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ABSTRACT

Growing global population pressures and predicted future food and energy shortages dictate that man
fully explore his potential use of solar energy. This paper investigates the possibility of beneficial weather
modification through artificial solar energy absorption. A variety of physical ideas related to artificial heat
sources on different scales of motion are considered. Interest is concentrated on the feasibility of mesoscale
(~100-300 km) weather modification through solar energy absorption by carbon aerosol particles of size
~0.1 um or less. 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 is an especially high potential for this in the
boundary layer over tropical oceans and in the formation of cirrus clouds and the consequent alteration
of the tropospheric IR energy budget. If dispersed in sizes <0.1 um, solar energy absorption amounts as
high as ~2X10% cal 1b=1 per 10 h or about 4X 10" cal per dollar per 10 h can be obtained. This is a tre-
mendously powerful heat source, especially if it stimulates additional radiation energy gains from extra
cloud formation and/or enhanced surface evaporation. Preliminary observational and modeling information
indicates that this artificial heat source can be employed on the mesoscale (~100-300 km) to achieve sig-
nificant economic gains by means of precipitation enhancement and tropical storm destruction alleviation.
It may also be possible to use carbon dust to enhance precipitation over interior land areas, alter extratropi-
cal cyclones, inhibit high daytime summer temperatures and severe weather, prevent frosts, and speed
up springtime snowmelt in agriculturally marginal regions.

A discussion of this physical hypothesis from the meteorological, radiational, engineering and ecological
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points of view is made.

1. Introduction
a. Purpose

This paper is written for the purpose of opening
a dialogue on a new area of potential weather modi-
fication—mesoscale 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 between 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.

b. Physical hypothesis

Most of the sun’s energy penetrates through the
earth’s atmosphere to the surface. A large extra atmo-
spheric heat source would result if some of this in-
coming solar energy could, instead, be absorbed
directly within the atmosphere.

08; Consulting chemical engineer, 157 Hun Road, Princeton, N.]J.
40.

From 60-809%, of the incoming solar radiation (7o)
in cloud-free areas reaches the earth’s surface. In the
tropics this figure is 80%. As pictorially shown on
the left portion of Fig. 1, the largest portion of in-
coming solar energy is absorbed at the earth’s surface.
Most of this energy subsequently goes into evapora-
tion or evapotranspiration. Because sea surface tem-
peratures vary little diurnally, the over-sea 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 seas could be absorbed in the atmospheric
boundary layer over a mesoscale area (~100-300 km
wide) during daylight hours, an artificial stimulation
of mesoscale convection would likely result. This
might be accomplished by carbon particle interception
of solar radiation as shown on the right side of Fig. 1.
Fig. 2 compares the extra boundary layer shortwave
heating which is possible in 10 h due to 159, extra
absorption of incident solar radiation with the usual
10 h net long- and shortwave radiation of the tropical
troposphere as determined by Cox and Suomi (1969).

Mesoscale heating rates of this magnitude will
produce energy perturbations in the layers in which
they are applied 5-10 times greater than those of the
IR cooling rates. It is hypothesized that these carbon-
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Fi1c. 1. Contrast of clear air tropical conditions with normal solar absorption by atmosphere-ocean (on left) with
extra solar absorption with 109 aerosol coverage in boundary layer (on the right).

particle-induced mesoscale solar energy perturbations
can produce significant beneficial weather alterations
at very favorable cost-benefit ratios.

¢. Method of particle distribution

It appears that it will be possible to manufacture
~0.1 pm size carbon particles directly from liquid
petroleum products (i.e., hydrocarbons) on aircraft or
from ship or land surface sites. Section 2 discusses
how it is possible to obtain about 509, mass yield
of small carbon particles directly from the burning
of iiquid hydrocarbons. It is proposed that carbon
particles be directly generated in the desired size range
and dispersed at the places where modification is
desired without storing. This prevents handling and
clumping problems. Feasibility studies are in progress
to determine the best methods of manufacture. It is
highly desirable that the carbon particles be manu-
factured at individual dispersion sites. Liquid petroleum
can be much more easily handled and dispersed than
can solid carbon dust purchased from the factory.

