristics. It is
extremely difficult to obatin quantitative measurements of the magnitudes
of all of these effects, but the primary dynamic effect of an urban area
is generally considered to be the creation of an artificial heat island.
In the presence of a woderate prevailing wind, this heat island takes the
form of a hot plume as the city heats the air advecting over it.

It is interesting to compare the relative maénitude of the sensible

heat emitted imto the air in large urban industrial areas due to energy

consumption with the heat added to the air by carbon particles during an

operation of the magnitude envisaged (v 1,000,000 Kg of carbon over

v g ox 104 km?). Although enmergy consumption is mot the only heat source

of an urban area, it will be assumed to be the dominant source for the very

4

large areas (v4 x 10 km?) discussed here. This 1is due to a large pro—
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portion of such urban areas consisting of suburban type areas not too
unlike the surrounding countryside with respect to surface characteristics,
Table 3 shows approximate energy consumption density levels for
several large urban industrial areas estimated by ¥Flobm (1971). The
carbon modification operation would encompass an area of about 40,000 km2
or more, but it is doubtful if there are any industrial aveas of this
size with enough heat concentration to act as a single heat source (the
Washington-Boston megalopolis appavently acts as a series of heat islands).
Consider a hypothetical urban complex of maximum impact with an upper
gize limit of 184 km? and a maximum expected energy consumption rate of

abour 10 watts/mz.

TABLE 3

Urban/Industrial Area Area Energy Consumption
(km2) (watts/m?)

Nordrhein-Westfalen 14,300 16.2
Industrial Area
Los Angeles County 106,000 7.5
Los Angeles, City 3,500 21.0
21 Metropolitan Arecas 87,000 boh
{Washington—Boston)
Cincinnaci 200 26.0
Proposed Carbon dust n 40,000 ~ 110

heat island

Even 1if light prevailing winds of only 10 km/hr are assumed, the
average contact time of air parcels with the heat source would be only
about 5 hours during a 10 hour period. By comparison, a carbon cloud with
10% horizontal area coverage would add heat to the air at an average rate
of about 110 watts/mz for a 10 hour period. In addition, the carbon
heat source ise advected along with the air so that the air is heated con-
tinuously for the entire 10 hours. Therefore, the air fs heated over 20

times as much by a carbon cloud as it is by the energy consumption of a
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large urban heat svurce during a 10 hour daylight period. The carbon
cloud also covers about 4 times as large an area as the largest urban
industrial complexes resulting in a total heat addition to the air
30-100 times greater than that of the large hypothetical urban area.
Many of the urban areas which apparently affect their downwind climate
(e.g. St. Louis, Cincinpati) are an order of magnitude smaller than the

hypothetical urban area discussed.

It is encouraging that a heat source as relatively small as an urban
heat plume apparently can cause increases in convective activity and pre-
cipitation in certain locations, although the relative importance of the
heat igland effect and cloud physics effects are not well understood
at this time. 7Tt seems likely that a heat source of the magnitude pro-
posed for carben dust operations would, If placed selectively in the at-

mosphere, cause a much greater atmospheric response.

¢« Tropical cloud cluster characteristics and modification potential

As discussed by Gray (1972), Williams and Gray (1973) and Ruprecht
and Gray (1974), typical tropical cloud clusters with meso~sczle rainfalls
of 2~4 em/day usually occur in association with very weak pressure-wind

systems. Cloud cluster surface pressure anomalies are but 1I-2 mb, Wind

speeds are hardly different than in the surrounding clear areas. These

cloud clusters have mean tropospheric temperature anomalies of but a small
fraction of 1C. The net available potential energy (both thermal and

moist) of such clusters is hardly different from the available potentisl
energy which is theoretically possible from a carbon dust heat source of

1-2 miliion Kg. Therefore, it does not seem unreasonable that if atmospheric
thermal stability is in a conditionally unstable state, a carbon dﬁst

energy triggering mechanism might indeed act Lo generate or enhance a

tropical cloud cluster system.
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If carbon dust is spread at an areal coverage of 10 percent, then
extra artificial heating amounts as large as 110 cal/cwz per 10 hours are
possible., This amount of energy is portrayed on the tephigram In Fig, 2.
A decided buoyancy advantage would be gained foyr cumulus convection. 'The
solar absorption by carbon dust is but one influence. This extra heating
should, as discussed in Paper I, also stimulate an increase of evaporation.
The increased surface warming will stimulate an extra downward mixzing of
dryver upper level air to the ocean. This dryer air will increase the
water vapor pressure difference between the ocean and the air and lead to
increased evaporation rates. The potential buoyancy of the low levels will
thus be enhanced not only by the additional low-level warming, but also
by the extra water vapor content from the extra evaporation. If intro-
duced on the meso-scale, this artificial energy source should lead to
significant development o enhaﬁcement of tropical or sub-tropical cloud

clusters.

d. Hurricane modification

The dynamics of & vortex or hurricane circulation requires that a
low level inflow be continually present to balance surface frictional re-
tardation. Other things being equal, the strength of the vortex ig
directly related to the lower tropospheric vertical stability, If con-
ditions are very stable, then the inflowing low level air cannot easily
rise in cumulus convection and a higher percentage of inflowing air pen-
abrates to small radii. Angular mnméatum conservation dictates that the
inflowing air reach a high velocity. If more unstable conditions are
present, then a smaller amount of inflow mass will penetrate to near the
storm center. Much of the inflowing low level mass will, instead, rise

in cumulius convection at further out radii. The ianer core circulation will
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TEPHIGRAM PLOT @o«”
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Fig. 2. ‘Tephigram plot of temperature (T,) and dew peint (Ty) for a
fypical summertime tropical or sub-tropical sounding. The
extra energy ingut (shaded area) to the low levels in ten hours
(110 calories/cm?) that results from solar absorption due to
10 percent area coverage of carbon dust is showm.

congequently be leas Iintense. Direct and inferred observational evidence
for both the hurricane~typhoon and the tornado agrees with thie general
physical assessment.

The absolute angular momentum (M;) of a parcel when expressed in a
cylindrical coordinate system with the origin at the hurricane center is

given by:

2
Ma = yr + fr-/2 (1)
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where 1 = the radial distance from the center of the vortex,
u = the tangential wind velocity, and
f = Qoriolis parameter.

Absolute angular momentum decreases towards the hurricane center. This
decrease is due to exchange of momentum between the alr and the ocean.
This shows that a hurricane represents a strong sink region of angular
momentumn.

Riehl (1963) and Gray and Shea (1973) have noted that beyond the
radius of maximum wind the hurricane radial profiles of tangential wind

can typically be approximated by an equation of the form,
%
ur” = coustant (2)

where x is equal to ~ 0.5.

Fig. 3 portrays the inward radial increase of wind velocity from
boundary layer inflow starting with a velocity of 15 m/sec at 400 km radius.
A parcel conserving its angular momentum follows the top curve. The lower
curve represents the increase of wind in the real storm. The difference
in the two curves is due to the transfer of angular momentum to the ocean.
Note how the wind velocities are dependent on the degree of inward radial
penetration of boundary layer air. Parcels penetrating to a radius of
40 km will have velocities of 45 m/sec. Those penetrating to radii of 20
and 10 kilometers will have velocities of 63 and 80 m/sec respectively,
ate.

Steady state tangential equation of motion fox hurricame. An ex-

amination will now be made of the terms in the symmetrical, steady-state,
cylindrical, tangential equation of motiom with origin at the hurricane

center. This eguation may be written as:
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¥ig. 3. Hurricane tangential wind profiles. Portrayal of increage of

where v is the radial wiad, ca the absolute vorticity, p 1s pressure and

tangential wind with inward penetration of boundary layer ailr
parcels assuming constant absolute angular momentum, M,, (top
curve), and usual storm case where surface friction plays a
The difference between rhese curves

large role (lower curve).
Note how the maximum

is due to momentum transfer to the ocean.
wind speeds are strongly related to the distance of inward
penetration of the boundary layer air towards the storm center.

0 =-vr -u dufdp + ¥

8

FB represents tangential frictlon; the other symbols are as before.

very small vertical gradient of tangential wind in the lower levels mskes

the w 3u/8p term negligible.

The boundary layer steady-state, symmetrical

tangential equation can thus be simplified to
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0 = - vg o+ F8 {4

Here the balance of tangential acceleration is only between the terms Ee

and - M The retarding influence of tangential friction is just balanced
by low level inflow. Thus, for steady conditions the magnitude of the

boundary layer inflow (-v) i1s determined by the wvalue of Fefga. ¥, may

|

be represented by 3Tez fodz ~ At JphAz, where T is the surface
o

8z 8z,

stress, p is density, and Az is the thickness of the laver over which the
gradient of stress is applied. Normally the "turbulent gust” induced
stress decreases to a small percentage of ;ts surface value at the v 1 km
level. Surface stress is typically represented as 7920 = CD p uoz where
CD is the surface drag coefficient and v, the wind at 10 m height. The
drag coefficient has been estimated by Palmen and Riehl (1857) and Miller
(1964} to be approximately 1.5 - 2.3 x 10“3 in the hurricane circulation
beyond the radiuvs of maximum wind. Accepting empirical estimates of CD
and Az and disregarding vertical wvariations of p and u, the boundary laver
frictional acceleration can be represented in terms of the low level tan-

gential wind alone, thug ¥, = ~ kuz where k = CD/AZ.

8
The ur{)‘s relationship jimplies that the rotational compgne.nt of the
vorticity (ufr) is twice the magnitude of the negative shearing component
(3u/3r). In this case the absolute vorticity (za) can be represented as
(u/r + 3u/dr + £) = (;/2 ul/r + £).
With these substitutions feor FG and ga, the boundary laver radial

wind in Egq. (4) can be expressed

v &= -k uz!(uIZr + £) (3)
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For given values of r and f the steady-state mean boundary layer radial
wind (;) and tangential wind (u) are directly related to each other.
At radii greater than the radius of maximum wind this relationship turng

out fo be approximately

v = - u/l10 (6)

Thus, for every m/sec decrease of sub-¢loud laver inflow, the new ad-
justed steady tangential velocity to satisfy Eq. (6) must take on a value

10 m/sec less than its previous value.

Influence of alteration of boundary layer radial wind. PFig. 4

porirays model specified and observed mean sub-cloud laver (surface to
600 m) values of radial wind and divergence plus resulting mean vertical
motion at the top of this layer. Values are given in 200 km segments.
The top drawing shows these parameters asg they result from a hurricane
sub-cloud layer model assuming E&O'S = copstant and v = - u/10 =~ with
the constant determined from the lower curve of Fig. 4. The bottom draw-
ing is determined from dats composites surrounding typhoons. Although
the observed divergences and vertical motions of the bottom drawing are
nof very accurate thelr magnitude is correct.

