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ABSTRACT

The average energy turnover in storm systems can range from 7
x 10° wans in small thunderstorms to 7 x 10" watts in &
hwmcane. In the mud 19805, antennss producing up to 10%
walls using natural gas on the North Slope of Alasks were
studied by ARCO and the U.S. Department of Defense for
military applications in the ionesphere.  Because of the
similerity between the proposed antenna power and the energy
turnover of some typical storm systems, applications for weather
modification 10 the troposphere were proposed It was also
suggested that the large ARCO anteanas could be used for
molecular modification of the atmosphere.

This paper reviews the physics and technology basis of the
patents that resulted from the ARCO work Subsequent studies
by Eastlind Scientific Enterprises Corporation have focused on
applications of antenna systems in the range of 200 to 10000
megawatts, which can be powered by a vanety of conventional
means or by solar power satellite systems Mitigation of
tormadogenesis o thunderstorms has been a subject of
investigation. It is hypothesized that rain-cocled downdmfis are
responsible [or the formation of tornadoes. A system for
tarpeting and tracking these downdrafl regrons end heatng them
with focused beams of electromagnetic radiation, in the hope of
interfering with tomado development, will be descnibed. Storm-
scale weather prediction simulation codes are used lo determine
the potential effectiveness of the heating events: Use of the
WEH-88D Doppler radar network &s an aid o targeting and
steering the focused beam on these downdmfl regions is
deseribed.

Other systems, n which feasible ground and satellite based
anteninas would deliver heating power to specific regions of
weather patterns in order to minimize the development of
dangerous weather systems will be discussed. The paper will
also treat the need for careful impact assessments and
consideration of socio-economic/palitical ad legal/regulatory
issues. Finally, expenments utilizing existing antenna systems
are: proposed to investigate the scaling and beam control
necessary for such applications.

. INTRODUCTION
|1 Background

The reduction of severe weather impact by disspation or
diversion of associated weather systems can be envisaged, via
concepts which utilize various technological options, such as
girborne cloud seeding, or with selective tropospheric heating
from beams of electromagnetic radiation emitted fom satellite
and/or ground based antenna.

System engineering issues includs:
«  Weather Modeling and Storm Measurement

Mumencal weather medeling must be sufliciently well
developed to provide stomm-scale weather prediction in
real time basad on input Tom & varety of sensors.

o  Electromagnetic Wave Generation

Electromagnetic wave generators must be available at
sppropriate cost in the appropriate wavelength (2.2
RF, microwave, millimeter, infrared, opucal or uv.)

«  Antenna Transmission

Antenna for severe weather applications will need accurate
phase control over large apertures, high power, and be
integrateable with the design of the power genemtion
methods.

*  Propagation

Fropagation of the beam from the antenna to the appropriate
fine structure is required

«  Weather Modification

Henting of appropriate features of a storm must be shown to
decrease the severity of the storm.

o Results Assessment

Diagnostics of the effectiveness of the results of the
modification will be crucial to practical severe weather
contral.

Weather medification which exceeds the scale of conventional
cloud seeding (tested in the 1940s through the 1970s) reaches
quickly energy and scale dimensions which are well beyond the
current technical feasibility of space sysiems. The average
energy tumover in slorm systems can range from 7 x 10° W in
small thunderstorms to 7 % 10" W in hwricanes and typhoons
(Ref. 1), In the mud 1980s, the asuthor studied antennas
producing up to 10" W using natural gas on the North Slope of
Aleska for the US Department of Defense for military
applications in the ionosphere. (Refll 2-4,7-8) Because of the
similanity between the proposed antenna power and the energy
turmover of some typical storm systems, applications for weather




modification in the troposphere were proposed. Other systems,
in which feasible ground and sateflite based antennas would
deliver heating power lo specific regions of weather palterns in
order to minimize the development of dangerous weather
syslems, can also be envisaged.

It has 1o be bomn in mind that Earth ecosystems exhibit many
forms of instability, including strong non-linear behavior
(hysterisis) and dynamic chaos. The development of long range
weather and climate forecast capabilities over the last decades
has shown thal, apart from an immenss increase in data volume
and quality, computer power and process understanding, the
limits of predictability are nesr and cennct be overcome by
lechnology yet. Future improvements of weather forecasting are
likely to happen because of improved instrumentation, better
data coverage, and advanced algerithms from Earth observation.
Additionally, near real-time data access, and dats assimilation
into models of temperature, wind, humidity profiles, rainfsll
rates, cloud liquid water, surface wind, energy exchange (latent,
sensible) at the surface are expecied to improve forecasting.
Climate modeling will improve by incressing the model
resolution, model nesting, improved process pammetenzabion,
better coupling with ocean models, betier assessment of
geosphere-biosphere-atmosphere interactions.

Severe storm systems, such as mesocyclones that spawn
toradoes i Morth Amerca bave been numerically modeled
successfully, (Ref. 5-6,9-10) Numenical models can descnbe the
development of mesocyclones and exhibit tomado  like
rotation. Most importantly, the results of these calculations, in
the case of severe weather are reproducible on tme scales over
winch atempts could be made to modify the weather system,
(Ref 11) Thus, while climate modeling may never be able to
make long range forecasts with reliability, numerical models of
severe storms may already be sufficiently well developed o
allow proper risk assessment of artificial perturbations of small

mesocyclones,

The goal of implementing operational gevengineering by space
systems overcoming all scientific, political, legal, and financial
problems within the next 30 years may well prove unlikely.
However, there is 2 definite need lo look more precisely mto the
possible options, and, as & first step, this study shall define more
in detail a number of those options.

2. SEVERE WEATHER PHENOMENA

Severe weather in the form of tomadoes apd humcanes
{cyclones) are responsible for hundreds of deaths and property
damage in the billions of dollars each year in the Umited States
alone. Other severs weather such as typhoones in the Pacific,
and droughts and floods similarly wreak havoc each year, There
is some thought that the global warnming phenomena could
further intensify these phenomena,

A worldwide effort to better forecast and measure the behavior
of these weather phenomena is well undsrway. However, as
stated by Jenkins (Ref 12), "Research to understand Earth
system processes is entical, but it falls short of providing ways
of mutigating the effects of environmental change.
Geoengineering opticns and altemnatives to interactively manage
change need (o be developed.”

