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Abstract Earth’s Future invited “leading experts in the field of geoengineering research to contribute
brief reflections (2–5 pages) on the development of the discussion over the past decade and to consider
where it may be going in the next 10 years.” Responding to this request, we offer the following text in the
spirit of reflections that emphasize our personal roles and viewpoints. The primary focus of many of our
comments is solar geoengineering and not carbon dioxide removal (CDR). Thus, this text is not intended
to comprise a comprehensive review or set of carefully documented analyses. Our primary conclusion
is that sustained progress in “geoengineering” research will depend on social and material support for
experimental work that can provide the observational basis for improved modeling and analysis, and,
potentially, development and deployment of systems that may help protect the environment and improve
human well-being. Relevant issues, and potential future trajectories, for CDR technologies may differ dra-
matically from those for solar geoengineering technologies.

1. The Past

The charge to reflect on developments over the past decade indicates a young person’s view of history.
Rather than use Crutzen’s [2006] paper as the opportunity for decadal-scale reflection, we could just as
well be using the 1965 President’s Science Advisory Committee (PSAC) report to then-President Lyndon
Johnson [President’s Science Advisory Committee, 1965] as a jumping off point to reflect on the evolution
of the field on the half-century time scale. The PSAC report raised the possibility of albedo geoengineer-
ing to offset CO2-induced climate change, but did not even consider emissions reduction. Arguably, the
history of geoengineering goes deeper than the history of emissions reductions. Geoengineering options
discussed in that report included putting reflecting particles over the oceans and modifying cirrus clouds.
Geoengineering goals considered included preventing global warming and inhibiting the formation of
hurricanes.

Mikhail Budyko’s proposal to place aerosols in the stratosphere was first described in his 1977 book “Climatic
Changes” [Budyko, 1977]. The book originally appeared in the Russian language in 1974. Budyko estimated
that about 200,000 tons of sulfur would need to be placed in the stratosphere to offset the warming that
occurred between 1920 and 1940. He opined, “Thus in the near future climate modification will become
necessary in order to maintain current climatic conditions.” He continued, “These measures of climate mod-
ification are intended for preventing or weakening climatic changes that may ensue in several decades as a
result of man’s economic activity. Such modification, however, is not beyond the capacity of modern tech-
nology. In the near future it will apparently be possible to modify the climate, … producing a drop in global
temperature of several degrees.” Budyko suggested that the sulfur content of fuels in stratospheric flights
could be tuned to maintain a stable climate. Budyko saw active climate management as a moral imperative,
writing, “If we agree that it is theoretically possible… it becomes incumbent on us to develop a plan for
climate modification that will maintain existing climatic conditions… ”

In 1989, James Early published an analysis suggesting that sunlight could be deflected away from the Earth
with satellites placed between Earth and the sun [Early, 1989]. In 1992, solar geoengineering was high-
lighted in a 1992 report by the US National Research Council [[National Research Council, 1992]. This study
reviewed a set of options that largely holds up today, considering concepts such as space mirrors and
micro-balloons. This NRC report concluded, “These ideas might merit some further study … but do not
now seem worth great effort. They should be kept in mind, however, because technological changes may
make them more attractive.”
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In 1990, one of the authors of this commentary (Caldeira) was working as an exchange scientist in Mikhail
Budyko’s lab in what was then Leningrad. While working in Budyko’s lab, Caldeira was working on examining
differences between transient and equilibrium climate change, and not on geoengineering. While Caldeira
was aware of Budyko’s geoengineering proposals, they never discussed solar geoengineering.

Our work on solar geoengineering is a direct result of listening to a talk by Lowell Wood at a 1998 meeting
at the Aspen Global Change Institute. (Lowell Wood had been working with Edward Teller to understand
the potential to control climate through the use of stratospheric aerosols [Teller et al., 1997].) Wood argued
that aerosol geoengineering should be able to reverse most of the radiative effects of carbon dioxide. This
position was greeted with skepticism by several in the audience, including David Keith and Caldeira. One
consequence of this was that Caldeira went back to his office and worked with Govindasamy Bala to do the
first three-dimensional general circulation modeling of solar geoengineering scenarios [Govindasamy and
Caldeira, 2000].