Note the small divergence of 1-2 x 10w6 sec"l and the small mean
upward vertical motion at cloud base (¢ 600 m) of only 6 and 10 mb/day
(v .05 to 0.1 cm/sec) between 400-600 km radius. It would not take a
great deal of extra cumulus convectioﬁ.to substantially increase thig
mean vertical motion at cloud base. If this were to occur & substantial

reduciion iu the mean sub—cloud layer inflow at radii inside of this

extra cumulus convection region would oceur.
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Fig. 4. Radial distribution in 200 km segments of mean sub-cloud layer
radial wind (v) and mean divergence (Div.). The resulting mean
vertical motion (w) at the top of the sub~cloud layer is also
shown. The data accuracy of the bottom drawing is such that the
divergence and vertical motion values shown are only accurate
to about + 50 percent. The small magnitude of these values at
outer radii is to be noted.

Fig. 5 portrays the equilibrium sub-cloud layer u profiles which would
result if the mean vertical motion at radii between 400 and 600 km were
arbitrarily increased by 50 percent (4 3 wb/day) - cuzve B, and 100 per-
cent (v~ 7 mb/day) -~ curve C. Vertical motion changee of this amount re-

sult in an increase of boundary layer convergence of ~ 0.7 and 1.5 x 10“6

sec ~, respectively. These are not large convergence changes, vet their
influence would be te reduce the 400 km radial inflow by 25 and 50 per-
cent. TFor balanced acceleration in Eq. (6) a consequent reduction of

the tangential winds by the same percentages must also occur. For the
relationship uro'ﬁ = constant Lo apply at inner radii, a reduction of

the tangential wind at 460 km by 23 and 50 percent requires that the radial
profile of u follow curves B and € — a substantial reduction of the inner
core winds from curve A, The fundamental influence to inner storm wind

reduction of increasing the top of the sub-eloud layer wvertical motion

at outer storm radii is clearly evident. It is hypothesized that carbon
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Fig. 5. Radial profile of equllibrium tangential wind (u) at the top
of the sub—cloud layer which is present In the normal hurricane
{curve A). Mean vertical motion between 400-600 km radius is
-7 mb/day. Curves B and ¢ show the same equilibrium y profiles
which would result if the mean vertical motions between 400-600
km were increased to values of ~10 and -14 mb/day, respectively.
This would lead to 25 (cuxve B) and 50 (curve C) perceant re-
ductions of the sub-cloud layer radial wind at 400 km and con-
sequent reductions of the inner equilibrium wind proefiles as
shown.
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dust could be spread in the boundary layer at outer hurricane radii where
enhanced cumulus convection would tske place and a similar type of inner
core wind reduction obtained.

Conclusion. Hurricane intensity is cruclally dependent on the radius
to which the boundary layer inflow penetrates and upon the magnitude of
the radial inflow. Rapid and sizable reductions in the hurricane immer
core wind structure should occur if the boundary layer inflow could be
artificially reduced by but 3 to 10 percent at outer radii from stim-
ulation of cumulus couvection from carbon dust warming. For a more com—
plete discussion on the subject of hurricane intensity reduction by

carbon dust seeding pleasse see the recent project report by Gray (1973).

a, Fog dissipation

There have been a number of theoretleal and experimental studies of
the ability of carbon particles to absorb solar radiation within fog and
to evaporate the fog by direct warming of the air (Smith, Wexler, and
Glaser, 1859; Downie, 1960; and Fenn and Oser, 1%62). These studies
typically employed only 1-5 lbs of carbon per seeding operation, and the
carbon was dispersed into the air either from a bulk package or in aqueous
solution. The consensus results were that clouds seeded with carbon par-
ticles of 0.1y radius (manufactured size) tended to be grayer in appear-
ance and to dissipate more quickly than non-seeded clouds.

Calculations based on estimates of the radiative absorptivity of
carbon and of the amount of solar radiation available ingide clouds or
fog indicated that if the carbon particles maintained their approximately

0.1u radius, they could absorb enough solar radiation to greatly dissi-
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pate the cloud by evaporation in a few minutes.* Carbon particles in
bulk storage {(as supplied by the manufacturer) tend to agglomerate to
much larger sizes - perhaps 10O0u radius ~ and as a result are very dif-
ficult to work with. The sbove researchers were aware of the clumping
problem but often tended to greatly underestimate the sizes of the dispersed
particles, assuming values of v = .1y to »r = 1.0?. Since the amount of
solar radiation per unit mass of carbon is maximized for particles of

r = 0.1y (¥Frank, Paper 1II, Fenn and Oser, 1962), it is clear that the
early field experiments achieved much lower asbgorption efficiencies than
are potentially possible. As discussed by Stokes (Paper III), it now
appears feasible to generate and disperse carbon particles directly into
the air without appreciable agglomeration. Thus, one may obtain much
more efficlent use of carbon particles than was accomplished by earlier
researchers.

Computation of solar energy absorption rates by carbon particles dig-
persed inside fog is an extremely complex problem requiring assumptions
of type of fog, radiative flux levels ingide the fog, and the physical
interaction between the carbon particles and the fog droplets. It is
beyond the scope of this paper to do a detailed analysis of this problem,
bat the following rather simple calculation of the energy required to
evaporate fog will attempt to demonstrate that ground fog burn-off can,

indeed, be speeded up.

*

There have also been hypotheses of cloud disgipation mechanisms
other than evaporation, but they concern comvective type clouds and are
not of interest for fog dissipation.
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It will be assumed that the highly hydrophobic carbon particles dis-
persed in an existing fog cloud will tend to remain essentially independent
of the cloud droplets over the time scale of interest. Assuming, for
example, a fog with a water content (Ei) of 0.1 gm/mB, the amount of
solayr energy which must be absorbed (A) by the carbon particles in a given
volume of air to evaporate all of the droplets in that cloud volume is

given approximately by Eq. (7).

3 . - —
dA(gal!m ) L qr + Cpa e, dT + GW qy 47 7)

where » 3
4 = liquid water of fog, 0.1 go/m
L = Jatent heat of condensation, 590 cal/gm
C_- = gpecific heat at constant pressure of air,
Py .24 cal/gm®C
- oaa3 3
oy = density of alr, ~ 107 gm/m

Cyy = specific heat of water, 1 cal/gn’C

The heating of the carbon particles has been neglected since even at a

concentration of 10,000 particles/cms the mass of the carbon particles

7

would only be 10 ' of the mass of the air. Substituting the assumed

values into equation (7):

dA = (59 4 240 AT 4+ .1 AT) ca1/m3

Lf, for example, the initial fog water vapor content is assumed to

be'a; = 12 g/kg, the temperature increase required to increase the satur—
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ation vapor content of the air to 12.1 g/kg (sufficient to accomodate the
entire liquid water content after evaporation) is only about 1/3C.
Therefore, the energy required to evaporate fog with a ligquid water con-

tent of Ei = ] gm/m3 ig asbout:

dA = (59 4 72 + .03) callm3
da = 131 cal/m3

For a fog layer 200 m thick, the amount of abgorbed solar radiation
required to completely evaporate the fog would be approximately 2.6 calfcm?
of borizontal fog area. It is difficult to estimate the exact amount
of carbon needed to produce this warming., The albedo of fog varies from
as high as 807 to very low values for very thin fog layers. This rew
duces direct solar radlation flux levels within the fog, although this
radiation is atill quite strong in the uppermost levels of the fog.
However, the strong scattering of the solar radiation within the fog
greatly increases the optical path length traveled by the radiarion and
the effective area of the carbon particles is jincreased by the diffuse
nature of the radiation. This effect tends to increase the efficiency of

the carbon absorptlon process. If it is assumed thst a cloud of carbon
particles dispersed in a 200 m thick fog absorbs 1/3 as much solar radia-

tion during strong daylight hours (say 0900 to 1500) as it would in clear
air, a carbon dust cloud of 207 horizontal area coverage (about 400 lbs
per square mile of fog area) would absorb solar radiation at about 0.3
cal/cmz min. This absorption rate would completely evaporate the fog
in less than 9 minutes. Higher concentrations would provide faster evap-
oration rates.

In some cases it might be useful to use very high carbon concentra-

tions in limited areas to "burn" holes in the fog bank and allow natural
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solar heating of the land in the exposed areas to hasten fog disgipation.
Since carbon dust particles can be produced for appreximately 10¢ per Kg,
a net carbon cost of only about $20.00 per square mile of fog evaporated
would be required. The carbon cloud could be generated from ground
sources (possibly mobile) at relatively low operating cﬁsts. It must be
emphasized that only by carefully generating the carbon and dispersing it
in the air directly as it is produced is it possible to approach the
desired particle size of ~ 0.1y radius,

The problem of dissipating fog through artifiecially increased solar
absorption is a much more complex problem than the simple computation perw—
formed above. Nevertheless, there appears to be sufficient additional
energy available using carbon dust clouds to allow man to operate on an

energy scale comparable to the natural fog energy processes.

f£.  Accelerating snowmelt irn agricultural areas

As the albedo of snow Is typiecally very high, only a small percentage
of the solar radiation received at the snow surface is used for melt or
evaporation. Might it be possible for man to artificielly trap and
utilize some of this solar energy for snowmelt? Using absorption values
calculated by Frank (Paper II)} adjusted for mid-latitude spring incidence
of solar radiation, a carbon dust cloud of 10% horizontal area coverage
could absorb on the order of 50 calories per day depending upon latitude,
date, weather, and snow cover couditiqns. This is enough heat to warm a
1 ka layer of air about 4C per day. It is not clear just how much of thie
absorbed energy would result in additional snowmelt, but given multiple
day usage of the carbon, the effect might be substantial. The carbon
particles should have a relatively long boundary layer residence time due

£o the large temperature Iinversion usually present. This could lead %o



124

muitiple day use of the carbon. Diamond (1953) has shown that when aix
temperatures are above 0C and relative humidities are low ($ 20%2) an in-
crease in air temperature of 5C can increase the snowmelt rate enormously
through increased heat transfer from the air to the ground. On days when
the alr temperature would normally remain at or just below freezing, the
heating of the boundary layer air by 3-4C could result in significant
snowmelt when natural snowmelt levels might be very low.

It appears that carbon dust seeding in the boundary layer for certain

springtime conditions could accelerata.snnwﬁelt and significantly increase

the agricultural growing season. Diapersal could be accomplished from
ground sourcea. The enormous economic benefit of such an increase in cer-
tain parts of the world makes further research on this topic very de-

sirable.

g. Initial measurements of carbon dust'particle-charaétéiistics

A beginning observational attempt at directly measuring the solar
attenustion of carbon dust has recently been made. Measurements of solar
radiation extinction by the plume of the Cabot Corpovation carbom black
plant near Skellytown, Texas were taken on May 3, 1974 about 1/4 mile
dovmwind from the source. The plume consisted almost completely of carbon
black particles and had the general appearance of a black smoke plume of
moderate opacity as shown in Fig. 6. It appeaved to remain below the
level of the morning inversion, snd it was relatively homogeneously dig-
persed throughout that layer. Particle samples taken in the plume and an-
alyzed by a scanning electron microscope showed that the carbon particles
were on the order of 0.lp radius and tended to form chains consisting of
an average of 4 or 5 particles, A typical sample of these carbon parti-

cles 1s shown in Fig. 7. These particles are in the size range desired
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Fig. 6. Plume of Cabot Corp. carbon black plant near Pampa, Texas;
May 3, 1974.