With the exception of some cloud seeding: expenments (Rell 13)
and suggestions in the previously discissed patents (Refs. 2-4),
little serious work has been considered i terms of mitipating the
effiect of severe storms.

The sheer size and energy of severe vweather systems is one of
the daunting aspects discouraging pursuit of weather mitigation
concepts,

2.1 Scales of Atmospheric Phenomen)
Figure 1 illustrates the wide ran:e of windspeeds and
scalelengths (wavelength) of weather phenomena. (Ref 14) Stll

another method of classification 15 via the average energy
tumaver of storm systems.
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Seales of atmospheric phenomens, For many of these
phenomena, it is possible to choose different length or speed
scales, thus giving quite different time scales,

Table 1 is taken from a recent Air Foice Geophysics Laboratory
paper (Ref. 1) on weather modificativn possibilities. The energy
turpover is based on the rainfll mie Note that the. energy
turnover ranges from 7 x 107 waits [or o small thunderstorm 1o
7 x10" watts for & hurmcane.

TABLE |
SMALL THUNDERSTORM 7% 10" WATTS
LARGE THUNDERSTORM 7TX 10" WATTS
MAJOR STORM SYSTEM 7% 10" WATTS
HURRICANE 7X 10" WATTS




2.2 Dynamic Meteorology

The theoretical swudy of the atmospheric motion of weather
phenomena is known 2s "Dynamic Meteorology.” (Ref. 14)
Dynamic meteorology involves the understanding of the
phenomena and provides a basis for prediction of weather.

Numerical modeling of weather has resulted in development of
cides that can start from initial conditions of temperature
nonuniformity and measured wind directions and then compule
severe weather phenomena that ean reproduce features of severe
storms. The Advanced Regional Prediction System (ARFS) code
at the Center for Analysis and Prediction of Storms (CAPS)
center at the University of Oklahoma is coe such code. (Ref. 15}
The ARPS code is used in this sysiems analysis to determine the
effect of electromagnetic wave heating of mesocyclones
{thunderstorms) and to estimate the energy requirements for
tornado mitigation concepts. The ARPS pumerical model is &
three dimensional, nonhydrostatic, compressible model in
generalized terrain following coordinates, and 15 run on a
CrayC30 at CAPS.

The governing equations of the atmospheric model component
of ARPS include conservalion equations for momentum, heat
(potential temperature ), mass(pressure), water substance (water
vapor, liquid and ice) subgrid scale turbulent kinefic energy and
the equaticn of state of moist air,

Assessment of the predictability of storm-scale flows has besn
one of the areas of research at CAPS, In these numerical
studies, supercells (intense storm prediction) showed mild
sensitivity to changes in the inibiating disturbances. In contrast,
weaker sysiems varied considerably with identical changes in
the initial conditions. (Ref. 11) Thus, when the severe weather
features appear in the calculations, they are reproducible, giving
us confidence that they may be sufficiently well enough
developed to be used s a predictive tool to assess the probable
effects of weather modification attempts.

10 NORTH SLOPE GAS CONCEPTS-IONOSPHERIC
MODIFICATION

Severe weather i the troposphere is the primary ¢oncern of this
paper. However, the ionosphere and the mesosphere exhibit
strong resonances with electromagnetic waves and have been the
subject of considersble medification research Figure 2
illustrates the altiides of these reglons compared 1o the
troposphere and the stratosphere,

3.1 Natural gas on the North Slope of Alaska

The North Slope of Alaska holds 23 trillion ft of natural gas. In
1984, I originated a "North Slope Gas Concepls™ program (o
find non<hemical means of using this resource, The strategic
military location of the North Slope of Alaska and certain other
unigue features, such as its prosamity to the magnetic pole led
me to suggest that the gas be used to power the conceptual
system shown in figure 3 to modify the ionosphere and lo
provide power for space vehicles. (Ref 24, 19-21)
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North Slope Natural Gas Concepts Syitem Schematic

The energy content in the gas is shown to be much greater then
the total stored energy of the lonosphere in Table 2 The
availability of the large naturel gss energy source made il
possible to conceive of  varlous ionospheric modification
concepts with required power levels teoween 10° and 10" watts.

il




TABLE 2
PHENOMENA ENERGY (JOULES)
28 TCF NATURAL GAS 3x 10"
TOTAL GEOMAGNETIC ENERGY gx 10"
ONE YEAR OF US ELECTRICITY 3x 10%
ONE DAY OF A HURRICANE 2X10%
SMALL THUNDERSTORM 7x 10°

31 Power and Energy Requirements for
Modification Expenments

lonospheric

The power and emergy requirements for some of these
applications are shown in Table 3. This table is a synopsis of
applications and power requirements for the anterna that were
developed in the Nerth Slope Gas Concepts program. "FPlumes”
are described under section 4 below, Communication control
requires relatively modest amounts of power (Refs, 2-4). The
crestion of iomospheric mirrors require relatively more pawer
and energy. (Rel. 2-4, 16). (Ionospheric Mirrors are shaped
regions of high electron density created in the icnosphere with
electromagnetic waves, which are designed to be reflectors for
olher electromagnetic waves, ie & substitute for physical
reflecting surfaces.)

Ceophysical exploration via generation of ELF and VLF waves
requires relatively modest amounts of power. Probing for
tunnels with ELF waves generated with the HAARP antenna
have been reported. (Ref 17)

TABLE 3

APPLICATION ALTITUDE WATTS! ENERGY
CM? {JOULES)

PLUMES L1000 KM | 1% 10"

COMMUNICATION

CONTROL 50 KM A 1x 10

[ONOSPHERIC

MIERORS B0 KM 1 1x 10°

GEOPHYSICAL

EXPLORATION 50 KM 01 1x 107

521 Terawatt Antenna for Relativistc Electron Generation In
the lonosphere

The largest energy consuming application was the generetion of
relativistic electrons in locations of the magnetosphere where
they can be apped like Van Allen belt electrons and provide
either full or partial missile shields. (Ref 8) This applicatien

area required a power flux of 1 waiom® at & 150 kilometer
altitude, over an area of about 10 km x 10 km for a period of
gbout 20 minutes. This resulied in the specification for a
terawntt phased array antenna 20 km x 20 km with other
properties detailed in Table 4. Subsequent work supported by
DARPA has confirmed some of these numbers For example,
accelerntion to Mev energies was studied and theoretical
predictions show that at about | wattem’ electrons may be
accelerated (o as high as 3 Mev, (Ref 18]

TABLE 4

REQUIREMENTS FOR MISSILE SHIELD ANTENNA

POWER: 100 to 10° Mepawats
FREQUENCY: 1.6,3.2, 10-150 Mhz
RANGE: 100 to 500 KM
TOTAL ENERGY: 10" 1o 10* Joules
ENERGY FLUX

AT ALTITUDE: 110 10* Wattsfcm’®

3.3 Technology Development of Lasge Phesed Amay Antenna

Phased array radio telescopes with baselines of more than 20 km
have been developed for astrophysics. Phased arrays for delivery
of large amounts of power have also r2cently been constructed.