Edward Teller and colleagues at Lawrence Livermore National Laboratory (notably, Lowell Wood) put out
a series of three reports on solar geoengineering [Teller et al., 1997, 1999, 2002]. The 1997 report argued
that the benefits of solar geoengineering might exceed the costs of solar geoengineering by a factor of
100 or more. They proposed, “research directed to quite near-term realization of one or more of these inex-
pensive approaches to cancel the effects of the ‘greenhouse gas’ injection.” The co-authors of that article
were also co-authors of the 1999 Teller report, which included some preliminary figures later to appear in
Govindasamy and Caldeira [2000].

In a chapter in the edited book “Engineering Response to Global Climate Change: Planning a Research and
Development Agenda,” titled “Geoengineering Climate,” Flannery et al. [1997] discuss the potentials of a
suite of geoengineering options that includes carbon dioxide removal (CDR) methods such as afforestation
and ocean iron fertilization, and solar geoengineering options such as stratospheric aerosols and whitening
the land and ocean surfaces. However, they cautiously note “Our strongest recommendations are for contin-
uing efforts to understand better the myriad interacting processes in the climate system and to improve our
ability to predict climate change. These are essential prerequisites to evaluation, much less implementation,
of any strategy for direct intervention.”

By year 2000, the field of solar geoengineering research was considered well developed enough to warrant
a review in the Annual Reviews of Energy and Environment [Keith, 2000]. This far-reaching review not only
considered physical science aspects but also considered political, legal, and ethical dimensions. In 2001,
Nature magazine published a short piece by David Keith outlining several major geoengineering proposals
[Keith, 2001]. This piece also made the point that the definition of “geoengineering” involved both scale and
intent of actions.

Year 2000 also saw the first peer-reviewed publication of a solar geoengineering simulation using a modern
three-dimensional climate model (Figure 1) [Govindasamy and Caldeira, 2000]. This study showed that solar
geoengineering schemes could markedly diminish regional and seasonal climate change caused by CO2.
A 2002 study was the first to model effects of solar geoengineering on the land biosphere [Govindasamy
et al., 2002]. This study found that, in a solar geoengineering scenario, effects of CO2-fertilization were
greater than and opposite in sign to effects of solar dimming, and therefore a geoengineered high-CO2

world could be expected to have higher terrestrial net-primary productivity than did the pre-industrial
world. Non-linearities exhibited at higher CO2 levels were examined in a 2003 study [Govindasamy et al.,
2003] where we showed that uniformly applied solar geoengineering would tend to overcool the tropics
and undercool the poles.

In 2006, Carnegie Institution for Science co-sponsored a workshop with NASA-Ames on “Solar Radiation
Management” that was attended by a broad range of people, including scientists from academic institutions
and representatives of non-governmental organizations (http://ntrs.nasa.gov/search.jsp?R=20070031204).
The title of this meeting introduced the term “Solar Radiation Management”. The term was introduced
humorously with the intent of sounding as bureaucratic as possible, and thus allowing the meeting to pass
by NASA bureaucrats who were sensitized to possible controversy surrounding the term “geoengineering”.
One of the more ironic things about this meeting is that we were having trouble controlling the temper-
ature of the room we were meeting in, which perhaps added a little more humility to the discussion of
controlling the temperature of the planet than otherwise would have manifested. This meeting considered
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both technical issues and human dimensions (Jim Fleming introduced a historical perspective and Tom
Schelling gave his perspective as an economist).