Fig. 7. Scanning electron microscope determination of the size of the
carbon particles from Cabot Corp. carbon black plume, Pampa,
Texas, on May 3, 1974, White dots are carbon particles x
16,000 (1 em = 1.0 micron).
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for maximum absorption of solar radiation per unit mass (Frank, Paper II}.
This generally supports the hypothesis that generating carbon particles

of this size and dispevsing them into the air is quite feasible.
Fig. 8 shows the direct solar radiation incident at the surface

beneath and also outside of the cloud as functions of time of day (and
hence of zenith angle). Using this data a mean plume extinction of
about 137 was determined. Measurements of extinction of total solar
radiation (direct + diffuse) gave similar results. Since it was not
possible to determine the mass concentrations of the plume, a direct
check of the theoretical absorption values wag not possible. However,
several theoretical studies-and laboratory experiments have quantita~
tively verified the radiative absorption properties of carbon black quite
well as discussed in Paper 1I. It is gratifving, nonetheless, to note
that a moderate concentration of carbon dust particles did indeed cause
the extinction of a significant percent of the direct and total incoming

solar radiation, primarily due to absorption.

h. summary

Observational and theoretical evidence.indicates that if a meso-
scale heat source of the magnitude which ig possible through carbon
dust interception of 10-20% solar radiation is applied in a selective
way to a potentially favorable eaviromment, it is likely to induce a
significant enhancement of cumulus convection and precipitation. A

number of other potentislly beneficial effects may also be possible.
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Fig., 8. Pyroheliometer measurements of direct solar radiation incident
at the surface bemeath and outside of the carbon plume shown
in Fig. 6.



III. NUMERICAL MODELING EVIDENCE

A aumber of early numerical modeling results lend varvious degrees
of support to the carbon dust physical hypothesis using heat sources of
the magnitude of ~ 5~10C/50 mb per 10 hours. The results from some of

these models will now be briefly discussed.

a. Boundary laver modeling

J. Deardorff (1973) has run an initial test on the influencé of
artificial boundary layer heating in a one~dimensionsl tropical subcloud
layer model. He assumed an artificial boundary layer heat source of
1/4C/hour for ten hours. This is only a quarter of the amount of heating
which is being proposed; nevertheless, substantial influences occurred.
The results of the model are shown in Fig. 9. The model ran for four days
in a normal state, and then the heating was applied. After 10 hours the
heating was abruptly shut off. The effect upon cloud base (h), percent
area of cumulus cloudiness (v), evaporation G;ﬁET)g, and ocean~gir virtual
potential temperature difference,(ﬁﬁv) are showsn in this figure from
Deardorff's paper.

To quote from Deardorff's report on the influence of the extra

heating:

"rhe first result, of course, 18 a warming of the mixed
layer. This warming causes A6, to decrease drastically from
0.55C to ahout 0.IC in 4 hours, and causes the velative
humidity to drop. The first effect causes h (tbe cloud base)
to rise from 580 m to 980 m at the end of the 10~bour period.
Both effects together cause convective cloud-base level to rise.
. «..This causes ¢ (percent area with cumulus) to more than
double after the end of only the third hour following initia-
tion of the enhanced heating rate. A dip in ¢ just as the
heating is first applied reflects the decreased relative
humidity before h has had a chance to rise. As expected
(w'8'), decreases and even becomes negative, while who'y
only barely stays positive by the end of the 10th bour,

The ephanced cloud induced mixing causes the boundary layer
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has been applied during the first 10 hours of Day 5.

67T



130

specific humidity to decrease to a minimum of 13.1 x 10-3 ,
and thereby causes iIncreased surface moisture flux (evapora~

tion) to persist long after application of the carbon black
has ceased.”

YAlthough the model takes mo account of dissipative
effects such as horizontal diffusion, it does strongly
support one portion of Gray's hypothesis. Increased comvective
activity is predicted to occur desgpite z reduced surface
virtual temperature fiux during the modification period. The
much increased depth of the mixed layer, moreover, suggests
that the convective clouds will have greater diameters and
reach greater heights. Tha model could not traat cases
with greater applied heating rates, unfortunately, because
(0'6')g then becomes negative and the model invalid".

This artificial stimulus to cumulus convection was obtained with
a boundary layer heating of only 1/4C/hour. The authors are proposing
boundary layer heating rates 2 to 5 times the amount which Deardorff

has tested here. A favorable enhancement of convection is indeed indi-

cated.

b, Meso*scaie troplcal model

The new 3D meso~scale, tropical model results of Elsberry et al.
(1974) and ¥W. Fingerhut (of Colorado State University) also lend support
to the envisaged influences of carbon dust induced heat sources.

This three and five layer model is being developed to simulate pro-
cesses which occur on scales below the normally predicted synoptic scales.
A key feature is the nestiing, or telescoping of the grids of Z5, 50 and
100 km. Fach interior grid is allowed to move, following tha meso-scale
cumulus convective fields. Energy exchanges through the grid interfaces
appear to be unconstrained through the use of mutually determined bound-
ary copditions. Thus, energy input within the fine mesh region iIs free to
pass to the larger scales of motion, represented on the coarse mash grid
(see the reports of Harrison and Elsberry, 1972; and Harrison, 1974; for

more discussion of the model).
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Elsberry et al. (1974) with a three layer model and W. Fingerhut
(Colorado State University) with an updated five layer version of this
model have tested for the influence of this artifically induced meso~
scale heating on an atmosphere initially at rest. Results indicate a
significant influence from energy inputs of ~ 5C/10 hours per 100 wb in
the lowest layer. The respomse of the model to upper level heating effects
was much less favorable.

When the assumed artificial carbon dust heating n 5C/10 hours per
100 mb is placed in the lowest layer, a very large atmospheric regponse
is felt. A large artificial enhancement of cumulus convection and/or
precipitation is likely to result, Fig, 10 shows the magnitudes of the
model’s lowest 100 mb inward radial flow components and vertical motions
after 10 hours of heating at a rate of ~ 13 cal/cm2 per hr (¢ 0.5C/hr).
The extra radiation-induced vertical motion at the top of the boundary
layer is no less than 180 mb/day. The radial inflow at 75 km radius is

1.3 mfsec. After ten hours lower tropospheric convergence is v 30 x 10“6

Secwl. This is approximately five times larger than the average 4° con-
vergence occurring in the typical tropical cloud ¢luster (Williams and
Gray, 1873). ‘'Thus, it appears that the implementation of this extra heat
source on a mesow-gcale over the tropical or sub-tropical oceans would,
indeed, have a significant influence on generation and/or enhancement of

tropical weather systems., More modeling must be accomplished, however,

before this influence can be explicitly established.

¢, Burricane intensity reduction

The author (Gray, 1973) has extensively discussed the potemntial of

hurricane inner-core intensity reduction from carbon dust induced ocuter



132

]
900 mb
1

1000 mb

R T T

150
RACIAL OISTANCE FROM CENT

M

R (km)

Fig. 10. Boundary layer respomse of an atmosphere initially at rest to
10 hours of assumed carbon dust heating at the rate of 0.5C/hr
in the lowest 100 mb layer and in the inner 75 kam. Radial
velocity (v, - m/sec), vertical velocity (v - mb/day), and
moisture convergence {(circled ~ gm/Kg per day).

radii boundary layer heating of 1/2 to 1 C/hour. This is likely to stim-
uvlate extra cumulus convection at outer hurricane radii and lead to a
reduction of the hurricane's boundary layer inflow and thus the mass
circulation into and out of the storm’'s imnmer region. Angular wmomentum
and surface frictional considerations dictate that the hurricane inner
core region weaken.

this outer heating modification hypothesis has recently been tested
in the Rosenthal (1970, 1971z, 1971b) circular gymmetric tropical cyclone
model and has been found to verify the physical hypothesis to a high degree
(see report by Gray, op. cit.).

The model is a seven level primitive equation model containing the
water vapor c¢ycle and pavameterized cumulus convection. The radilal in-
terval is 10 km and the time step is 2 minutes. In an overall sense it

appears to handle the basic dynamics of the hurricane quite well,
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The model is initialized with a symmetric vortex with wmaximum winds
of 7 mfsec at 250 km radius, The mode]l is then integrated in time. It
slowly builds up 2 moist layer during the first seventy hours of inte-
gration and then intensifies rapidly to z hurricane vortex with maximum
winds of ~ 50 m/sec at a radius of 25 km in another 80-100 hours. The
voritex thben stops intensifyving and remaing in an approximate steady state
for several days. It is the latter steady-state that is used for emergy
response experimentation. The Rosenthal papers fully describe this
model.

Artificial heating values have been input to the steady-state gtage
at the four black dots shown at radii of 415 and 425 km and at the sur-
face and 900 mb in Fige. 11 and 12. Heating rates are applied at these
grid points for a ten~hour period to simulate the solar heating of the
carbon dust. They are then discontinued for 14 hours, Two heating
rates have been used at the 4 grid pointg shown. They are:

1) 1/2C pexr hr for 10 hours, no heating after this but integration

of the model to 24 hours, and

2) 1/4C per hr for 10 hours, no heating for 14 hours, then a second

rate of 1/4C per hr from 24~34 hours. The model is integrated
to 34 hours in this latter case.

The maximum artificial heating Influences are felt zbout 24 hours
after integration is started. It takes 12-24 hours for the effects of
the outer heating to manifest itself into changes in the inner core of
the hurricane. |

Figs. 11 and 12 are vertical cross-sections showing the influences
on the tangential and ﬁerticai winds after 10 and 24 hours of applying

an artificial heat source of 1/2C[hr at the four black dotted grid points
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for the firat 10 hours. Note that the maximum reductions in the hori-
zontal and vertical winds occur where theae valuss are the highest.
Such cbanges would be beneficial in terms of storm damage reduction.
After 24 hours the wind at the gurface at the radius of maximum winds
is reduced by 15 m/sec (30% reduction from the original value)., The
surface kinetic energy at the radius of maximum winds has been reduced

by 60% of its oxiginal value. The radial winds and vertical morion at

the inner core radii have likewiae been greatly altered.
If these hurricane modification reaulta are realistic, then a large
potential for alleviaring hurricane destruction may be possible. These

modeling results appear to warrent more study and discussion.

d. Individual cumulus model

R. Lopez's (1973a, 1973b) whole life cumulus cloud model offers fur-
ther supporting evidence to the carbon dust heating hypothesia, This
model has been uaed to test the influence of increased boundary layer
temperature and relative humidity on individual cumulus growth.

Fig. 13 shows a cloud top vs. time diagram of different cumulus clouds
that bave had their boundary layer temperature increased by varlous

amownte. Cloud (a) is the null case. The other clouds which grow higher
and more rapidly have had tbeir boundary layer temperature values (TBL}
increased by the amount specified. Note that temperéture increases of
but 1 or 2 degrees in the boundary layer can lead to significantly more
intense cumulus convection Gwith all other factors held conatant).

Fig. 14 shows a similar influence for a two gram per kilogram in-
crease in the boundary layer specific humidity with all other influences

held constant., Here again the cumulus convection is much more Intense.