Once formed by burning, the mechanical turbulence
of the atmosphere and the extra convection induced
by the solar absorption will mix the air of the seeded
area so as to promote sufficient horizontal spread of
the particles.

d. Magnitude of extra solar energy gain

Sub-micron carbon particles will absorb approxi-
mately 1.5 times the solar energy incident upon their
cross-sectional area. If dispersed in sizes of ~0.1 pm,
a 10%, cross-sectional area of carbon particles will
absorb about 15%, of the incident solar energy and
will require carbon amounts of only ~25 kg km™

(~200 1b mi~?). This will provide extra energy gain
to a 50 mb thick layer in the upper troposphere or in
the planetary boundary layer equivalent to ~2% cal
cm™2 (or 10°C) per 10 h of solar heating. One kilogram
of carbon black dust can absorb more than 40 billion
calories of solar radiation in a single 10 h period.
Among energy sources used by man only nuclear
energy compares with carbon black as a source of
accumulation of energy per unit mass, and no known
substance compares as a source of energy per unit
cost. Carbon particles cost about 10¢ kg™, or $100 000

per 1 million kilograms.

Fig. 3 portrays the carbon particle masses needed
for 109, cross-sectional area coverage over various
areas (dotted areas). These are compared with the
size of the typical hurricane cloud cluster to show
the possibility of mesoscale weather modification.

e. Types of possible mesoscale weather alteration

(i) Rainfall enhancement from extra solar energy
absorption in the boundary layer.

(ii) Cirrus cloud generation, with consequent reduc-
tion of tropospheric radiation loss. This might be
employed to produce cloud cluster growth or intensity
increase, reduce high daytime temperatures, and in-
hibit frost occurrence.

(iii) Reduction in intensity of the hurricane’s inner-
core circulation. ‘

(iv) Cumulonimbus enhancement over selected land
regions in need of precipitation when the natural
evaporation rates are high.

(v) Alteration of extratropical cyclones.

(vi) Inhibiting frost by raising daytime temperature.

(vii) Accelerating snowmelt in agricultural areas.
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Fi6. 2. Comparison of 10 h heating-cooling rates due to long- and shortwave radiation in
clear regions with the extra boundary-layer-induced heating (shaded area) which is possible

in 10 h from 159%, artificial solar absorption.

These are a few of the potential applications to
which the interception of solar energy on a mesoscale
might be used by man. There are probably also many
other atmospheric situations in which man could
benefit from application of a heat source of the mag-
nitude here discussed.

The most likely locations for carbon dispersal are
in the upper troposphere, which will result in the
formation of cirrus clouds inhibiting IR energy loss,
and in the planetary boundary layer over the oceans.

1) CIRRUS CLOUD REDUCTION IN IR ENERGY LOSS.
In addition to the extra solar energy absorbed by the
carbon dust, the increased cloudiness resulting from
this solar absorption will itself act to inhibit tropo-
spheric longwave energy loss and bring about an ad-
ditional energy concentration. This is especially true
with regard to the formation of layered cirrus clouds.
Cox (1968, 1971, 1973) has studied the influence of
cirrus shields on the tropospheric infrared (IR) cooling
and finds a major reduction in the amount of net
cooling compared to the outgoing radiational cooling
occurring with clear sky conditions. Fig. 4 compares
the IR cooling differences between a clear atmosphere
and an atmosphere which contains a thick cirrus
shield.