This brief and incomplete review is intended to demonstrate that geoengineering discussions have been
going on for more than half a century, and that active research has spanned most of that time. Crutzen’s 2006
editorial [Crutzen, 2006] served to popularize geoengineering research, but by the time Crutzen’s paper was
published, this research was already well underway. Most of the issues that were raised by or in the wake of
Crutzen’s seminal paper [Crutzen, 2006] had been raised previously. Crutzen can be credited with bringing
the discussion to a broader audience. After Crutzen, the crowd showed up to the party, and the history of
geoengineering, for many, started.

2. After Crutzen (2006) to Present

There were two big changes after 2006:

1 A broader range of physical scientists felt that studying solar geoengineering was a worthwhile pursuit.
2 A large number of social scientists, legal experts, economists, political scientists and philosophers

started assessing the governance, ethical, legal, economic, political and moral issues of solar
geoengineering.

Most scientists see science in a largely Popperian framework [Popper, 1959], in which the essence
of science is to construct falsifiable hypotheses and then try to falsify them. Physical scientists do

Figure 1. Change in global near surface temperature as reported by
Govindasamy and Caldeira [2000]. Top panel: Consequences of doubling of
atmospheric CO2 concentration. Bottom panel: Consequences of doubling of
atmospheric CO2 and a 1.8% reduction in solar intensity.

not shy away from stating their per-
sonal opinions. While physical scientists
such as Alan Robock and David Keith
both try to generate and falsify hypothe-
ses, neither shies from making their per-
sonal viewpoints known. Thus, David Keith
writes books like “A Case for Climate Engi-
neering” [Keith, 2013] and Alan Robock
writes perspective pieces like “20 Reasons
Why Geoengineering may be a Bad Idea”
[Robock, 2008]. While their personal opin-
ions may be interesting, and they are bet-
ter informed than many, so their opinions
may be worth listening to, their normative
or prescriptive opinions are not a part of
their fundamental scientific contributions.
David Keith, for example, has made sci-
entific contributions related to effects of
different kinds of particles in the strato-
sphere [e.g., Dykema et al., 2016] and Alan
Robock has made contributions related to
the radiative and climate effects of aerosol
injections [e.g., Robock et al., 2008].

Besides the vast scientific and technical literature on geoengineering, there are many valuable, rigorous
and serious contributions on the ethical, legal and economic issues of solar geoengineering. However, as
we are not experts in social sciences and relatively unfamiliar with the non-technical literature, we restrict
our perspectives to physical sciences and we avoid making assessments on the hundreds of social science
and humanities articles that have been written on the topic of geoengineering. Social science seeks to test
empirical hypotheses [Burns et al., 2016]. We note, however, that some work that is called “social science”
may not be recognizable to physical scientists as empirical science even if the work provides valuable
policy analysis, historical insights, ethical analysis, and so on; that is, in some of this work, it is difficult for
physical scientists to detect where and how empirical information is being generated and used to falsify
testable hypotheses [cf., Popper, 1959]. This may be due in part to a breakdown in communication between
physical and social scientists, or it may be due to the fact that some of these important studies are not
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scientific studies at all, and thus might better be characterized as social studies, not social science. The
hallmark of a scientific question is that proposed answers should potentially be falsifiable by empirical
information. Some of the most important questions facing us are not scientific questions even though
scientific information is relevant to their answers: What is right and wrong and what should we or should
we not do? Studies that directly address such questions can be of utmost importance, but they are
fundamentally not scientific studies.

