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ABSTRACT

It has been suggested that large-scale climate changes, mostly due to atmospheric injection of
"greenhouse gases” connected with fossil-fired energy production, should be forestalled by
internationally-agreed reductions in, e.g., electricity generation. The potential economic impacts of
such limitations are obviously large: >$10!1/year. We propose that for far smaller — <I% —
costs, the mean thermal effects of "greenhouse gases” may be obviated in any of several distinct
ways, some of them novel. These suggestions are all based on scatterers that prevent a small
fraction of solar radiation from reaching all or part of the Earth. We propose research directed to
quite near-term realization of one or more of these inexpensive approaches to cancel the effects of

the "greenhouse gas” injection.

While the magnitude of the climatic impact of "greenhouse gases” is currently uncertain, the
prospect of severe failure of the climate, for instance at the onset of the next Ice Age, is undeniable.
The proposals in this paper may lead to quite practical methods to reduce or eliminate all climate

failures.
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Introduction. In recent years, consideration of the possible warming of the climate due to the
injection into the atmosphere of "greenhouse gases," particularly carbon dioxide, CO»,! has
motivated proposals to impose international limitations of the burning of fossil fuels, particularly
ones yielding less heating-value per gram of CO> released, such as coal. The starting point of the
present paper is the widely-appreciated fact? that increases in average world-wide temperature of
the magnitude currently predicted can be canceled® by preventing about 1% of incoming solar
radiation — insolation — from reaching the Earth.%:> This could be done by scattering into space
from the vicinity of the Earth an appropriately small fraction of total insolation. If performed near-
optimally,® we believe that the total cost of such an enhanced scattering operation would probably

be at most $1 billion per year, an expenditure that is two orders of magnitude smaller in economic

lIntergovernmental Panel on Climate Change, Climate Change 1995: The Science of Climate Change,
JT Houghton, et al, eds. (Cambridge Univ. Press, Cambridge, 1996).

2E.g., Hansen JE and Lacis AA, Sun and dust versus greenhouse gases: An assessment of their relative
roles in global climate change, Nature 346, 713-9 (1990).

3See, e. g., MacCracken M, Geoengineering the Climate, Proceedings of the Workshop on the
Engineering Response to Global Climate Change, Palm Coast FL, June 1-6, 1991, and UCRL-JC-
108014 (1991), Lawrence Livermore National Laboratory, Livermore CA, 1991.

1Ref. 1, ibid. Also, Wigley, TML, "The Contribution From Emissions of Different Gases to the Enhanced
Greenhouse Effect” in Climate Change and the Agenda for Research, T. Hanisch, ed. (Westview,

Boulder, CO, 1994) estimates the present-day excess positive radiative forcing to be ~2 W/ m2, roughly
three-fourths of which is due to CO> and one-quarter to CHg.

5While it may be argued that uncertainties in the accuracy and fidelity of modeling tools are
sufficiently great that they should not be relied upon to forecast reliably the effects of enhanced
sunlight scattering on the climate [or as does, e.g., Lindzen RS, Ann. Rev. Fluid Mech. 26, 353 (1994),
that they are fundamentally unverified predictive tools], it is these same modeling tools — not the
presently quite ambiguous observations of the actual climate — that are considered sufficiently robust to
motivate the present level of concern about man-made climate change.

éOne basic point-of-departure of the present paper from the large body of excellent previous work in
similar directions [see, e.g., work surveyed in Panel on Policy Implications of Greenhouse Warming,
Policy Implications of Greenhouse Warming: Mitigation, Adaptation and the Science Base, U.S.
National Academy of Sciences (National Academy Press, Washington, DC, 1992) and in Working Group
II, Climate Change 1995 Impacts, Adaptations and Mitigation of Climate Change: Scientific-
Technical Analysis, Second Assessment Report of the Intergovernmental Panel on Climate Change, RT
Watson, et al, eds. (Cambridge University Press, 1995)] is the emphasis which we have placed on
reducing deployed scattering system masses down to rather fundamental physical limits, consistent
with contemporary engineering realities, in order to realize conceptual designs which may be the most
practical to study in sub-scale and then to deploy in full-scale. We expect that all cost-effective
mitigation efforts may require such optimization-focused design work. With respect to the
fundamental utility of such efforts, we note that the section of the cited NAS report addressing
"mitigation” options of the general type which we now consider concluded with the statement (on p.
460) "Perhaps one of the surprises of this analysis is the relatively low costs at which some of the
geoengineering options [aimed at offsetting global warming] might be implemented.”
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terms than those underlying currently proposed limitations on fossil-fired energy production.?-8,2
Some of these insolation-modulating scattering systems may be re-configured to effectively

increase insolation by an amount — perhaps 3% — sufficient to prevent another Ice Age.10

We first survey various physical processes to accomplish this scattering. We then compare the
various ways in which these scatterers may be deployed. Next, we propose that particular attention
be given to three possible realizations of this technology-based program. We note geographical
variability aspects of insolation modulation. We conclude by suggesting that the problem of
possible changes in climate may be better solved by cooperative application of modern

technologies rather than by international measures focused on prohibitions.