2) ENHANCED EVAPORATION. The direct solar heating
of boundary-layer air by carbon absorption is but one

of two primary influences which occur. If accom-
plished over water bodies, the enhanced solar heating
of the air should also stimulate an increase in evapo-
ration. The increased warming of the air will stimulate
extra vertical mixing and downward penetration of

100,000 Kg
1,000,000 Kg
TYPICAL HURRICANE
CLUSTER AREA
2000,000 Kg

Fi1¢. 3. Comparison of typical hurricane cluster area (6° latitude
diameter) with the areas (dotted) of 109, carbon black coverage
which are possible with various amounts of carbon black dust.
Estimating the cost of carbon dust to be $0.10 kg™, these three
area coverages would require carbon amounts of $10 000, $100 000
and $200 000.
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Fi1c. 4. Comparison of infrared cooling occurring in a clear
tropical environment and in one with a thick cirrus shield, from
the information of Cox (1971).

-

upper level drier air to the ocean surface. This drier
air will increase the water vapor pressure difference
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 heating has taken place. 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 heating to ex-
tract more energy from the ocean than would be
extracted normally. The potential buoyancy of the low
levels will be enhanced by the extra water vapor
content.

f. Synopsis

By utilizing the very large energy gains which are
available from sub-micron carbon particle absorption
of solar energy, man may be able to implement a
number of beneficial mesoscale weather modification
schemes. The following sections discuss many of the
technological, radiational, ecological and meteoro-
logical requirements and questions which are likely to
be encountered in this type of modification.
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2. Feasibility of carbon particle generation and
dispersal

Most of the large-scale carbon dust weather modi-
fication operations envisaged require the relatively
rapid production and dispersal of very large quanti-
ties of sub-micron carbon particles. The carbon black
industry produces over 3 billion pounds of carbon
black annually, a sizeable percentage of which is in
the sub-micron size range, using technology which
has been well known and widely published for decades.
The furnace process is used to produce virtually all
commercial carbon black. It is strongly believed that
this process is easily applicable to the production of
the sizes and amounts of carbon particles required for
effective weather modification.

We are seeking to establish beyond any reasonable
doubt the feasibility of ground and airborne genera-
tion of clouds of carbon particles in the fraction of
a micron size range at a rate of 10000 to 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 personnel highly skilled in each of the parts of
the process, the basic engineering design of a full-scale
prototype unit could be started. At the present time
generation of carbon dust clouds from surface sites
(ground or ship based) is quite feasible using approxi-
mately the same equipment and technology as is used
by the carbon black industry. However, since air-
borne generation would greatly increase the number
of possible applications, it is very important to de-
monstrate the feasibility of this particular 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.
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 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 handled, opened, finely ground, and fed
through a dispenser. While this might be done in a
large aircraft (e.g., 2 Boeing 747 or the shorter 747SP)
the cost of modifying 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.

2) CARRYING ALOFT A COMMERCIAL CARBON BLACK
FURNACE. This alternative is more costly and presents
weight and power problems. The furnaces currently
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in use are not designed for light weight or compact-
ness. The problems 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
except that such engines are not currently in use.
An afterburner is in effect a ram jet added to a turbine
jet engine. We mention this possibility only to indicate
that it has been considered.

4) USE OF AFTERBURNER TYPE JET ENGINES TO
GENERATE CARBON DIRECTLY. This alternative was
considered by far cheapest, most effective, most con-
venient, and safest alternative. It was therefore chosen
for detailed study.

As clearly revealed in published patents (Krejct,
1958; Latham and James, 1967; De Land, 1967;
Friauf and Thorley, 1961a; Friauf and Thorley,
1961b), the carbon generation process essentially con-
sists of burning a primary fuel with about 140 to 1809,
of theoretical air and then injecting a high molecular
weight liquid hydrocarbon into the hot, turbulent
combustion products of the primary fuel. A portion
of the injected hydrocarbon and part of the hydrogen
evolved from the hydrocarbon fuel burn instantly
creating a highly luminous flame which is quenched
from a theoretical flame temperature of some 3600-
3800°F to an exit temperature of 2700-3000°F by the
endothermic decomposition of that part of the hy-
drocarbon 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 frog’s 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
and thus obtain the desired particle size.