The HAARP antenna, in Gakans, Alaska is presently operating
at 980 kow with dimensions of 168 m % 219 m and is scheduled
to be upgraded to 3.6 Mw with dimensions of 316 mx 390 m
in 1999, (Ref. 19)

3.4 Safery and Legal/political considerations

The pursuit of these large antenns spplications in the 1980's
was encouraged by DOD sgencicss. However, in July, 1986, a
consultant on the Worth Slope Gas Concepts project from the
University of Alaska expressed the following comments:

* As soon as information an any of the projects becomes known
1o residents of the North Slope Barough, it will rigger a strong
reaction of concerns, Depending on what information reaches
the public domsin, there will be concern about the construction
of large systems in the tundrs; concermn about the operation of
large or numerous power plants; ard concerns about possible
effects of electromagnetic radiation [ields. However justified or
unjustified these concems mugh! be, they will be vowed
passionately, perhaps even stndently. The Imut Circumpolar
Conference (ICC) would no doubl get into the picture and
“internationalize" the issue, soliciting support from members in
Canada and Gresnland, Classification of the entire project by
DOD at an early stage would help prevent surprises at a later
stage (but it should be clear that conzealment or credible cover-
up would be essentially impossible.” and

* Tampering with the space envirounent has come wp from Ume
to time et International non-goverun:nial organizations (e g




COSPAR) and &t the U M. In recent years, it has been pretty
quiet on this front, bt 3D and ASAT are reviving intemational
discussions. [ expect increasing activisim on the subject; if and
when the concepts of operational trapped particle dumping,
ionosphenc modification, and of the killer shield become widely
known, & very strong international reaction could be expected
and a direct intervention of the 1. M. should not be ruled out”

The above comments have proven 1o be prophetic, Since the
large HAARP phased array was constructed in Alaska, there
have been imtense protests by lecal Alaska environmentalists as
1o the safety and intent of the project. (Ref. 20). Since so much
reaction hos accompanied the HAARP project, which is to be
raled at 3.6 Megawatts cw, compared to the 100 megawalts to |
terawatl of the initial Morth Slope Gas Concepts idea base 1t 1s
clear thai international cooperation and disclosure must be
obtained for future high power antenna applications no matter
how beneficial they seem

4.0 NORTH SLOPE GAS CONCEPTS- ENVIRONMENTAL
AND WEATHER MODIFICATION

Antennas such as those described sbove, can also be used for
madification of the trophosphere and upper stratosphere. The
bemms af energy can be directed &t certain atmosphenic
phenomena and with proper choice of frequency deliver energy
to specified regions. This was recognized in 1984, and a
number of concepts for environments] and westher modification
were proposed, (At 10' watts, the power delivery capability of
the proposed anlenna was comparsble to that of a large
mesocyclone, )

4.1 High Altitude Winds and Electron Cyclotron Resonance

Flectromagnetic wave interactions at electron  cyclotron
resonance with electrons at altitudes of &0 to 80 km are capable
of acceleratng the clectrons and entrmined ions and neutral
atoms md molecules in the vertical direction via the "mirror
farce" in the earth's diverging magmetic field (The Nerth Slope
of Alaska 15 near the earth's magnetic pole) "Plumes" of
atmasphere could be produced in this manner. At a power level
of 10" watis, there is sufficient emergy to push the upper
atmosphere in the vertical direction with a total kinetic energy of
about 3.6 % 10" joules in & one hour period. This would equal
the kinetic energy in the zonal winds at 80 km altitude in a
volume |0km thick x 70 km wide encircling the pole.

It has been suggested that these upper atmosphere winds can
couple to the lower altitude jet stream. (Ref. 21) Balsley et al
have studied the modulation of the suroral electrojet and found
comrelation with modulation of the zonal winds 2t B8km altitude,
{Ref. 22). The HAARP antenna modulates the auroral electrojet
1o induce ELF waves and thus could have an effect on the zenal
winds. (Ref. 19}

4.2 Ozone production from 30 to 40 km
In 1985, evidence for an ozene hole in the arctic region was

mounting, Two aspects of large electromagnetic wave anlennas
were seen to be relevant to the sudy of possible ozone hole

mubgation efects. First, electric breakdown of the air from
focused beams of electromagnetic radiation could be a source of
ozone production. Electrical discharpes are routinely used for
ozone generation. (Ref. 23) This concept has recently been
pursued by Smakhtin and Rybakov, (Refl 24)

Second, acceleration of ions from the upper atmosphere inta the
ionosphere as described in plune formation was also considered
in Refs. 2-4. Recently, Wong et 2l have suggested that large
antennas in Alaska could acceleaste CI7 ions out of the
atmosphere. (Ref. 25)

4.3 Power Relay Ionospheric Mirmrors

Ome application of North Slepe antennas was to beam power Lo
satellites at 36 Ghz, to make vse of & "window” in the earth's
atmosphere.  This frequency range wouwld permit smaller
rectennas than the 2.5 Ghz previousely considered

lonosphenc miars were also considered (Ref 2-4, 16) as a
means of reflecting power from one earth based location to
another without the use of satellites. The HAARP program is
investigating formation of reflecting layers and plasma "lenses”
in the ionosphers. (Rel. 28 )

3.0 HIGH POWER SATELLITE SOURCES
3.1 Solar Power Satellites

Solar power satellites were developed by Glacier in 1979
{Ref27) and have been pursued m vanous NASA, ESA and
other internationsl programs (Fefl 28). Typical planned power
levels are 3000 1o} 0000 megawats, which is in the mid-range of
the power levels suggested in the North Slope Gas Concepts
regime. As opposed to & facility located in one gecgraphical
location, such as the Maorth Slope of Alaska, satellite systems in
geosynchronous or lower orbuts could extend the range of
applicability of weather modification 1dess,

6.0 SYSTEMS FOR SEVERE WEATHER MODFICATIGON

The large antenna systems described above, although they are
primarily conceptual studies, bave sparked further inferest in
their potential for severs weather modification.