Scattering Fundamentals. In general, three basic types of scatterers exist, for scattering any type
of electromagnetic radiation, including sunlight. The simplest type is based on any material in
which the electric fields of light cause a displacement of electric charges; thus, any material at all
can be used. The magnitude of the displacement of charges by an electric field of unit strength is
measured by the dielectric constant €, where =1 means there is no displacement. The scattering is
proportional to (e-1)2, that is, highly polarizable materials generally will be more useful. This

class of scatterer requires the near-optimal deployment!! of an estimated several million tons of

7See, e.g., testimony by Janet Yellen (Chair, Council of Economic Advisers to the President of the U.S.)

before the House Commerce Subcommittee on Energy and Power, July 15, 1997, and press reports thereof

(e.g., Fialka JJ, "Effort to Curb Global Warming Is Tied To Higher Energy Prices in Two Studies,” Wall
Street Journal, 16 July 1997, p. A2), in which estimates of ~40% increases in bulk fossil-energy prices in

order to attain price-rationing of fossil fuel-derived energy sufficient to suppress greenhouse emissions

below "dangerous levels” were characterized as "mid-level ones." These fractional price increases

translate to ~$4x1011/ year world-wide, or ~$1011/ year in the U.S.
8All cost estimates in this paper should be regarded as scoping in character.

We note that efforts directed to cost minimization of mitigation technologies is specifically
supportive of the UN Framework Convention on Climate Change, whose Article 3 states that
"policies and measures to deal with climate change should be cost-effective so as to ensure
global benefits at the lowest possible cost.”

10'A doubling of atmospheric CO during the coming century is IGCC-estimated to result in a 2.5% 1.5° C

change in mean temperature, while the mean temperature decrease from the present level which
prevailed at the middle of the last Ice Age is estimated to be ~10° C.

The large variance in previous estimates of the amount of dielectric scatterer required for full-scale
insolation modulation appears to arise primarily from references to dimensionally non-optimized
scattering materials, which can be quite mass-wasteful. (The optimal choice is to match the size of the
scatterer to the reduced wavelength of the peak of the solar spectral radiance, and to maximize the
squared difference from unity of the scatterer's dielectric constant divided by its specific gravity.)
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scattering material in order to prevent an estimated (global- and time-)average temperature increase
of 3+1.5°C associated with a doubling of atmospheric CO> during the coming century;!2 the

corresponding cost is ~$0.5 billion/year.

More effective scatterers can be realized by employing that subset of materials which exhibit high
electrical conductivity. In this special case, electrons may be separated from their original locations
by any distance, and it is the magnitude of the optical-frequency current carried by these electrons
that characterize the effectiveness of such scattering materials — which are generally metals.
Employed near-optimally, tens of thousands of tons of high-conductivity metal — roughly 1% of the
required mass of dielectric materials — are required to scatter 1% of the Earth's total insolation; the

corresponding costs are $0.07-0.14 billion/year.

In principle, the most effective of all possible scatterers are atoms or molecules that scatter light in
resonance. Such extremely strong scattering can be obtained for light of a frequency adapted to a
specific atom or molecule. The simplest example would be scattering of a narrow band of red light
by lithium atoms or of yellow light by sodium atoms. Unfortunately, such exceptionally strong
scatterings occur only in the immediate neighborhood of an atomic transition-frequency, and the
atom will selectively interact with light of frequencies which deviates from the resonant one by
about one part in ten million (for visible light). This difficulty can be overcome by broadening the
resonance (accompanied by a proportionate weakening of the scattering-strength) or by using
scatterers that have many separate resonances — or, most effectively, by a combination of these two
approaches. Of the order of 1 million tons of such resonant-type scattering material are estimated
to suffice to remove 1% of the total insolation of the Earth; the corresponding cost may be $0.3-
0.75 billion/year.

The intrinsic scattering strengths of dielectrics, electrical conductors, and resonant scatterers are in
the approximate ratio of 1 to 10 to 108, respectively,3 for visible light; in practical

implementations!# useful for insolation modulation, however, these ratios may be much different.

Also, it is necessary to select scattering materials which scatter only with quite small losses, in order to
minimize possibly undesirable heating of the portion of the atmosphere in which the scatterer is
deployed.

2Intergovernmental Panel on Climate Change, Climate Change 1995: The Science of Climate Change,
JT Houghton, et al, eds. (Cambridge Univ. Press, Cambridge, 1996).

13 In evaluating the mass efficiency of any scattering unit or a scattering system, consideration of the space-
and time-averaged optical-frequency current density in the matter comprising the system gives a general-
purpose figure-of-merit for the mass budget of the system. When multiplied by the ‘optical leverage’ figure-of-
merit, it generates an index of effectiveness of mass utilization in creating a sunlight-deflecting system. Note
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