Thus, it appears that an energy or moisture input into the boundary
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Fig. 13. Time vs. height diagram of cumilus growth for a towering cumulus
(a) of Lopez's (1972) whole life cloud model. The other curves
portray the increased growth rates and heights of this same
cloud 1f the boundary layer temperatures (Tpp) are increased
by the amounts shown and all other parameters remain the same.

layer would have a very significant influence on the enhancement of ex-

tra cumulus convection.

" e, " Cloud and cloud environment modeling

H. Orville (1963a, 1965b, 1968) and his group (Orville and Sloan,
1970a, 1970b; Chang and Orville, 1973) have investigated the influence of
elevated heat sources on the generation and enhancement of cumulus con-
vection, and their findings appear to offer additional supporting evi-

dence. He and his group have shown that elevated heat sources of the
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Fig. 14, Time vs, height diagram of cumulus growth for a towering cumulus
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growth rate and height of the same cloud if it had an extra
boundary layer water vapor conteat of 2 gm/Kg with all other
parameters remaining the game.

magnitude 1/4 to 1/2C/hour per 100 mb (as developed by mountaing) pfo~
duce substantial early day generation .and enhancement of cumulus convec-
tion as compared to the surrounding lower terrain areas. This can be
qualitatively verified by anyone living near the mountaing in the summer.
If dispensed from aircraft or elevated terrain, the proposed carbon
dust heat source is likely to act as an elevated heat source and allow for
concentration of lower level convergence and cumuilus convection in selec—
tive areas over land and the ocean., The magnitude of the elevated heat
source which is possible from carbon dust can be as large as that pro-

duced by mountains. If man is able to contrel the place, time, size
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and intensity of this elevated heat source, a significant local stimula-

tion of cumulus convection and precipitation may be possible.

£, Meso~scale mountain model

Dirks (1969) has developed a 2D meso-scale circulation model with
a sloping (1/10) heat source similar to that developed by a mountain
during its diurnal solar heating cycle. Starting from rest, Dirks
develops a substantial mesow-scale mountain-plains cellular cireulation
system after only two hours of iIntegration. An snalogous type heat
source might also be possible with the carbon dust heating mechanisnm,
There is much to be learned, however, sbout how the mountain terrain and
the mountain heat source interact witb ome another. Would & similar type
of circulation be developed for an identical heat source without the

mountain?

g, Summary

Preliminary numerical modeling evidence indicates that an artificial

heat source of the size and magnitude here discussed would 1likely have a

beneficial influence on a number of wegther modification schemes.,



IV. COST-BENEFIT CONSIDERATTONS

It is estimated that carbon dust can be generated for about $0.10
per Kg. A 10 percent cross-sectional area coverage by 0.lu radius par-
ticles would require N 25 Kg of carbon per km? (or ~ 200 1bs per n.mi.z).
To cover a (200 km)2 or (100 n.mi.)z squsre area would require »~ 1 million
Kg of 0.1y carbon particles. This would result in about 13 percent solar
radiation absorption and would require about $100,000 worth of petroleum
productg. If the cost of dispersal of the carbon from surface sources
(ship and land sites) is 1-2 times tbe cost of the petroleum products
and the cost of dispersal from aircraft is 3-4 times the cost of the
petroleum, an estimate for a 1 million Kg carbon particle seeding operation
would be:

1) from surface sites ~ §0.3 million, and

2) for aircraft aourcea ~ $0.5 million.

Please see the papers by Gray (1973) and Frank (1973) for more dis-
cussion of the economics of carbon dust disperaion, etc. It is envisaged
at this time that the surface releases would be used primarily for tropical
and sub-tropical meso~acale precipitation augmentation, cyclone modifica—
tion, enbancement of snowmelt and most types of fog dissipation. Air-
craft operations would be more suitable for hurricane destruction allevia-

tion and certain types of fog dissipation.

a. Precipitation augmentation

It is assumed that the surface release of 1 million Kg of carbon
particles into the oceanic boundary layer 1 day or more upwind from a
coastal target area would generate or intensify a meso~-scale weather sys-—

tem similar to a typical trade wind cloud cluster. Such clusters give an

average of 2 cm/day of rain over a (500 km,)2 area {(Gray, 1972). However,

140
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this cost estimate will assume that an average of 2 cm of rain will occur
only over an area approximately equal to the carbon seeded area of (100
miles)”. If half of the rainfall (1 cm) could be utilized productively,
the total amount of useful water generated by the system would be approxi-
mately 4 x 1{)14 cm3 or 3 x 105 acre~feet. The average minimum price for
irrigation water in typical agricultural countries is about $10 per acre-
foot. At that price one system would produce about §3 willion of usable
water resulting in a favorable cost-benefit ratio of about 10 to 1. When
certain areas become desperately in need of rain, the value of usable water
can eagsily exceed $100 per acre~foot resulting in much more favorable

cost benefit ratios. It is also possible that the generated system would
rain over an area much larger than (100 miles)2 and on subsequent days.

It is most unlikely that individual cumulus cloud modifications from

silver iodide or warm cloud seeding are capable of having as profitable

a cost-benefit ratio.

b. Hurricane damage reduction

A study of hurricane dsmage in the United States (Howard et al.
1972) showed that, in general, the damage cost of the typical storm is
roughly proportional to the 4th power of the maximum sustained wind
speed. Accepting their estimates, Fig. 15 was constructed. This figure
shows the potential economic gains from hurricane damage reduction as a
function of the percent of reduction of maximum sustained surface wind
speeds. A wmore extensive discussion of the economics of hurricane dam-

Ll

age reduction vs. n~ost ol carbon aus dispersion is given in the report
of Gray, 1973. Table 4 gives our estimate from the Howard et al. report
of the damage veduction to wmodificatlio: cost for different storm inten-

sities and percentage maximum wind de:-eases. It can be seen that for
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the more intepre wnd nsnce most damaging storm s Tovooadbls cot baefit
ratios of 10-1 te 140-1 may be possible. Since soue hurricanss can
cause up to $1 billion in destruction plus gresat loss of human life, the

potential savings wmight be enormous,.

¢. Mid-latitude cyclone modification

Since this type of medification hag not been analyzed in detaii, ¢
is very difficult to speculate meaningfully about cest-benefit ratios.
However, 1f it is assumed that a 1 willion Kg mid-latitude cyclone seed-

ing operation might enhance the precipitation occurring in approximately a

TABLE 4

Ratio of Damage Reductlon to Modification Cost for Different Intensity
Tropical Cyclones and Percentage Maximum Wind Decreases

Percentage Reduction of Maximum Sustained Cyclone

Maximum Sustained Surface Winds
Cyclone Burface
Wind {m/sec) 1 5 10 20 33 50

> 80 {agssuming 2 million
Kg of carbon dust) 71 35/1 70/1 120/1 160/1  200/1

6080 (assuming 1.5
million Kg of
carbon dust) 3/1 1571 35/1 60/1 7571 95/1

40-60 {assuming 1.9
milliion Kg of
carbon dust) 1/1 5/1 10/1 18/1 2571 30/1

2540 (assuming 0.5
million Xg of _
carbon dust) 0 2/1 471 6/1 10/ 14/1

{10cd mile)z avea by 1%, then about 2 x 105 acre~feet of extra precipita—

tion would be produced. If half of this water was utilized, about §1
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million worth of extra water would be produced (assuming $10 per acre-
foot, s conservative price estimate). The cost of gemerating this much
carbon from ground sources would be about $100,000 to $200,000 resulting
in 5-1 to 10-1 favorable cost-benefit ratios., These figures are highly
speculative in that no quantitative data on this modification hypothesis

has been cbtained.

d. YFog dissipation

It should be possible to evaporate certain types of radiation fog at
least 1 hour esarlier than the natural dissipation time using carbon
dust seeding. A typical major airport may have 30 flights per hour sche-
duled to arrive, so dissipating fog at such an ailrport ome hour earlier
could save the cost of 30 flight reroutings. Fabre (1966) has estimated
that the cost of rercuting a typical commercial flight is about $2500.
Therefore, approximately $75,000 could be saved for each hour of success-
ful arvificial fog dissipation. This result should require no more than
10,000 to 25,000 ibs of carbon dust produced from ground generators at 10¢
per pound or less. The total cost would be only about $1000-$2000 re-

sulting in favorable cost-benefit ratios of approximately ~ 30-1 to 75-1.

" e. Enhancement of early snowmelt

1t is very difficult to estimate the possible benefits from this
type of modification. However, under certain climatic conditions seeding
the boundsry layer over agricultural areas for several days with about
10% area coverage of carbon dust and accelerating snowmelt might lshgthen
the growing season a week or more., In some years this could easily in-
crease agricultural output by at least 1%. Based on a rough estimate of
$100/scre sgricultural output, the savings would be on the order of §$1

per acre or more. ILn some situations savings many times this amount might
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be obtained. Carbon dust at 10% area coverage requires about 1/6 kg of
carbon per acre. Since the carbon could be generated from relatively
cheap ground sources for about o 5-10¢ per Kg, the cost of carbon seed-
ing should be no more than 3¢ per acre per day. Since multiple day use
of the carbon is likely for this large-scale application, a week of
seeding should cost 10¢ per acre or less. This would result in a favor—

able cost-benefit ratio of at least 10-1,

f£. Summary

Although the above estimates are quite crude, they do indicate that
favorable cost~benefit ratios may indeed be realized for a number of
carbon dust schemes. Even thougb petroleum prices are likely to coatinue
to rise in the future, so too will agricultural prices, These ratios

should not be significantly altered by the rising price of petroleum.



V. SCIENTIFIC UNKNOWNS AND POTENTIAL PROBLEMS

Although the potential for meso-scale weather modification with

carbon dust appears to be very possible at this time, there is a great

deal more research that must be accomplished. Much more must be learned

about:

1)

2)

The best and most efficient ways of manufacturing carbon dust
from jet engines and in other ways from ship and land sites, and
all the attendant technical problems. Some of these have been
discussed by Stokes in Paper III. What are the best petroleum
fuels to use? Can a good quality control on the size of the
particles be maintained? Will the small 1/100 to 1/10 micron
particles diffuse out from the jet exhaust without appreciable

agglomeration? Can we guarantee that the cracking of the hydro-

carbon feedstock will not produce significant amounts of car-
cinogenic material?

How does the carbon horizontally diffuse in the natural environ-
ment of the boundary layer and In the area above the boundary
layer? Will it tend to cluster in selective areas as might be
expected if tbe boundary layer is structured with horizontal roll

vortices or with Benard type thermal comvection?

3) How will the carbon warming affect the vertical diffusion and

advection of the carbon dust during the heating day? How will
the shielding of the carbon by the clouds affect the energy gain?
These are both potentially serious problems. It may prove to be
difficult to hold a high percentage of the carbon dust within
tbe boundary layer during the solar heating day., The initial

morning heating will likely cause early day convection and lead

146
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to significant boundary layer carbon luss. 1f spread evenly over
large areas, however, the carbon loss in 10 hours through upward
advection should not lead to massive dust depletion out of the

lowest 200300 mb.