Intense electromagnetic wave beams can be powered by ground
based energy sources, such as natural gas and by solar power
generated on satellites. Two basic interaction mechanisms can
be used to modify severe storms. Microwaves absorb in ram
and in atmospheric compenents such as Oy | COwand HyO.
Figure 4 shows attenuation 25 & function ol frequency and
rainfall rate. (Ref. 38) Based on this physics, it can be seen that
beams in this frequency regime can be directed al a severs
weather pattern from space, or ffom a ground based transmitter
and absorb primarily in the regions of the storm with high rain
content. Clear air, such as in the jet stream or-in the regions
around a storm, can be heated by absorption in the atmesphenic
components.  Figure 3 shows the altenuabion in clear &ir as &
function of freguency. (Rel. 38)
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We choose tormadic thunderstorms as an injtial area of severe
storm modification research because they are m the low range of
storm energy turnover {See Table 1), We also choase to center
our initial concept on use of a modified solar power satellite,
which we call the “Thunderstorm Solar Power Satellite” (TSPS)
because solar power satelliles have been designed at comparable
power levels of 10" watts.

6.1 Tornadogeness in Mesocyclones
Grazulis (Ref. 29) describes tornadoes as follows:

* Tornados are one of the most intensely violent phenomena on
the planet, and even a small tomado can be a spectacular sight.
larger ones can operate with energy in the same order of
magnitude as a large nuclear power station, and yet consist of
little more than a blend of insubstantial air and water vapar. A
tornado can be thought of as a simple voriex, a rotaling,
spiraling fluid, like those in a draining sink or bath tub. But
behind that apparent simplicity lies a mind-boggeling
complexity of fluid dynamics, air/moisture interactions, and
energy transfers. Yel, a tomnado is just a fluid. There are oo
mysterious forces at work here.

Tomadic thunderstorms are responsible for considerable
property damage and loss of life in the United States. Figure 6
from Ref, 29 illustrates the average armual loss of life and Table
5 represents the frequency of occurrence. Not all mesocyclones
produce tomadoes and the detailed study of the formation of 2
tomado from & mesocyclone is & young science (Rel 3,9-10)
and the "cause" of tomadogenesis is still not clearly known.
However, suspicion is centered on the cold, rain-aden
downdraft that occurs next to the updraft that mitiates formation
of the mesocyclone.
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Figure 7 is a schematic view of a tomnadic thunderstorm near the
surface. (Ref, 10). The thick line encompasses the mdar "hook
echo”. The barbed line denotes the boundary between the warm
inflow and the cold outflow and illustrates the occluding gust
front, Low-level position of the updraft is finely stippled, wiile
the forward-flank and rear-flank downdrafls are coarsely
stippled. Storm-relative surface flow is shown along with the
likely location of tornadoes (encircled T's)




FIGUEE 7

Schemaric view of a tornadic thunderstorm near the surface.

For a tornado to form, ow parameters such as vertical and
horizontal vortcity must be in a narmow range. We investigate
such systems in more detail below to identify "fine structure”
that could be heated by electromagnetic waves and interfere
with the ability of a storm to organize & tornado. We also intend
to determine the requirements for meaningful intervention in
tornadogenesis.

6,1 A Concepl for Intervention in Tomadogenesis

A specific concept for intervention in tomadogenesis with a
Solar Power Satellite is shown in figure 8. This suggested
"Thunderstorm  Solar Power Satellite" (TSPS) would have
adaptive diagnostic systems for detailed measurement of the
storm system and large phased arrays for focusing the power on
specific regions of the storm. (It would be designed for
transmission of power for use in an earth based power grid when
not used for severe stonm mitigation) The WRS-88D Doppler
radar system presently installed for ground based detection of
tornadic systems would also be used ( Ref.6)

Step 1. The WRS-88D Doppler radar would identify & forming
storm system, end locate the regions of highest rainfall end
vorticily 1o & resolution of 2 to 10 km.

Step 2. The T3PS adaptive diagnostics would receive location
information on the storm from the ground based system and then
1se downlooking doppler radar systems with resolution of about
50 m to measure vertical velocity components of the downdrait
and updraft regions of the storm. (Note, that this would be
valushie as an aid to weather prediction models, which presently
have to rely on vertical motion data that is inferred from
horizontzl motion data from the WSR-88D Doppler radas.)

Step 3. Numerical models would digest the information from the
weather diagnostic systems. (These would be improved

numerical modes and based on a research program designed to
assire international review committees that the moedel is
sufficiently well developed to determine the consequences of
heating experiments.) Instructions would then be given to the
power beam comtrol system for directing the beam to the
appropriate region of the storm,

Step 4. The cold downdraft would be heated 1n such a way as lo
cancel the horizontal thermal gradients that develop between the
downdraft and the updraft, hopefully terminating the
development of a tornada.

Thus, by heating key elements of the "fine structure” of a storm,
the formation of tormadoes might be mitigated, providing
appropriate systems can be developed. However, these storm
systems are highly complex and the severity of the storm might
also be increased. For this reason, we have undertaken a careful
systems study to detenmine the safest way to pursue the concept.

THUNDERSTORM SOLAR POWER SATELLITE
TSPS

¥ ELECTROMAGNETIC
RADIATION

FIGURE 3

A drawing of a concept for severe storm mitigation. An orbiting
"Thunderstorm Solar Power Satellite would provide diagnastic
information on the location of cold, rainy downdrafis and then
direct high power beams of electromagnetic radiation for
heating of the downdraft regions, leading to elimination of
temperature gradients with the "hook echa” region of the starm
and possibly interfering with the formation of tornadoes.




7.0 TOP LEVEL SYSTEM FUNCTIONAL FLOW

We examine the feasibility of preventon of formation of
tomedoes in mesocyclones and estimate the power requiremsnts
for such mitigation. Our hypotheses is that by heating cold,
rainy downdrafts near the "hook echo" we can eliminate the
downdraft and disturb the precise set of conditions necessary for
tornade {ormation.