In the case of physical sciences, some new scientific results have emerged over the last decade. There is
improved scientific understanding of why hydrological effects of a planetary albedo change differ from
hydrological effects of a change in greenhouse gas concentrations and consequently why geoengineering
would lead to less intense global water cycle [Bala et al., 2008, 2009; Cao et al., 2012], why the efficacy
of solar radiative forcing is less than CO2 radiative forcing [Modak et al., 2016], the speed with which the
effects of implementation of geoengineering and its termination are felt by the climate system [Matthews
and Caldeira, 2007], the delay in Antarctic Ozone hole recovery and an increase in Ozone depletion in the
Northern Hemisphere due to stratospheric sulfate aerosol scheme [Tilmes et al., 2009] and the potential
shift of ITCZ into the southern hemisphere due to Arctic Geoengineering [MacCracken et al., 2013]. A major
triumph of the past decade has been GeoMIP [e.g., Kravitz et al, 2011], which largely confirmed that the
key results obtained in single model studies were robust among a wider range of models: for example, the
overcooling of the tropics compared to the poles [Kravitz et al., 2013], weakening of the global hydrological
cycle [Tilmes et al., 2013], the amelioration of hurricane intensity and frequency [Moore et al., 2015] and
the impacts of termination effect [Jones et al., 2013]. The concepts underlying marine cloud brightening
[e.g., Latham, 1990; Latham et al., 2012, 2014] have been tested in models [e.g. Rasch et al., 2009; Bala et al.
2011], and while fundamental questions still remain, understanding this proposal better seems worthwhile.
Perhaps the most important new proposal to have emerged in the last decade is the proposal to alter
cirrus clouds and so affect outgoing longwave radiation. Model simulations simulate an intensified global
water cycle for this method [Storelvmo et al., 2013; Penner et al., 2015]. However, unlike low clouds, which
are persistent along the west coasts of the continents, there are no permanent locations of cirrus clouds.
Hence, it is unclear how feasible such alteration of cirrus clouds would be; again, this seems to be an area
worthy of further investigation.

Physical scientists are imperfect, and sometimes make empirical claims that go far beyond the empirical
data. For some reason, the field of solar geoengineering seems particularly susceptible to this failing. This
typically involves a small group of scientists performing a limited number of simulations of a small set of
scenarios in a single climate model, and then making very broad claims about what would happen in the
real world in a much broader range of possible scenarios. We are politic enough to not mention specific
names, but in particular there have been claims about whether solar geoengineering could or could not
preserve the Antarctic ice sheet, or how solar geoengineering would or would not affect food supply, or how
solar geoengineering would or would not produce widespread droughts, that seem to rest on rather flimsy
evidence. Furthermore, physical scientists often fail to distinguish between neutral empirical statements
and value-driven normative and prescriptive statements. To our taste, on the part of both scientists and
scholars there has been a little too much presentation of opinions as if they were facts and exhortations as
if they were conclusions of empirical studies.

Two important events, not already mentioned, in the recent history of geoengineering research are the
2009 report by the UK Royal Society [Royal Society, 2009] and the 2016 pair of reports by the US National
Research Council [National Research Council, 2015a, 2015b]. Other important assessment reports on geo-
engineering during this period include the IPCC 2013 report ([IPCC, 2013] chapters 6 and 7) and the EuTRACE
(A European Transdisciplinary Assessment of Climate Engineering) report that came out in 2015 [Schafer
et al., 2015]. Strong opposition for geoengineering experiments was also witnessed during this period as
evidenced by some involved in the CBD (Convention on Biological Diversity) discussion on geoengineering
experiments and the abandonment of the SPICE (Stratospheric Particle Injection for Climate Engineering)
project initiated by the UK research councils [Pidgeon et al., 2013]. The 2010 Asilomar International Confer-
ence on Climate Intervention Technologies was one of the most important international conferences on
geoengineering to-date, where a group of over 150 scientist and engineers gathered together with lawyers
and environmentalists in an open meeting. This conference focused on the development of guidelines for
risk reduction in climate intervention experiments.
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3. The Future

The future of solar geoengineering research is highly uncertain but its near-term prospects are not encour-
aging. The key thing needed for progress is funds for research. There has been some limited public funding
in the UK, Germany, and China for geoengineering research so far but most geoengineering research could
be considered as part-time activity of a small number of interested researchers. In the US, the NSF funded
SCRiM (Sustainable Climate Risk Management) project has a small component for geoengineering research,
and the privately funded FICER (Fund for Innovative Climate and Energy Research) also has a component
that supports geoengineering research. In any case, the world wide annual funding for geoengineering is at
most on the order of a few million US $ per year and geoengineering is not a priority area of research under
climate change programs. There has been also limited engagement of the global community, especially the
developing world, in geoengineering research and discussions.