When the carbon stimulates extra convection, an additional
local up and down recycling of mass octcurs. In these situations,
the mean motion is not representative of the actual vertical
motion. As previocusly discussed by Gray {(1973) for tropical
cloud clusters, the mean vertical motion at cloud base iz but a
fraction of the actual up-and-down local circulation. If the
carbon dust stimulates very active cumulus convection, then it
ig likely that an extra up—and-down circulation perhaps 5 to 10
times the mean vertical eirculation will occur. TIn a 10 hour
period this extra upward circulation may advect as much as half

to two~thirds of the sub-cloud layer mass to higher levels and

largely replace it by descending motion surrounding the cumulus.
The carbon induced solar heating inputs to the boundary layer are
thus likely to be significantly reduced, especially during the
ilatter part of the heating day.

A large portion of this sub-cloud layer heating loss by up-
ward carbon advection will be made up for by a compensating heat
gain at levels just above the boundary layer. Much of the carbon
dust to leave the sub~cloud layer will be carried upward by the
small cumulus or stratocumilus and will remain within the lower
troposphere. These smaller cumulus have lifetimes of but 10-20
minutes. As they die out, the carbon they captured from lower

levels should again be liberated for solar absorption, although
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in-drop sgglomeration will reduce the high energy absorption to
magg ratlos. Some of the upward advected carbon particles will
later be carried back into the sub-cloud layer in downdraft motions
and again be available for low-level solsr energy input. Only

tbe carbon carried upward in tall cumulus or that scavenged by
raindrops during the 10 hour solar heating period will be lost
from the lower troposphere.

Additioral loss of heating will result from clouds sheltering
the carbon dust. This is only a significant problem with the de-
velopment of laveved clouds, since the meso-gcale ares percentage
covergge with cumulus is typically less than 510 percent. Most
of the solar radiation penetrates through the majority of cirrus
cloud decks which are not surrounding active Cb convection,

it may prove more desirgble to seed the more thermally stable
layer just above the sub-cloud region. As shown in Figs. 16 and 17,
this layer will hold the heating without convection for a much
longer period and permit a higher level of solar energy gain
than would be possible in the boundary lsyer. Vertical motion
induced just above the boundary layer should be nearly ss effec-
tive in inducing meso-scale convergence as that in tbe boundary
layer.

Despite these logses in optimum sub-cloud layer heating, it
is expected that the largest part of the theoretical energy gains
of about 110 calories/cm’ for 10% carbon coverage will be re-
ceived by the atmosphere below 600-700 mb - the level of minimum
total energy. Meso-scale energy gain at levels below §00-700 mb

%ill enhance the meso-scale low level vertical motion and lead
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to lower tropospheric convergence., Increased relative humidity

and extra precipitation should follow. It must also be remem—

bered that the extra evaporation rates asre dependent on a down-

ward mixing of upper level air. Much of the loss of thermal

- energy will be comperisated for by a gain of moist énergy.

4)

5)

We do not expect to be able to tap all of the potential
artificial solar energy which is available., The carbon dust
hypothesis does not depend on complete realizationm of all po-
tentially available solar radiation. The assumed absorption
values represent only about 15%4 of the total incident sclar
radiation. It is expected that beneficial weather changes can
be brought about by orly a 25 to 30 percent utilization of the
theoretical values shown. A 25 percent utilization of the po-
tential carbon dust solar energy gaing still represents a 5
billion cal/lb solar energy source. Extra emergy will result
from evaporation. We expect the cloud and cloud environment
numerical models to give considerable insight into this problem.
It is hoped that models will be developed which will treat the
carbon dust as a variable and explicitly follow it in the model.
The amount of extra evaporation which will occur due to the down-
ward mixing of drying alr to the sea surface must be better
specified and its later influence on cumulus enhancement better
understood. What are these guantitative values?

To what extent will the artificially enhanced cumulus convection
act as a "feed back' mechanism to further intensify the meso~

gcale flow system ip which it is ewmbedded? To what extent will

the tropogpheric vertical wind shear of the artificially enhanced
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meso-system inhibit a2 cumulus convection feed back? These are
basic msteorology problems which are presently being attacked by
a variety of meteorclogical groups under the overall objectives
of the GARP program.

6) If carbon dust induced extrs precipitation can be achieved, what
are the best estimates of the economic gains to be realized? If
hurricane inmer core structure can be weakened, what are the po-
tential economic gains? To what other ways might carbon dust be
beneficially utilized by man?

7) Althougb, as discussed in Paper IV, no ratlonal environmental
problems ayre foreseen, all aspects of the pollution and health
questions must be considered. A larger number of environmental
experts must be consulted and a broad ranging dialogue on this

subject started.

2. Summary

There are many problems to be investigated before the potential of
carbon dust can be fully realized. Nevertheless, our careful considera-
tion of this subject leads us to believe that these as yet maresolved
questions and problems will, with more study and experiment, be shown

not to be insurmountable hurdles.



VI. PROPOSED RESEARCH PROGRAM

The authors believe that a broad ranging research program on the

feasibility of weather modification from carbon dust seeding should be

started.

a)

b)

¢)

d)

Research should be directed in four topic areas. They are:
numerical modeling studies,
observational studies of naturally occurring meso-scale heat
sOurCes,
engineering and field test studies,

economic studies of potential modification influence.

a. Numerical modeling studies

It is crucially important that numerical simulations of the influence

of carbon dust heat sources on seversl different scales of motion be con-

ducted on many different types of models. These models in combination

are likely to determine the atmospheric response to the proposed heating

mechanism. The areas which.sghould be. modeled. include:.

1

2)

Individual cumulus modeling. Individual cumulus modeling is re-—

guired to more thoroughly study the influence of local convergence
and heat and moisture sources and sinks on individual cumulus
convection., These models will also aid in the study of carbon

dust diffugion and dispersion.

Cloudwcloud environment modeling. This type of modeling should

simulate the influence of carbon dust heating oo cleud and pre-
cipitation stimalation. It will also allow the datermination of
carbon dust trajectories and changes of carbon concentration

with time both in and arommd the cioud.

3) Meso—gcale tropical modeling. Meso-scale modeling of the tropical

atmogsphere will simulate the carbon dust enhanced cumulns con-
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vection on a size and time scale larger than that accomplished
by cloud-cloud environment modeling. Tt will deal with pre-~
cipitation enhancement associated with the carbon dust induced
tropical cloud cluster genesis and its intensification, etc.

4) Small-scaleé boundary laver simulations. Modeling of moist

boundary layer response to forced heating is desirable to de-
termine the character of the cumulus response to varying lapse-
rate, moisture, wind patterns, etc. How rapid iz the boundary
layer response? How do the cumulus sizes and srea coverages
vary? This model should also permit analysis of the amount

of extra carbon dust inducted evaporation.

5) Tropical storm modeling, It is desirable to evaluate the carbon

dust hurricane wind reduction hypothesis using a variety of
tropical storm models. What 1s the beat way to alter the tropical
storn?
The above types of numerical models can treat the artificial carbon
dust heat source on a variety of scales of motion. It is expected that
considerable insight into the potential for this type of weather modifica—

tion will result from such model studiesg.

b, Proposed observational program

Extensive observational studies should be conducted to better define
and better understand naturally occurring heat and energy sources. Many
of the questions we have concerning the potential influence of carbon
dust heat sources may likely be found in the available meteorological ob~
servations if we make the effort to look at all the available data sources.
These obgervational studies should include:

1) Extensive satellite investigation of cloud development in asso~
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clation with islands and peningulas. The synchronous satellite
" pictures should be the primary tool for this. The regular weather

satellites should also be used.

2) More sea-breeze studies should be accomplished. They are a part
of the meso-scale source influence., Extra ingights are likely
to be obtained. More radar studies of cumulus convection near
coasts, islands and peninsulas will be made. The good weather
radars at Key West, Miami, Applalachacola, and along the Gulf
and United States Coasts can likely be very well exploited for
bhetter understanding of the influence of daytime heat sources.

3) Observational investigations of the influence of surrounding sea-
‘surface temperatures on hurricane and typhoon intensity should
be made. As hurricanes move northward to extra-tropical latitudes,
they sometimes intensify for 12-18 hours before weakening. This
ig believed to result from an increase of the surrounding ver-
tical stability as cold air begins to surround the storm while
the center stays warm. This is likely to be an analogous but
opposite influence to the propesed carbon dust heating of the
surrounding hurricane circulation. In the former situation the
storms strengthen from the stabilizing of the boundary layer. In
the latter case they are hypothesized to weaken from an opposite
influence. Studies like thig are likely ﬁo give important ver-
ifying information about the association of outer hurricane
thermal stability smd burricane inner-core intensity.

4) More observational studies of the influence of mountains and
terrain features on the diurnal cycle of cumuwlus convection

should also be accomplished along the lines of Henz's (op.cit.)
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study. There are many sources of information which can be
studied from this point of wview. Mountain and terrain heat
spources are believed Lo be reasonably analogous to the type
of heat source which is possible from carbon dust,

5) The effects of natwrally occurring large local concentrations
of aerosols on the atmosphere sheould be further studied to
determine if any significant similarities exist between the
effects of carbon dust and those of other natural or man—induced
aerosols.

6) More detailed satellite observations of clouds over land areas
should be made to determine the correlation between morning clear
areas and afternoon thunderstomm locations as is being researched
by Purdom (op.cit.). How are the daily heating and the vertical

stability curves altered?

[ Engineering and field test program

Engineering tests. Paper 1II discussed the technical feasibility of
carbon dust generation from jet alrcraft engines. No insurmeuntable prob-
lems are envisaged. However, much study ané testing must go on before all
of the engineering technicalities of the best method of carbon dust gen-
eration can be specified.

In the initial development stages of this project, field programs will
probably be accomplished from ground sources only. The deployment and
alteration of jet aircraft is believéd to be too expensive for early tests.
This can be accomplished a4t a later date.

The exact modifications to an existing jet engine reguired to pro-
duce the necessary sizes and amounts of carbon dust must be better de~

termined, First, azn after-burner type jet engine must be obtained and
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testing begun to determine the quantity, particle size, cost, etc., of
the carbon generated. A sub~contractor must be found to set the engine
up and test it. There are few jet engine test facilities in the United
States. At certain of these facilities, such as the Naval Air Station

in Treaton, New Jersey, testing would probably not be feasible because of
the large smoke plume. The Air Force has test facilities at remote sites
in Tennessee and at Edwards Air Force Base in California. Smoke testing
is possible at these locations. Another facility is located in a jungle
type region near West Palm Beacb, Florida.

Once the necessary engine modifications have been tested, the genera-
tor should be evaluated with respect to its airborne operational capa-
bility. These test operatlions would be necessarily more complex. The
modified engine would have to be operated on an engine test stand to
evaluate performance characteristics and to permit more detailed analysis
of its operation. We envisage this stage of development as best being
accomplished after a number of ground-based field tests have been com-
pleted to substantiate the atmospheric response to the carbon heat source.