The top level system functional flow is shown in figure 9. The
purpose of this section is to describe the technelogy required for
each subsystem and to détermine the requirements for
accomplishing severe weather mitigation. The requirements for
gach system element are developed in thus secton:

FIGURE ¢

Top Level System Functional Flow.
7.1 Weather Modeling and Storm Measurement

Mumerical weather modeling must be sufficiently well
developed 1o provide storm-scale weather prediction in real Lme
based on input from an amay of eppropriate sensors. Our
analysis is based on the use of the ARPS code mentioned above.
{Ref. 15) This model has been developed overa period of years,
and has been used for tomadogenesis studies (Ref. 9) However,
emphasis on tomadogenesis has been minimal, with most of the
research being devoted to weather prediction.

The governing equations have been described zbove. We have
modified the code to study heating by electromagnetic waves as
follows. A subroutine is inserted which assumes an arbitrary
level of heating, in terms of specified values for “K/s-m’. The
level of heating is then specified as a function of rain content.
ie the electromagnetnc waves absorb preferentially in the
highest rainfall regions. At each time step of the calculation, we
compute the total volume of rainfall, which, with the heating
rate known, allows us to calculate the total power usage.

7.1.1 May 20, 1977 Del City Baseline Storm

The May 20, 1977 Del City storm (Ref, 30) 15 usedasa bazeline
storm in the ARPS code. The code initiates with a "bubble” of
warm &ir with & temperature rise 10 °F above ambient, with its
base at an altitude of 1 km and with a 10 ke diameter. Further

specifications of the wind direction and velocity as a function of
altitude correspond to balloon soundings for thet date and
location. Note that a nested gnd structure, in which the grid size
i3 reduced to 38 meters in the region of lormado formation was
used by Xue (Ref 9% His results on 8 | km horizontal gnd are
shown in Figure 10, This Ggure depicts the low level, 250 meter
flow fields.. The "hook echo” region shows clearly in Figure 11,
which is the same region with a 58 meter grid, A "hook-echo”
feature, identified by the large arrow, is similar to the "hook-
echo" boundary in figure 8, along which tomadoes can be
expected 1o form.
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FIGURE 10

Low level flow fields, areas within which the raimwater conlent
is greater than 0.5 g/Kg and 5.0 g/Kg are shaded with different
density. The gust front location ts depicted by the 1.0 K
potential temperature perturbation contours drawn with the
standard cold front symboals, the other dashed and solid
confours are forw, the vertical velocity, at an | m/'s interval.
The wind vector scale is shown in the figure.
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FIGURE 11

As in figure 10, but with a grid resolution of 36m.




Rainfall begins to develop at about the 20 minute pomt in the
simulation. By one and one half hours, the above "hook echo”
features that are thought to represent the conditions needed for
tornado development begin to form.

7.1.2 Base Case for Intervention Stadies

We also use May 20, 1977 storm for owr intervenlion
investigation. In our case, the ARPS code was run only with a |
km horizontal grid and & 300 meter vertical grid. The fine grids
typical of Figure 11 take much more time and such fine grid
examinations are deferred. The Cray J90 at CAPS was used for

FIGURE 12a
Aase Case. Temperanure contours and difference benwveen
horizontal and velocity vectors
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FIGURE 12c

Heating roie of .02 *Kie/m’ in 2 g/Kg rain, initiated at one hour

into the storm development, Temperomre comlowrs and

horizontal velocity vectors,

the caleulations, Figures 124, 13a and 14a show the resulls for
the sumuelation at an altitude of 250 meters and 3400 seconds
afler initiation of the simulstion. Figure |2a shows the
temperature contours in “K and the small vectors indicate the
difference between horizontal velocities in the x and y directicn
in melers/second, This term 15 an indication of vorticity. Note
that the "hook echo" patterns are clearly visible. Figure 13a
indicates the vertical velocity contours in meterg/second. The
downward velocities are denoted by dashed lines. Notice that
they are situated near the "hook echoes”. Rainfall is indicated in
figure l4a Contours are in gKg. (Nole Ogure arrays are
grouped by parameter for easier comparisons. )
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FIGURE 12b

Heating .05 °K/s'm’” in 2 g/Kg rain, continuous from initiation
of storm. Temperature contours and horizental velocity vectors.
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FIGURE 12d
Heating rate of .03 *k/s/m’ in 6 g/Kg rain, initiated at one hour
inig the siorm. Temperature Contours and horizontal veloeity
veglors.




7.1.3Heating rote 05 “KJs-m’ with Rain Content of 2 g/Kg,

If the cold, rainy downdraft in the "hook echo” can be heated,
then eclimipation of the downdraft end resultant thermal
gradients wn this region could be an indication of the feasimlity
of putigaung the formation of temadoes.

In thig case, & hiph hesting mte of 03 "K/s was turned on
continuously from the inception of the storm. The beating was
applied to all mpons with a rainwater density of 2 g/kg or
greater. There was no power absorbed until about the 20 minute
point, when rain started to form.  The medification in this case
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FIGURE 13
Aase Case. Vertical velocity contours in meters/second.
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FIGURE 13c
Heating rate of 02 *Kis/m’ in 2 g/Kg rain, inifiated at one hour
into the storm development. Vernical velocity comfours in
melers second.

wus massive. Figure 12b above shows the temperature contours
in "K with the small vectors indicating the vorticity. Note that in
comparison with 12a above, the "hook-eche” region has been
eliminated and replaced with closed isotherms in & central
region. Figure 13b shows the vertical velocity contowrs with a
dramatically changed patiern, from Figure 13a, the base case.
Finally, in Figure 14b, the rainfzll appears to have been reduced
compared to Figure 14a, the base case,

In this example, 2 volume of about 100 km’ was heated at a rate
of .05 “KJsecond and the total power delivered was about 10
WaILS.
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FIGURE 13b
Heating .05 *K/sim’ in 2 g/Kg rain,continuous from initiation of
starm. Vertical velocity contours in meters/second,
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FIGURE 13d

Heating rote of .05 *Krw'm? in 6 g/Kg rain, ininated at one hour
inta the storm. Vertical veloeity contours in meters/second,
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7|4 Heating rate .02 "Kfs-m’ with Rain Content of 2 /Kg.

At @ lower power of 02 “K/s-m’ with Ram Content of 2 g/Kg,
hegting was initisted at the one hour point of the storm's
development. These resulls also had an observable effect on the
sLorm.