Many scientists who are engaged in geoengineering research have reservations about its implementa-
tion. This is not strange to science. We strongly believe that the distinction between supporting solar
geoengineering research and supporting solar geoengineering deployment should be appreciated. Many
see support for solar geoengineering research while opposing deployment at this time as evidence of
duplicity—claiming that the opposition to deployment is merely a disingenuous smokescreen (e.g., fellow
researchers, who will remain nameless here, have accused Caldeira of acting in bad faith for supporting
research while opposing deployment). If some fellow scientists cannot see support for research but
opposition to deployment as a coherent position, how can politicians expect the electorate to be more
discerning?

Nobody can reliably claim to see the future of geoengineering research. To illustrate possible future tra-
jectories for geoengineering research, we fit three different curves to the historical publication record, an
exponential curve, a sigmoidal curve, and a logistic curve (i.e., the integral of a sigmoidal curve) (Figure 2).
The number of climate-related geoengineering studies and reviews published each year was determined
by searching for the term “geoengineering” in the SCOPUS database. This broader “geoengineering” search
includes papers on both solar geoengineering and CDR methods. We note that the trajectories for CDR and
solar geoengineering research are likely to become increasingly decoupled in the future, and that these two
broad research areas may follow very different trajectories.

Figure 2. Blue dots represent published academic studies and reviews on “geoengineering” since
the 1965 President’s Science Advisory Committee report. To illustrate three possible futures, we fit
exponential, sigmoidal, and logistic curves to these data.

The exponential curve
fit represents a scenario
in which geoengineer-
ing research continues to
increase at historical rates.
Support for this continued
increase would depend
on substantial increases
in funding, which may or
may not be forthcoming.
However, one could argue
that achieving goals of cli-
mate stabilization at 1.5∘C
or even 2∘C above pre-
industrial levels would
require such a ramp up
in funding. The sigmodal
curve represents a sce-
nario in which we have
reached a plateau, and that
geoengineering research

continues at approximately its present level. Sustained research at this level would require sustained fund-
ing at or above current levels. (It is likely that much recent geoengineering research has been conducted in
the absence of targeted funding, some of it, perhaps, in anticipation of a future funding stream.) Lastly, the
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logistic curve fit represents a scenario in which sustained funding fails to materialize. (Logistic curves are
often used to represent trajectories of resource usage under conditions of total resource constraint [Inman,
2016].) In the absence of substantial additional funding commitments on the part of governments and
philanthropists, the willingness of various academics to work “for free” on geoengineering will become
increasingly limited. If the logistic prognosis turns out to be correct, this would suggest that the peak year
for publication of geoengineering research may have been about year 2014 and that if resources available
to conduct geoengineering research become tightly constrained, we may ultimately see publication of 739
studies and reviews on climate geoengineering.

We may already be reaching the era of diminishing returns on what can be learned from model simulations
in the absence of additional observational information. Absent substantial funding and other forms of
societal support, there will be no large-scale physical experiments and the ability to generate additional
observational information, and thus the utility of additional model simulations, will diminish. We are
reaching a time when the low-hanging fruit of what can be done with coarse resolution climate models
has already been picked. Many of the climate modeling studies have transitioned from establishing key
basic principles to the infilling of details. Where there are real challenges such as accurately modeling the
ability of solar geoengineering to prevent Antarctic ice sheet loss, the inability of low-resolution models to
simulate ocean heat transport near Antarctica accurately preclude confident prediction of effects of solar
geoengineering on heat transport to the bottom of floating ice shelves. Further, ice sheet modelers do
not yet agree on the relative importance of air versus seawater temperatures in driving ice sheet loss [cf.,
DeConto and Pollard, 2016]. Improvements in ice sheet and coupled atmosphere–ocean models may allow
us to make better predictions. Further, modeling work could likely shed more light on the fate of aerosols
in the stratosphere, including aggregation, fallout, and radiative properties.