Field tests. Once a ground-based carbon generator bas been designed,
fabricated, and tested, two stages of field operations should likely be
undertaken. The first stage would consist of small scale plume genera-
tion and evaluation testg while the second would entail a large scale
field program designed to evaluate atmospheric response to the carbon
heat source.

The small scale test would probably entail omly one or two carbon
generators. Carbon dust plumes would be generated over an uninhabited
area such as the ocean just northeast of Key West or in one of the west-

ern deserts. Using aircraft and mobile ground observers, measurements



157

would be taken to determine carbon particle concentrations and size
distributions, radiastion attenuation, and sensibie temperature changes.
Position of the carbon dust cloud would be recorded, and epnvironmental
parameters would be monitored. The results of this first test should
provide quantitative data regarding the production of carbon dust and
the amounts of sclar energy absorbed by the carbon clouds as well as
estimates of the motion and diffusion of the carbon dust under various
weather conditions. Any atmospheric responses to the plume would be
noted, but these effects should be small due to the small amounts of
carbon which would be utilized in these initial tests. The location
of the test site is not critical for thig type of operation.

Tf the small scale tests prove succesgful, a larger scale field pro-
gram should be undertaken. The purposes of this second field program
would be to demonstrate the feasibility of dispersing a large amount of
carbon dust (probably 100,000 Xg or more) into a carbon cloud of the di-
mensions and characteristics desired and to produce a detectable atmospheric
response. This operation would be carried out on a large enough scale so
that the results of a few runs should give a strong indication of the fea-
sibility of the proposed full scale carbon modification programs.

This large field test program should be carried out in an environ-
ment similar to that proposed for the full gcale modification operations
and also one free from initial pollution considerations. The two ground
sites which seem to offer the best combination of logistical and support
capabilities, climatological conditions, and minimum possible poliation
potential are the western end of the Florida Keys and the Mariana Iglands
in the Pacific, specifically Guam, Rota or Saipan. Both of these siteg

are located in the trade winds so that carbon plumes could be generated
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simultaneously from a number of points on their western coasts merging into
a single carbon cloud downwind over the ocean. The preferable location
for this large scale program is the Florida Xeys. If the politically
sensitive question of pollution were to touch off irrational and emotional
problems, then it might be necessary to move the field test site to Guam
or one of the islands just north of Guam. As discussed in Paper IV,
there appear to be no valid ratiopal pollution problems for a seeding
operatlon which creates & carbon cloud over tha ocean. Both sites
offer good logistical support facilities and radar coverage for monitoring
the tests. The primary disadvantage of operating in the Mariana Islands
is the large distance from the continental United States. If long lead
time planning were accomplished, the Mariana Island location should prove
to be satisfactory. Military transportation is available on a low prior-
ity basis. The primary disadvantage of the Florida Keys site is the large
recreational tourist industry in this area. Precautions would have to be
taken to avoid conflicts with private fishing boats in the dispersal area
on test days. However, a large portion of the sea area likely to be affected
is a U.S5. Navy and Air Force operatiomal training area subject to their
control. This should facilitate coordination of the testing with local
interests.

Either of the above sites should prove suitable for a large scale
field operation of the proposed dimensions. The exact scale and nature
of the program would be determined by the results of the previous testing.

The ultimate purpose of the field programs would be to obtain enough
information concerning the feasibility questiion to reach a ves or no
decision such that if ves, a large governmental agency could step in

and undertake an expansion of the program in a number of directions.



4. Economic studies

Economic studies must be undertaken simultanecusly wirh the
theoretical and engineering studies. Az more quantitarive date is
obtained from the modeling and chservational studies more detailed
studies must be accomplished concerning the individual regional poten-
tial cost~benefit ratios of the various proposed schemes, Each typu
of operation can be analyzed in terms of economic potentials, Before
operational modifications can be undertaken, the exact target sites
must be carvefully studied so that the potential effects of the operation

upon all facets of the regional economy are well understood.



YII. COMPARISON OF CARBON DUST AND SILVER IODIDE MODIFICATION
TECENTQUES

Weather medification over the last quarter—century has been almost
exclusively concerned with the use of silver lodide to freeze super-
cooled cloud material. Space and time scales of modification have been
restricted to those of the cloud. This type of modiflcation Yequirea
the presence of preexisting super-cooled clouds which, due to the ty-
pically large variations of convective activity, are often not available.
The effectiveness of the silver iodide scheme is thus limited by both
the amount of super-cooled water available and by the cloud enhance-
ment potential of the releasa of heat of fusion. By contrast, the
potential for enmergy gain from carbon dust seeding is not restricted
by the amount of comvective activity or, disregarding cost, by space
scale.

As extensively discussed by Simpson (1970), Woodley {(1970) and
Simpson and Woodley (1971), direct enhancement of individual cumulus
cells appears to be feasible. However, it has not yet been demonstrated

that seeding of individual cumulus clouda to increase precipitation
can be cost-effective except in special cases aa may ba possibla over
southern Florida. In addition, the times and locations of applicatioms
of individual cloud seeding are quite limited by the special conditions
required for economic gain by this type of seeding. It would appear
that greater potential economic benafit may be poesible from modification
of the atmosphere on a larger scale.

The primary problem with silver iodide as a meso-scale modification
agent is that much of the heat gained from tbe extra cumulus convection

does not result in a sufficient energy accumulation. Much of the libera-
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ted heat of fusion goes. to increased cloud vertical motion and potential
energy gain which is exported to the surroundings without local energy
gain., In addition, energy is lost when the extra condensed and frozen
cloud material later melts and reevaporates. In contrast, carbon dust
directly warms the atmosphere. Much larger energy accumulations are
possible,

The evaluation of carbon dust modification experiments should be
congiderably easier than the evaluation of silver iodide experiments,
This 1s because:

1} With silver iodide one is alwave operating within the natural
atmospheric 'nolse' level. Hypothesis verifications require
long and complicated radomized sampling. By contrast, carbon
dust modification on the mego-gcale ig iikely to produce in-
fluences large enough such that verification will be 'sgglf
evident’ to a considerable extent. Complicated verification
is likely mnot to be necessary.

2) The carbon dust radiation induced influences on the atmosphere
can be much more readily understood and numerical models de~
veloped to simulate these influences. By contrast, the funda-
mental physical processes associated with cloud drop formation,
freezing, accretion, ete. are not as well understood at this
time. Numerical modeling of cloud micro-physical processes is
very complicated and the results accepted with less confidence.

It may be beneficial to employ the silver jodide type of cumulus
enhancement technigues in conjumction with the carbon dust seeding.
Megso-scale atmospheric response might be epnhanced if the carbon dust
was used to create or stimulate a meso-scale cumulus convective system
and silver iodide seeding was then employved to further enlarge the zl-

ready existing cunulus elements.



VIII. RESEARCH JUSTIFICATION

Continued research concerning large-scale carbon dust weather mo-
dification appears to be well justified on scientific, economic and
humanitarian grounds.

1) Predicted future global water and food shortages dictate that
man fully explore his potential for beneficial weather modifica-
tion. BEven if man does not now contemplate using many of the
schemes studied, it is important to have multiple modification
techniques "on the shelf” as insurance in case of unforeseen
weather catastrophies. We are all aware of the severe detri-
mental congsequenceg which weather catastrophies can have; wit-
ness the Bangladesh tropical storm of December 1870 and the
recent drauvght in North_ﬁfrica. A variety of future benefits
may result if man is able to develop programs to meet these and
similar gituations.

2) It is important for weather modification to have a new stimulus
and a new avenue of direction. Modification efforts in the last
quarter century have been almost exclusively directed towards
bringing about changes in individual clouds or small groups of
clouds. It is time for man to consider weather modification from

other physical hypotheses and on other scales of motion.

3) A considerable investment of scientific manpower and funds have
gone into the development of numerical models. Many fine metero-
ological models treating a variety of atmospheric phenomens are

" now avallable. The influence of carbon dust heat sources can be
readily tested in most of these mmerical models with only small

model alterations. This will offer a greater utilization of these
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models, and will allow for a great deal of hypotheses testing at
minimum cost. The physical processes on the meso and synoptic |
scales of motion are much better understood than the sub-cloud
and micropbysical processes which are necessary for individual
cloud alteration. Therefore, it is likely that the ‘carbon dust'
hypothesis can be simulated In mummerical models better than the
sub=cunulus processes can be modeled.

4) A number of other beneficial uses of the carbon dust heat source
are very likely to be uncovered by this research. Much of tbe
knowledge gained may well be relevant and useful to studies in
solar energy, urban pollution abatement, and weather forecasting.

It is dmportant that man explore all aspects of solar energy.

-a.-l:Sﬁmmaiyu

Research on the potential use of carbon dust seems well justified
by the likely future needs of mankind for more reliable amounts of rain—

fall and other weather related benefits.
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Equations for absorption, reflection, and transmission of incident solar

radiation, derived by Korb and Moller (1962) from Chandrasehkar’s equa-

tion of radiative transfer.
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APPENDIX B

PROPOSED DESIGN, DEVELOPMENT, AND TESTING OF CARBON BLACK GENERATORS

by
Charles A, Stokes and Richard S. Reed
157 Hun Road, Princeton, New Jersey 08540

{Consultant to Department of Atmospheric Science, Colorado State University
Fort Collins, C0)

This appendix discusses many of the proposed design and test proce—
duree for the modification of jet engines to generate carbon black dust
from surface or airborne sources.

I. PROPOSED DESIGN

a. Sources of ianformation

Discussions were held with Pratt & Whitney Adrcraft Division of
United Aircraft Corporation and with General Electric Company's Advanced
Engineering and Technology Programs Department. The basis for design of
facllities for carbon black production is our general background in the

industry and patent literature.

b. Approaches

Two methods of producing carbon black in a jet engine were consildered.
In one carbon black feedstock (CBF} is injected into the engine in or
near the plane of the Vwgutters (see Figure 1 of paper II). The advantage
of this method is that it requires only slight modification of the engine
and is relatively free of the problems associated with injection of ¢il
into very hlgh temperature areas. The problem with this method is that
there is a lot of oxygen present at the Injection point and carbon black
feedstock is as likely to be consumed as JP-4 fuel. It was suggested
that the wvaporized CBF would tend to go through the engine in streaks with

limited mixing, and therefore would produce s reasonably good yield of
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carbon. However, it is probable that a large share of the carbon black
feedstock would be burnt rather than cracked and that the yield of carbon
would be quite low. A further complication of the addition of fuel well
in excess of stoichiometric guantities ig that flame stability might be
poor. Finally, the increased luminousity of the flame and attendant
increased radiation to the wall could easily cause overheating of the
liner of the afterburner.

The second way of using a jet engine for carbon black production
iz the one which hag been studled most. It consisty of using a jet
engine substantially as it is intended to opérate except that instead of
direct flow from the afterburner to the propulsion nozzle a section is
added between these two components for carbon black production (see
Fig. 2 of Paper III).