Figure 12c shows the temperature contours and the vorticily
veciors, Mole that the "hook echoes” appear diminished and the
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FIGURE l4a
Base Case. Rainwater density contours in g/Kg.
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FIGURE l4z
Heating rate of .02 “kie/m’ in 2 g/Kg rain, initiated at one hour
into the storm development. Rainwater density in g/Kg.

lemperamre has risen in the downdraft region, compared to 122
Figure 13c, the updraft velocities, shows updrafls in regions
which had been downdrafts in Figure !13a Finally, the total
rainfall in Figure ldc seems to have decreased compared to the
base case in Figure 14a also,

In this case, & volume of about 100 km® was heated at a mate of
02 “KJ/second and the total power applied is about 3 x 10"
walls,
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FIGURE 14b
Hearing .05 °K/s'm” in 2 g/Kg rain,continuous from initiation of
storm, Rainwarer density in g'Kg.
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7.1.5 Healing rate .04 “KJ/s-m® with Ram Content of 6 g/Kg.

At a higher power of .04 °K/s-mm’ with Rain Content of 6 g/Kg,
hesting was initiated at the one hour point of the storm's
development These results also had a smaller, but observable
effect on the storm.

Figure 12d shows the temperature contours and the vorticity
vectors. Mote that the "hook echoes” appear slightly more
pronounced and the downdrafl region has heated compared o
[2a, the base case, Figure 13d, the updrafl velocities, shows
small changes in the center région compared to |3a. Finally, in
figure 14d the total rainfall seems to have decreased compared
to 14a

In this case the volume was (.5 km" and the total power was
about 3 x 10" waus.

7.1.6 Estimates of Max and Min Power Required

This i5 a very large, base case siorm.  Seme tomnado generating
mesocvclones can be one tenth the dimensions of this storm.
Thus, the power requirements for the modifications deseribed
ahove range from about § x 107 to 10" wats for heating based
solely on rainfall amounts,

Other factors could further decreass the power required  In
these calculations we heated all the volume with & rain content
greater than a specific value, Because the phased arrays could
be focused on features as small as 50 meters, specific regions of
the reinfall could be heated  For example, the cold region in the
*hook-echa® boundary might be targeted  For & given storm,
this region would be 1/10th the volume of the calculations
above, Thus the power levels required for mcamn%ﬁu
modification of a storm could have a lower range of 3 x 10° to
10" waus.

7.1.8 Requirements for Downdraft Elimination
Heatng Yolume

The volume healed can range from less than | to more than 109
km’ . This leads to hinear dimensions of from a few hundred
meters to 10 km. Specifically, the region of high rain fall of
6g/k.g of more i5 about 5 km”.

Rainfall Density and Rate

The rainfall density in the downdrafts can be assumed to range
berween 2 g/Kg and 6 @/Kg. (2e/Kg comesponds to a rainfall
rate of about 50 mm/bour and Sg/Kg corresponds to a-rainfall
rate of 150 mmthour,)

Heating Rate
Heating rates of 01 “K/second-meter’ to .05 “Kisecond-meter’

appear adeguate for significant heating on time scales of 30
mnuLes.

Total Fower

The maximum range for the total power 15 estimated 1o be from
5 % 10" to 19" watts and the minimum range is eslimated as
5 % 10° to 10" warts.

7.2 Electromagnetic Wave Generation
7.2.1 Energy Source and Power Generation

For this discussion, it is assumed that the source of enegy for
lhe SPS is solar power. The energy received from the sun is
converted into electricity via solar cells, which are then used to
power electromagnetic Weve generatlors.

7.2.2 Frequency Choices

Figure 4 is describes the attenuation coefficient of microwaves
in dB/km as & function of frequency. The requirement of heating
lengths on the order of 100's of meters to 10 km can be met by
appropriate choice of transmitter frequency,

We choose & 500 meter and a 1 km length to Mlustrate how this
leads to the choice of frequency for the microwave gencralor,
Attenuation over a distance of 1 km 1s 209 at 10 dB and at 20
dB the attenuation 1s 90% over a distance of 500 meters.

Using Figure 4, we fnd that at a rainfall mie of 130 mm/hour
and a frequency of 12 Ghz the attenuation i 10 dB and at 22
Ghz the attenuation 1s 20 dB. At a rainfall mte of 50 mm/hour
the attenuation is 10 dB at 40 Ghz and is 20 dB at about 96 Ghz

T7.2.3 Power Flux

The power flux is determined by the heating rate requirements
of 01-05 °K/second-meter. Approximately 2,000
Joules/meter’ is required to raise the temperature of a cubic
meler of sea level air by | "KL With an attenuation  length  of
| Km a heating rate of 1 “K/second-meler’ requires an incident
flux of 2 x 10" watts'm”. For an absorption length of 500 meters
the flux requirement becomes 10° wans/m’. (About 7 times the
solar flux.)

7.2.4 Microwave Generators

SPS studies have centered around 2.5 Ghz because of the
availability of inexpensive magnetrons. ( A consequence of the
low prices brought about by the large microwave oven markel)
More recently, Matsumoto et al (Ref. 31) proposed a design of &
Power Supply Satellite with solid state amplifiers at 24 Ghz.

Millimeter wave gyrotrons have been developed and applied Lo
plasma heating in Tokamak fusion research devices, (Ref 32)
Granatsteln  has recenlly reviewed gyrotron ressarch and
development. (Ref, 33) Figure 14 is taken from Rell 33, This
figure describes the average power density available from a
single microwave power tube as 8 function of Ume. Progress
has come at a rate exceeding an order of magnituds increase per
decade. Gyrotrons have been developed in which individual
tubes can produce 0.5 Mw for 2 seconds at 110 Ghz, (Refl 34)
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Average power density potential of a single microwave tube
Versus year,

The slectrostatic-accelerator free<clectron laser (EA-FEL) has
been designed for operation in the atmospheric "windows' of 33,
g4, 130 and 220 Ghz. FEL devices have been studied for power
beaming applications. (Refl 35)

7.2.5 Microwave Generator Requirements
Individual Power Tubes

Frequency: 6-96 Ghe
Pilse Duration: 10 - 30 minutes

Power Tube Arrays
Power Level 10%- 10" wans
7.3 Antenns Transmission

It is too early to decide on the orbit of the TSPS. The TSFS
could have a dual use. It could be used for generation of power
on land via rectennas when it is not in use intervening in tormado
formetion.  Thus, we discuss both geosynchronous and orbital
locations Lo assessing the size of the requisite antenna.