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 air ratios, provisions for injecting
the hydrocarbon through suitably cooled nozzles,
provision of an elongated afterburner 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 exhaust flame. The feasibility
of adapting an afterburner-type jet engine to air-
borne carbon particle cloud generation has been dis-
cussed in detail in a feasibility study project report
by Stokes and Reed (1973). 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 generation.
Fig. 5 shows how carbon dust would be generated
and dispersed from a jet aircraft.
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Fic. 5. Hlustration of how carbon dust would be
generated and dispersed from a jet aircraft.

It is necessary to have a stable, noncorrosive fuel
which is liquid and pumpable at a reasonable tem-
perature, preferably not much over 100°F. This con-
dition can be met with certain commercial carbon
black fuels. Some of the regular ajrcraft 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 with electrical immersion
heaters powered by the aircraft 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 afterburners and that such engines
could be used in place. As an alternative to using
engines that are wing mounted, a “flying test plat-
form” could be used. This is a plane fitted with a
device to lower a jet engine from the fuselage in
flight, a commonly used method in engine develop-
ment work.

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

The approximate conditions that would apply before
and after modification of a typical afterburner engine
are shown in Figs. 6 and 7.

We have concluded that by slightly modifying
readily available jet engines, 0.1 um carbon dust
particles could be produced and dispersed into the air
at a rate of 20 000-30 000 pounds per hour per engine.
Roughly half of the weight of the carbon fuel would
appear as carbon particles resulting in a carbon par-
" ticle production cost of about 5-10¢ per kilogram.
The operation would be safe and in every way feasible
from the point of view of fuel combustion, mechanical
and aeronautical aspects. Therefore, the carbon dust
particles could be generated and dispersed from air-
borne 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 and
testing of prototype carbon particle generating engines
using existing jet aircraft engines and test facilities
has been proposed and outlined in the feasibility study
report by Stokes and Reed (1973).

It is implied that the generation of carbon particles
will be accomplished from meving sources such as an
aircraft or ship. If accomplished from stationary land
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sites, multiple sites will be employed. ‘Any mesoscale
seeding will involve multiple aircraft or ships. These
moving or multiple stationary sources should insure
proper horizontal spreading of the carbon particles.
The ordinary mechanical turbulence of the atmosphere
and the convection produced by the solar absorption
will further act to horizontally mix these particles.

3. Radiation

a. Radiative properties of carbon black dust in the
atmosphere

Carbon black dust consists of fine spherical particles
composed of 95~999%, pure carbon, the remainder being
made up of volatile materials. The density of the carbon
particles is about 2.0 g cm™3. The high radiative ab-
sorptivity and low heat capacity (~0.125 cal g=* °C)
of carbon black make it an ideal agent for the inter-
ception of solar radiation and transfer of this heat to
the surroundings by conduction. These properties are
discussed in more detail later.

1) RADIATION CHARACTERISTICS OF CARBON BLACK.
There are various available estimates of the complex
index of refraction of carbon particles, which, in gen-
eral, are in close agreement. The complex refractive
index as estimated by Krascella (1965) is shown as
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F16. 6. Conditions existing in the afterburner and tailpipe assembly of a typi-
cal jet engine during afterburner operation (based on data for the J-57 and J-79

engines).
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F1c. 7. Approximate conditions existing in the afterburner and tailpipe assembly of a jet engine
modified for carbon production (based on estimates for the J-57 and J-79 engines).

a function of wavelength in Fig. 8. The absorption
(04), scattering (s5) and extinction (o) cross sections
of spherical carbon particles computed by Mie scat-
tering theory are shown as functions of the size pa-
rameter a=2xr/\ in Fig. 9 for particles of 0.1 um
radius. These coefficients are defined as the ratios
between the effective areas with which particles ab-

sorb, scatter and extinguish light and their actual
geometric cross sections. They are functions of the
refractive index of carbon, particle size, and the
wavelength of the affected light. The coefficients are
related as shown in Eq. (1):

(1

oz =04-}osg=extinction cross section.
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Fic. 8. Variation of the real and imaginary parts of the complex index of refraction of spherical
carbon particles with incident wavelength (Krascella, 1965).