Tt iz only at the outlet of the afterburner that the flame envelopes
from various fuel inlet points have merged and that a reasonably consis-
tent temperature profile across the chamber is obtained. This temperature
is about 3,5000F at the center of the chamber. It falls gradually to
around 3,0000F, a fraction of an inch from the wall, and by means of
perforations in the liner of the afterburner a lower temperature film
is maintained next to the metal gurface. The temperature of the metal
liner of the afterburner is 1,400o to 1,500°F. Our plan would separate
the nozzle, currently attached to the afterburner, and insert a section
6 feet long, and of the same internal diameter as the afterburner, be-
tween the afterburner and the exhaust nozzle. This should provide the

conditions necessary to produce carbon black at high vields.
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c. Suitable engines

Both manufacturers of engines (Pratt & Whitney and General Electric)
agreed that for the purposes of this project, the best engines to use
are some of the earliier models. These less advanced engines would be
sasler to modify and more readily available.

Pratt & Whitney suggested the J537 as a suitable engine. This engine
has an "air rate"* of 100 1b/sec and an overall fuel consumption of .065
Ibg. of fuel per 1b. of afir. The portion of this which is of concern is
the .045 lbs. of fuel per 1b. of air which is consumed in the afterburner.
For this project's purposes, the afterburner performs the same functions
as the blast combustors In a conventional carbon black furnace. The JP-4
rate could be reduced to 3.0 lbs/sec to provide some air for the carbon
section and feed about 10 lbs/sec of CBF. At a yield of 4.5 Ibs/gallon
this would make about 5.0 lbs. of carbom black per second. This would
amount to a production of 18,000 lbs. of carbon black per engine per hour.

General Flectric has suggested a larger engine, the J79, which has
an air rate of 170 1b/sec. ¥uel combustion ratios in turbine and after-
burner are approximately the same, so a carbon production of 30,000 1b/hr
per engine could be obtained. For test purposes, General Electric sug-
gested the use of a J85 which is about one third the size of a J79.
They do not foresee any problems in translating information obtained on

the J85 to the J79.

* This is the total quantity of air entering the engine and is a
common measure of engine size.
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d.  Characteristics of jet engines

Arrangements of the J57 and the J79, and all other engines that would
be cansidered, are sufficiently similar to be represented by ¥ig. 1(Paper
III). This figure shows the air coming from the turbine section to the
afterburner. The ratioc of fuel to air in an engine is such that approxi-
mately one quarter of the oxygen content of the entering alr bhas been con~
sumed in the turbine section. 'The temperature of the air entering the
afterburner ranges from 1,0000 to 1,2000?. Engines do differ in the air
velocity entering the afterburmer. In the J57, this velocity may be close
to 500 ftfsec but with the J79, a diffuser is used to increase the after-
burner pressure, and tbis results in a reduction in the wvelocity to some-
thing in the neighborhood of 300 ft/sec. These design differences have an
effect on the length of carbom producing sections required to obtain a
given contact time and, therefore, may be Important to the selection of the
most appropriate engine.

JP-4 fuel is admitted to the afterburuer section through a number of
axially oriemted tubes with holes drilled at 90° to the gas flow. The oil
is quickly vaporized at the temperature of the surrounding air and the
vapor is mized with the alr by the V-gutters, which may be arranged in many
different patterns. In every case, the function of the V-gutters is to mix
and to stabilize the flame. Flame envelopes initiate immediately dowvm
stream from the V-gutters and then merge prior to the exit nozzle. Tem—
perature profiles across the stream are very uneven until the entrance to
the nozzle is approached. At that point, a reasonable estimate of the bulk
stream temperature would be 3,000F. %o protect the liner of the afterburner
from excessive hLeat, air is bypassed around the turbine and admitted at

the beginning -f the afterburner, along the length of the afterbummer
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through the holes drilled in the liner, and again just prior to the
discharge nozzle. These air flows are carefully balanced, and any change
in flame characteristics would require adiustment of the air distribution
to maintain the metal temperatures below 1,600 ¥, The outlet nozzle is
automatically regulated to maintain the desired pressure in the after-
burner. Velocity in the throat of the discharge nozzle ls always the
sonic velocity at the conditlons present.

At the bottom of Fig. 1 of Paper III, the temperature profile through
the afterburner is shown along with the velocity profile for an engine in
normal full load operation. The change in velocity is due fo temperature
and pressure changes since the increase in moles of gases due to combus~
tion 1s slight. The exhaust of a jet engine normally contains 5% excess

alr.

e. Engine modificatlons

To make carbon black efficiently, the conditions needed at the point
where the oil is injected are: as high a temperature as possible, excess
air in the range of 140 to 1807, a high degree of turbulence, and suffi-
cient residence time at temperature to permit the cracking reaction to
take place. A standard engine could be run to provide a temperature
near the outlet of the afterburner of 2,500 F to 3,000 F. This should
be sufficient. The quantity of air entering the afterburner is fixed
by the turbine speed. By reducing the quantity of JP-4 burnt in the
afterburner the amount of excese ailr required by the carbon sectlon can
be provided. The requirement of a high degree of turbulence is met.

The requirement for residence time for the cracking reaction is not met
and is the basis for the need for a separate carbon producing section

foliowing the afterburner.
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The primary modification required to make a jet engine an efficient
carbon black producer ie addition of a chamber in which the carbon black
feedstock can be mixed with tbe hot gases from the afterburner, and given
sufficient time, to condense or polymerize into primary carbon particles.
No other basic changes in the operation of the jet engine occur as a
result of adding a tailpipe extension and means for CBF oil addition.

The additional volume produced by vaporizing carbom black feedstock oil

is not a major volume increase to the system, and any change in pressure
which might tend to occur as a result of it would be compensated for by

the automatic control on tbe nozzle.

Fig. 2 (Paper I11) shows the arrangement of an engine as it would
appear after addition of the carbon black producing section. A typical air
velocity in this section would be zbout 800 ft/aec; therefore, a residence
time of 7.5 milliseconds would be obtained by addition of thia section.
Decomposition of the carbon black feedstock is an endothermic reaction.

The heat for this reaction is provided by burning a portion of the feed~—
stock. The amount which burns is controlled by regulating the amount of
excess alr availahle at the point where the carbon black feedgtock is
admitted. Since the amount of air brought through the engine is fixed,

the primary control is therefore the amount of JP-4 admitted to the after-
burner. In the temperature profile of Fig. 2 (Paper IYI), it has been as-
sumed that an amount of excess air for the carbon eection exista which is
optimum from the standpoint of carbon production efficiency rather than
propulsion. The engine will continue to pro&i&e almost as much thrust when
making carbon black as when not. 'Thua, the velocity profile of this figure
indicates that velocity is almost entirely a function of the temperature

and is little influenced by the combustion reactions and the gas resulting
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from the cracking of the carbon black feedstock. In a rigorous analysis
the influence of theae components will need to be calculated, but their
mass is so small in comparison with the system that it is negligible for

Our purposes.

£. Thermodvnamics

The effect of adding & carbon production sectiom to a standard jet
engine can best be appreciated through a review of the thermodynamics of
the complete gyatem to which this unit has been added. Fig. A and calcu-
lations accompanying it provide such a review based on conditions typical
of the engines recommended. Tha equipment and the cycle, in temperature-
entropy coordinates, are shown in Fig. A. In this cycle, the work done
by the turbine is just sufficient to drive the compressor. The gases are
expanded in the turbina to a pressure such that the turbine work is equal
to the compressor work. Tha exhaust pressure of the turbine is above
that of the surroundings, and the gas can be expanded in the nozzle to the
pressure of the surroundings. This is the situation of a Jet engine
without afterburner, and its cycle is that of points 1, 2, 3, and 4 on
the T8 diagram. Since the temperatures in and out of the compressor are
known, we can calculate the work and from it the temperature out of the
turbine. This calculates to 1,300 F vwhich is 100° higher than the
temperature which both GE and Pratt & Whitney said would occur. Since
the calculations in this paper are based on an ideal cycle, it is expected
that they would come out higher than-an actual cycle, due to the irre-
versibiliries in the compressor and turbine and because of the pressure
drop in the flow passages and combustion chamber. Adjusting tfo the
temperature measured in practice of 1,200 F, the calculated pressure in
the afterburner is 33psi. TIn normal uge the amount of fuel burnt in the

H

afterburner is varied to produca the thrust desired, but the maximum
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THERMODYNAMICS OF JET ENGINE WITH AFTERBURNER

AND CARBON PRODUCING SECTION

BURNER

@ ® o

COMPRESSOR TURBINE

® ® 5

CARBON
AFTER- +MAKE'

BURNER| " |gEcTiON

ENTROPY, S
Fig. A, Thermodynamics of proposed engine modifications.
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T, =60 F = 520R
P=PR =14.7PSI
B=R = 70 PS

T, = 1600 F=2,060R
T,=1,000 F= 1,460 R

WORK IN COMPR =WORK IN TURBINE
W= Wy = C(T,-T,)

BRAYTON CYCLE RELATION-
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L
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R 7R
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COMPRESSOR W.,=h,-h,,S,=S,

TURBINE W,=hy-h, , $,=S,
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COMPRESSOR
(pz k/{k=1) 20 0286 T,

“F_);_) ’(TZE’?“) - 7 =1563, T,71563 (520)=BI4R=354 F
W, = hy=h, = Co(T,~T,) =0.24 (BI4 -520) =70.6 BTU/LB

TURBINE 20.6
73”74 = m = 294 R

T,2060-294 = 1766 R=1306 F

A DIFFUSER 1S OFTEN USED BETWEEN THE TURBINE AND
AFTERBURNER. ACTUAL TEMPERATURE ENTERING AFTER-
BURNER IS APPROXIMATELY 1200 F

USE T,=1660 R

AFTERBURNER

P, =B, =33.0 PSI

T, =3,000 F = 3,460 R

THERE IS A VOLUME INCREASE OF ABOUT 2 % I[N
AFTERBURNER DUE TO HYDROGEN IN FUEL
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CARBON MAKE SECTION

TEMPERATURE AT QUTLET WILL DEPEND ON AMOUNT OF OXYGEN

PRESENT FOR COMBUSTION TO BALANCE ENDOTHERMIC CRACKING
REACTION

Te= 2,500 F ESTIMATED
R=33.0 PSI

VELOCITIES FOR ENGINE USING 100 LB/SEC AIR (J57) AND WITH
30 INCH 1D AFTERBURNER AND CARBON MAKE SECTION.

100

M
B.99 = 3.448 MOLS/SEC

A=7{1.25)2=4.91 FT?

3.448(359) < 1460 < 14.7
4.91 460 33

V= =356 FT/SEC

3460

260 =844 FT/SEC

V= 356 x S22

2960

Vg™ 356 x 260

=721 FT/SEC

JET ENGINE NOZZLES ADJUST AUTOMATICALLY TO MAIN-~
TAIN SONIC VELOCITY IN THE NOZZLE THROAT. THIS SYSTEM
IS A CONVERGENT NOZZLE. ENGINES ACTUALLY HAVE A
SLIGHT DIVERGENCE FOLLOWING THE THROAT, BUT ITS
EFFECT IS NEGLIGIBLE.