The basic relationship betwesn between mtenna aperture and
focal spot size is as Tollows:

. o -:_i
R 2|l R Il
L] _(2:h)? J

P

(1)

b

where: r = Focal Spot Radius
R= Aperture radius
b

il

Distance fom Aperture to Focal Spot

]

& = Wavelength of Radiation

7.3.1 Diagnostic Radar
7.3.1.1 Doppler Radar

The WSR-88D doppler radar system has a beam width of 9° and
a typical resolution of 1 - 10 Km. This would be adequate in
step one of our concept, to locate a candidate mesccylone. The
TSPS would be designed with a doppler mdar imaging systems
to identify and quantify the velocity of the rain the downdrait.

The TSFS system must be able to distinguish rainwater densities
of between 2 and 6 p/Kg. Spatisl resolution of 10-530 meters
will be desirable.

At geosynchronous orbit, a 36 Ghz Doppler Radar with an
aperture tadius of about 2 km would give a focal spot radius of
about 30 meters.

Al an orbit of about 800 km, an aperture radius of about 70
meters would give a focal spot radius of about 30 meters.

7.3.1.2 Microwave Radiometers

Microwave rmdiometers with 10-50 meter resolution would also
be included to measure the temperature distribution within the
mesocyclone.

7.3.2 Power Antenna

At geosynchronous orbit, the original SPS study (Ref. 27 ) gave
antenna dimensions of 10 km x5 ¥m with an earth based
rectenna of 5 km radius.

From the discussion of weather requirements, we se2 that the
TSPS antenna needs to iradiate & target of about | Km n
diameter, At 12 Ghz, for example, this would require &n antenna
aperture of about 800 meter radius for geosynchronous orbit At
an orbit of 800 km alttude, the antenna dimension would be
close to the focal spot size. Nole, that at mm wavelengths, the
spot size could be much smaller than 1 km. Thus, rester fype
illumination would be passible.

A lower earth orbit would not provide 24 hour coverage, but
might be useful for an initial development effort to validate the
concepl.

7.3.1 Antenna Requirements

Doppler Radar

Frequency: 10 - 96 Ghz
Power Flux: 10 Mw or greater
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Response Time: Milliseconds
Spatial Resolution:  10-50 meters

Radiometer:

Hespomse Tune: Milliseeonds
Spatal Resolution: 10-50 meters

Power Phased Armay

Frequency: 10-96 Ghz

Power Flix - 10%-10"°

Dimensions: Funenon of frequency
Agility: Reposition Beam in Microseconds

7.4 Propagation

The SPS (Ref 27 ) was 1o be targeted on the rectenna receiving
array via locking on & signal fom & transmitter located at the
reclenna array, [argetmg a specific cold, rainy downdraft in a
mesccyclone will be difficult, because the downdrafl can have a
horizontal velocity of up to 70 m/sec and it is imbedded in &
complex mesocyclone system.

The diagnostic package of the TSPS will need to reliably locate
this downdrafl on a time scale of about | second.

If this requirement can not be met using the diagnostic package
on the TSPS, then emhancements to the WSREED, including
increasing the number of radars and adding a radiometry
capability may be necessary.

7.4.2 Overburden

As can be seen in Figure 9, there could be considerable cloud
and rain cover over the downdmft region we wish to heat. The
region we wish to heat will most likely have the highest rainfall
concentration. For example, if the rainfall m the top of the cloud
i3 below 2 @/¥g, then there will be little attenuation before the
beamn enters the higher ranfall volumes,

1t would also be possible to direct the beam to the heating region
at an azimuth angle less than 90 degrees. Figure 5 shows that
\he attenuation at angles down to 6 degrees can be quite small at
many of the frequencies under consideration.

7.5 Resulis Assessment

The diagnostic packages on the TSPS wall be essential for
measiring the location and behavior of the storm and the results
will be fed back sppropriately to centrol the operation of the
power phased array antenna

8.0 SAFETY

The SPS was designed to have a flux at the restenna of about
150 wats'meter’. If the downdraft is irradiated by a single
beam, then it would be supplying a flux of about 1o
wats/meters, With an atenuation of 20 dB that would drop to
the 100 wans/meter range.

8.1.1 Bioeflects

The AMPL regulations for limits on continuous microwave
exposure from microwave ovens is that the flux within 5 em of
the door must be below 50 watis/meter’. Thus, with the 20 dB
absorption, the beam couwld be safe for use. However, even
though the beam would be carefully controlled, a miss could still
be dangerous biclogically. If the beam or beams miss Lhe
downdraft, then until the deviation is detected and the besm
tummed off, power levels of 2 kilowatmeter’ or more could
strike a populated ares. Note that a conventional SPS would use
the wave-front reversion of the pilot-signal emitted from the
center of a ground based receiving system, (Ref, 36) In the case
of the TSPS, the diagnostic package must identify the storm's
fine structure and direct the beams to the rainy region.

A technological solution would be to utilize a small armay of
TSPS satellites, and pick slant propagation paths that are nearly
horizontal to the earth. The design goal would be to have the
beams cross in the miny region in the downdraft but no where
else. The number of satellites and therr propagation paths would
be chosen so that at no time are biological safety standards
exceeded on the ground.

8.1.2 Airplanes

The TSPS diagnostic package would be set up to detect an
airplane approaching the propagation path of an individual beam
and would tumn off the power beam until it is past. MNote that
there will be a window of 20 minutes or so in the toradogenesis
process over which the heating process can be initiated.

8.1.3 Elecuomagnetic Interference

All International standards must be satisfied. These factors will
be integrated with the ehoice of operating frequencies.

8.1.4 Legal and Intemational Requirements

The U. N. Convention en the Prohibiton of Military or any
other Hostile Use of Environmental Modification, which went
into effect October 5, 1978, applies to "Widespread, long-lasung
or severe environmental modifications. Local, non-permanent
changes, such as precipitation enhancement, hail suppression or
tornado mediation would presumably be allowed However, it is
our recommendation that the TSPS concept be reviewsd by the
U. W. and other appropriate international organizations from its
inception.

First, the risk needs to be quantfied, with appropriate studies.
(Biological hazards of high frequency microwave exposire are
just now being studied because these high frequencies are being
used for medical applications of microwaves.) Second, the
public must be involved in the development of the concept from
the start If tormadoes can be mitigated that would have
incalculable benefits in saved lives and property value, but the
public itself must want to accept the risks invalved.