There is much that can be done with additional modeling. Much geoengineering-relevant research is indis-
tinguishable from basic climate change research. For example, improved chemistry modeling would help
us better understand effects of solar geoengineering schemes on the ozone layer. However, some research
topics that would be high priority in the context of solar geoengineering would be relatively low priority in
the context of basic climate change research. As people grow to consider regional-scale geoengineering,
local effects of changes and teleconnections would both be worthy of exploration. In the case of strato-
spheric aerosol schemes, the impact on tropical rainfall should be carefully evaluated as the size of aerosol
and their meridional and latitudinal distribution can have large influence [Ferraro et al., 2014; Kalidindi et al.,
2015]. There is also potential to investigate in models effects of several schemes applied simultaneously.
Perhaps some combination of cirrus thinning and stratospheric aerosols could restore both global mean
temperature and precipitation, while marine cloud brightening is used for fine tuning regional responses.

Ultimately, advancing the science and/or technology of solar geoengineering will require outdoor experi-
ments. For example, understanding the fate of particles in the stratosphere or the effects of particles in the
marine boundary layer will depend on conducting experiments out in the real world. In the opinion of the
authors, these experiments need to go beyond what can be learned from the natural analogues of explosive
and effusive volcanic eruptions. The primary factor preventing such experiments is the availability of funds
to support the experiments. The experiments that have been proposed to date by serious groups are envi-
ronmentally benign [e.g., Keith et al., 2014]. While there would no doubt be some vocal opposition to these
experiments, the opposition would need to argue that either knowledge generation is bad or that allowing
a benign experiment sets us down a slippery slope that could lead to experiments that are not benign. We
do not believe a cogent argument can be made that the experiments in themselves present more direct risks
than thousands of other activities undertaken every day. Of course, the scientific community should prepare
itself to closely observe any future volcanoes of a scale sufficient to have detectable climatic consequences.
Again, much of geoengineering-relevant research is indistinguishable from basic climate science.

4. Conclusions

Geoengineering has a deeper history than carbon dioxide emissions reduction. Indeed, scientific advisors
to President Johnson suggested that geoengineering proposals could be a way to address global warming
[PSAC, 1965]. These advisors did not mention the idea of reducing greenhouse gas emissions. Research
sputtered along until Crutzen’s important 2006 paper stimulated broad interest in geoengineering ideas.
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Following Crutzen’s paper, there has been an upsurge in publications about geoengineering concept. How-
ever, this upsurge cannot be sustained without a substantial increase in dedicated funding. Despite some
funding for solar geoengineering research, there is no major sustained effort to support this research. Unless
there is a substantial uptick in resources available to support solar geoengineering research, this research
activity is likely to decrease over time until it fades away, once again returning to its status as a part-time
activity of a small number of interested researchers working with extremely limited resources.

In closing, we speculate on a potential scenario in which geoengineering is likely to attract more and more
attention in the coming decades. At the December 2015 COP21 (Conference of Parties) meeting in Paris, it
was unanimously agreed to limit global mean warming “below 2∘C” by the year 2100 and “pursue efforts”
to limit the warming to 1.5∘C relative the pre-industrial period. Since the planet has already warmed by
1∘C, there are severe difficulties in attaining these targets through any conventional approach. Therefore,
unless we follow an emissions trajectory that is close to RCP 2.6, which involves CDR methods after 2070,
the COP21 targets are likely to be missed and solar geoengineering may begin to look more attractive.
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