V=720 FT/SEC P*z|7.4 PSI

Py=33.0 PSI T*=2,0056 F, P~ 14,0 PSI
v*~2 440 FT/SEC
To=2,500 F
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P*
R

FROM GAS TABLE FOR MACH=I = 0.528

P*= 0.528 (33) = 17.4 PSI CHOKED CONDITION
DECREASING 8ACK PRESSURE WILL NOT INCREASE FLOW

*

=0.833 T*=0.833(2,960)=2,465R =2,005 F

a«st«s

v*= SONIC =/ kg, RT

=/ 1.4(32.17)(53.34) (2,465)

=./ 5,821,700

= 2,440 FT/SEC

L 4
« P 17.40144) _ 3
P~ B354 (z.a68T "O-01906 LB/FT

MASS RATE OF FLOW= m= pAV

= 0.01906 (3.27}(2,440)
=162 L8/SEC
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consumpiion of fuel is limired by the available air. At maximum burning
rate in tbe afterburner, the temperature at the exit of the afterburner |
is reported to average 3,000 ¥. The first modification of the cycle
occurs at this point. The amount of fuel burnt in the afterburners is
reduced and, consequently, reduces sbmewhat the final temperature of the
gases leaving the afrerburner in order to supply the following section

in which carbon black is made with an apprépri&te amount of air. Point

5 and dotted lines indicate the change tbis makes in the T§ diagram.

The amount of carbon black feedstock admitted ﬁo the engine can be varied
and, therefore, can balance the beat liberationp with the endothermic
requirenent of cracking to produce a fairly_nnﬁﬁorm temperature tbrough
the carbon black section. Point 6 is thereforé-éhcwn tenﬁatively as
2,500 ¥. Since jet engines operate at sonic veloeity in the nozzle
throat, this velocity is calculated to be 2,440 ft/sec under the control
conditions we have chosen for our engine to produce. Under thege condi-
tions, the temperature at the nozzle throat is 2,000 F.

Gas velocity at the entrance to the carbon production section is
about 840 fr/sec, and at the exit of the section it is about 720 ft/sec.
At average velocity approximately 1.25 milliseconds of contact time is
obtained for each foot added to the carbon black production section.

The 7% milliseconds contact time provided by a 6 foot extension is

believed to be adequate to c¢bhtalin high carbon yields,

g. Design considerations

There are two types of design considerations. One is a modification
required for any testing, ground or airborne; the other ig the support

and structural features which will be required for the modified engine
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to enable it to be mounted on an aircraft. It is proposed that all
questions relating to how the engine would be mounted on an airecraft be
deferred until ground level testing problems have been solved. Therefore,
the two main design problems are how to inject feedstock oil into the
high temperature gag stream, and how to protect the walls of the carbonm
black generator from excess temperature.

In order to get rapid mixing of the feedstock before it is carried
through the extended tallpipe provided for ity decomposition, it is
important to digtribute the oil very well by means of multiple nozzles.
The temperature at the point where the nozzles are introduced will be
approximatei} 3,000 ¥F. Therefore, a cooling system will be necessary to
protect them. At the same time, it ig preferred that the feedstock
enter as a vapor since this will improve mixing. A review should be
made of the nozzles developed by the carbon black industry where this
problem is not unique. Tt may be netessary to design a more elaborate
cooling system for nozzles than has been necessary heretofore.

The system devised by jet engine manufacturers of using alr which
has bypassed the forward part of the engine as a cooling film, introduced
through the liner of the afterburner, is an excellient one when there is
alwaysz excess air in the combustion chamber. In the carbon black produe-~
tion section the last two-thirds will contain free hydrogen. Therefore,
we cannot admit air for cooling of the walls. The alterpatives that are
open are cooling of the liner by means of air flowing on the outgide of
it, not through holes into the reaction chamber, or refractory lining
of the walls of the carbon preduction section.

In ground tests a blower would be requived to provide air for the

cooling of the limer by heat transfer. In airborne units this could be
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accomplished by air scoops. The problem with this method of cooling is
that it might not be effective enough to prevent failure of the liner.
General Electric ran some tests of refractory lined afterburners not long
ago and found that their life was rather short due to cracking during the
heating and cooling cycle. Since long life between vepairs is not likely
to be a requirement of the system which is eventually selected for use

in full scale operation, it might be practical to use a refractory liner
or better to use a combination of refractory liner with air cooling on
the outside of it. Selection of the best material for this purpose must
receive close attention. A material with reasonably good imsulating
properties at the temperature to which it will be exposed, plus sufficient
durability and flexibility to provide a reasonable service life must be

found.

h. Recommendations

The next step should be an engineering study utilizing engine design
specialists with the object of producing a preliminary design to guide
in the procurement of an engine for ground testing. If possible, the
same organization which did the preliminary design should, upon procure~
ment of the engine prepare detailed engineering drawings for the modifi-
cations. Next, it will be necessary to obtain bids and to place a contract
with an engine manufacturer or an engine maintenance facility capable of
producing and assembling the hardware.

While there are sewveral challenging problems asscciated with this
engine modification, none would appear to present a risk to which a solu-
tion could not be found. The type of modifications reguired need special
alloys and fabricating methods and will not be obtainable quickly. It is

recommended that investigation of available engines proceed concurrently
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with preliminary engineering so that each activity may have the benefit
of what the other has learned. In this way it might be possible to arrive

guickly at the selection of an engine and obtain a head start in the

specification of the modifications required.



IZ. PROGRAM FCR PROTOTYPE DEVELOPMENT & TESTING

Selection of a facility where the type of testing required at ground
level can be accomplished is one of the first and largest problems to be
solved. Each of the jet engine manufacturers has a remote testing uite;
Pratt & Whitney's is 18 miles west of West Palm Beach in the Everglades,
while General Electric’s is at Peeples, Ohio. Another possibility is the
test facility at Edwards Alr Force Base in California. The basic problem
is that a well-gquipped test station with available perscnnel is required,
and a location where it is possible to release several thousands of pounds
an hour of finely divided carbon dust is needed. Due to the quantity
involved, it would be very costly to remove carbon in filters. At a
facility with a high smoke stack, it would be possible to distribute this
dust and reduce the problem. There is no toxicity to animals or plants
from this dust and the problem ig entirely one of appearance. The fore-
going is by way of perspective on the problem, 2 golution has not vet
been attempted.

If the problem of finding a suitable test station proves to be very
severe, it may affect the gize of engine procured. It might be possible
with a smaller engine, such as the J85 suggested by General Electric, to
use a bag filtration system, This would be difficult and costly however,
and should be held in reserve until it is determined whether a facility is
available which would permit an open discharge of the gas from the engine.

As soon as an engine is selected, preocurement activities and design
of modifications can start. Fabrication of the new section and assembly
of the complete engine are the next step. Following this, a seriesg of
runs would be made at a test center and then, in all likelihood, there

would be some modifications required before it could be considered optimum

187
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for its function. Final ground tests and plans for airborne installa-
tions would follow.

The above steps are presented in Table 1 with preliminary estimates
of the time which will be required for each one.

There zre some indications that time could be well spent in inves-
tigating sources of supply of engines. J57 engines which cost initially
$150,000 are believed to be available for 310,000 to $20,000 from the
Special Projects Office of Wright Field in Dayton. NASA recently bought
a number of these engines at very attractive terms. The Air Force is
also reported to have an interest in carbon black production in jet
engines as a method of foiling rockets with heat seeking guidance systems.
If this program provides them with useful information, the Ajir Force
might be willing to buy the engine and perhaps provide some support
services as well. If it is decided to do the test work on a smaller
engine, the General Electr@c J85 is also available at a cost in the $10,000

to $20,000 range.



PROJECT SCHEDULE

IGEMENTS FOR TESTING
AINARY ENGINEERING

T & PROCURE ENGINE

ED ENG. OF MODIFICATIONS
ATE 8 ASSEMBLE ENGINE
L,INSTRUMENT 8 CHECKOUT
SERIES OF TESTS

TENT MODIFICATIONS

) SERIES OF RUNS
’ROCESSING & REPORTING

ING AIRBORNE ENGINES

Table 1.

MONTHS FROM START
| 2 34 56 7 8 9 101 12131415 6 17 18 19 2021 2223 24

Proposed Development and Testing Schedule
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IIT. CARBON RAW MATERIAL

Techniical Requirement

The raw material should be as dense and as aromatic as possible
compatible with s cloud point of under about 1200F and a low
viscosity at a temperature of about 2000F sc as to permit easy
pumping and good atomization. The lower the cloud point and
viscosity the better, other things being reasonably equal,

Cost Factors

The required raw material will have to be supplied in tank cars
or tank trucks since the congumption will be large. (This does
not apply to early stage testing wherein drums might suffice.)
The cost delivered to a remote location will vary from about §7
to $10 per barrel (42 gallons) or about 1.8¢ to 2.6¢ per pound,
say 2¢ to 3¢. Yield will be azbout 307 or a raw material cost
of &4¢ to 6¢ per pound of carbon particles, a very reasonable
cost.

Specific Raw Materials

1. Methyl naphthalenes from pertroleum and coal tar.

This material is available, but the suppiy is

limited. %It remains liquid at room temperature

and has a very low viscosity at atomizing temperature.
This would be a good material to start wirth., It
would cost 2-3¢/1b. A 507 yield is possible.

2. Heavy creosote
This material would be harder to use but would give

a higher carbon yield -- perhaps 60-63% -- and
is more available. It would cost 2-3¢/1b.
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V. CARBON RAW MATERIAL {continued)

C. Specific Raw Materials (continued)

2. Heavy creosote {(continued)

Typical properties are:

APE -~ 10

Viscosity SSU 1309F 85 sec,
2100F 35 sec.

s 0.7

BMCI 168

H/C 0.78

agphalienes 2.0

sediment 0.1

NA 2 ppm

K 0.2 ppm

997 aromatics
IRP 500°%%
530% 670CF

may show crystaliizable solids at room temperature.

3. Lighter creosotes

These are available if needed for handling reasons.
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dissiparion and snowmelt. This report discusses the chemical and ra-
dtative properties of carbon dumt, waya in which it can be menufactured
and dispersed from alreraft and surface sftes, and proposes methods of
how meso-scale weather modifications of this type might be accomplished,
Piscuession is presented of the probable meteorslogical questions and
problems which are likely to be encountered. A summary of praliminary
modeling resultes of the ntmospheric responsa to artificlal heat sources
is given.
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WEATHEER MOBIFECATION BY CARBON DUSY Subiect Headings:
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Lf one giapenses carbon black dunmt of ~ (G, 1 micron slzeas over areas

of % 101 to 105 km then, a large potential for beneficial mesowacale
weather modification may result. It mey be possible to beneficially
modify hurrlicanes, induce rainfall along tropfcal and sub-tropicel
coastiines, enhance b convectlon over land, and perhapas speed up fog
disaipation and snowwelit. This report discusses the chemical and ra-
diative properties of carbon dust, ways in which it can be menufactured
and dispersed £rom alrcraft and surface sites, and propozes wethods of
how meso-gcale weather modifications of this type might be accomplighed.
Discusaion is presented of the probable meteorclogical gquestionz and
problems which are likely to be encountered. A swmsary of preliminary
modeling results of the atmosphertie response to artificisl heat spurces
tu given.
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