9,0 HURRICANES AND TYFHOONES

Hurricanes and typhoons have thousands of times more energy
than tornadoes, They also have awesome Consequences, as
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nurmcane Andrew demonstrated. Figure 15 is a schematic of the
major air flow compements of a hurmicane, (Refl 37 ) Mote, that
cold, riny downdrafts are o prominent feature. Also, hurricanes
take days to form rather than hours, and they form as steenng
winds agglomerate proups of tinderstorms.

Eye Contnction
Evaporathes Demdrafl

Fuieed descent
snd entralnment

Waint poal

Comvectbve updrafl
Comve cther donendralt

Widbevs] Inflona

e
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FIGURE 15

Sehemarie iHusiration of the mass and moisture budget of the
hurricane cye.

If  svsterns for imlervention in tommadogenesis can be
successfully developed, then they could form the "kemal" of
systems designed for larger or more complex severe storms such
as hurricanes and typhoons.

1.0 RESULTS OF INTTIAL SYSTEMS ANALYSIS

The whove systems analysis shows some gaps in (he knowledge
and technology base that need to be filled n before the
{enstbility of this concept is proven. For example, the numerical
models nead to be exercised in a vigorous effort to determine the
fine structure and the best methods for heating. It needs to be
proven that it would be possible to aim the beam or beams from
a TSPS and apply the power to specific regions of a storm
system, Safety needs 1o be further refined based on these results
and the operational characteristics of the beam propagation and
absorption, The appropriate legal end societal procedures nesd
10 be developed,

Initial emphasis should be on a relatively small TSFS, 1e. a 100
megawatt system that could be used s an advective diagnostic
system 1o obtain data on vertical rainfall motion in
mesocyclones. This data could be used to venfy the validity of
the numencal modal, The power level should be adequate to
create measureable perturbations in storms. These perturbation
cotld be used further validate the medels and obtain inital
iifarmation on the effectiveness of the mitigation efforts,

A parallel effort to use the TSPS for power transfer experiments
i & classic SP3 configuration could also be included.

1.0 SUMMARY AND CONCLUSIONS

We have sudied the potential for intervention in the process of
tornadogenesis in mesocyclones, We have performed a top level
functional systems analysis of a concept for intervention
tomadogenesis and have identified the issues thal need to be
further studied before feasibality can be shown,

We have sugpested that a Thunderstorm Solar Power Satellite
with a 100 MW capability could be useful in answening some of
the key feasibility questions. This TSPS could be a dual use
facility that also furthers fundamental SPS technology
development

We have emphasized some of the safety, societal and legal
issues that would be necessary to ensure the safe development of
such systems.

The system for intervention in tornadogenesis that we suggesl
herein 15 based on combining state of the an technologies of
numerical  weather  simulation,  weather  diagnosties,
electromagnetic penerators, antenna systems, antenna control
systems, satellite design and systems control. These tools ame
availeble now to help construct a new science of severe storm
intervention.

Throughout history, mankind hes sought to minimize the impact
of the unpredictability and severity of viclent slorms such as
tomadoes, To date, solutions have focused on development of
fortified buildings made to hopefully withstand the strong forces
which are the hallmark of these stmosphenc events, as well as
the development of sophistcated prediction methodologies to
warn populations of potential climatic instability, These "wam
and seek shelter” mechanisms have clearly reduced o some
extent the loss of life and, to a lesser extent, proparty damage
associated wath these ratural events. However, despite our best
efforts, loss of life and costly property damage are sull sorongly
associated with severe weather phenomenon. This paper has
presented & new paradigm which seeks lo  munimize the
patential development of the atmospheric conditions necessary
for the formation of these viclent weather systems by using
beams of electromagnetic radiation from satellites to heat the
fine structure, possibly preventing the formation of tornadoes,
argusbly the most severe weather systems on Earth,

The systems analysis in this paper is very rudimentary and much
more wark, especially in the areas of numencal simulation and
in beam propagation enalysis need to be completed before
feasibility can be discussed. Additionally, any program Lo pursue
such goals needs to rest on firm public support in which the nsks
and benefits are clearly set forih

However, if it does prove to be possible, and tomadoes can be
prevented, then systems could be envisioned in which severe
storm phenomens such as humcanes and typhoons are also
modified in some beneficial fashion, and westher modification
could be reutine in the twenty first century.
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Mauro Movara 10-01-99 12:06
To: luc@grip.org
e

Subject: Explospace 20-22 October 1958

Dear Mr. Mampaey,

itis correct that Or. Eastlund gave such a talk at the EXPLOSPACE Workshop in Cagliari last October,
the actual title being; "SYSTEMS CONSIDERATIONS OF WEATHER MODIFICATION
EXPERIMENTS USING HIGH POWER ELECTROMAGNETIC RADIATION". However, the paper was
based largely on Dr. Eastlund's own experience and background work, ESA has currently no research
activities concerning weather modification. ESA financial support was only aimed at supporting Dr.
Eastlund's participation into the Workshop.

A study is being conducted by DLR on behalf of ESA cancerning "Space Exploration & Utilisation”
activities for the long term (30-year horizon), and implications of weather control will be briefly

addressed in that study. Dr. Eastlund's input will be integrated therein. The study results should
become available in the March 1928 time frame.

In the meantime, | shall mail to you & copy of Dr. Eastlund's paper, for your infarmatian,
Regards,

Mauro Novara
Organiser of EXPLOSPACE Waorkshop.

Forwarded by Gonnie Elfenng/astec/ESA on 08-07-99 08:10 AWM
"GRIP - Secteur Recherche” <recherche@arip.org> on 07-01-99 05:04:55 PM

To: Conference Centre Eslec/estec/ESA
ce

Subject: Explospace 20-22 Oclober 1998

Dear 2ir,

T have heard that Dr Bernard Eastlund (USA) made a statement on "weather
modification experiments using high power slectromagnetic radiation" during
the Explospace Workshop, and that he has a yesearch contract on that
subject with the ESA.

However, I do not ses his name in the preliminary programme available on
your web site.

Can you confirm my information?

In that case, is it possible to get a copy of Dr Eastlund's statement?
I would like to know if ESA is actuallv conaucting researsh related to
weather modification. Could you tell me if there is available public
information and wich ESA division [ can oontacc?




