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• Problem: 
- Hawaiian islands overrun with rats. 
- Significant pest for the sugar cane industry.

• Solution:
- Introduce mongooses to hunt the rats.

• Did it work? No...
- Rats are nocturnal.  Mongooses are not. 
- Mongooses eat native birds and turtle eggs instead.



• Biological control ➙ introduce species to 
 manage other invasive species
- mongooses
- cane toads
- african land snails
- freshwater shrimp

• There are always unforeseen consequences
- some impacts get traded for others

Ecological Engineering







Strategies to climate stabilization
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Strategies to Stabilize Climate

Reducing our impact on longwave radiation

Attempting to 
control 

shortwave 
radiation



Contrasting approaches to 
climate stabilization

Option 1: Stop emitting greenhouse gases

CO2 Temperature



CO2 Temperature

Contrasting approaches to 
climate stabilization

Option 2: Block a few percent of incoming sunlight



From “Can Dr. Evil save the world?”, Rolling Stone, Nov 2006





The intentional large-scale 
manipulation of the Earth’s 

radiation balance



Types of Geoengineering

“carbon dioxide 
removal” or 
“carbon cycle 
geoengineering”

2. Managing global carbon sinks
- terrestrial carbon storage
- ocean carbon storage
- geological carbon storage

“climate 
engineering”
or “solar radiation 
management”

1. Managing solar radiation
- increasing surface albedo
- increasing atmospheric albedo
- space-based reflectors



Managing Carbon Sinks
• Terrestrial carbon storage

- afforestation, bio-char production

• Ocean carbon sinks
- surface ocean iron fertilization
- carbon injection into the deep ocean
- carbonate and/or lime addition to enhance dissolution

• Geological carbon storage
- carbon sequestration in geologic reservoirs
- air capture (chemical or using biomass)
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assumptions and alternative modelling methodologies. In order to represent an
illustrative range across models and scenarios, the underlying assumptions were
not harmonized beyond principal energy drivers, such as the development of gross
domestic product (GDP).

In Fig. 2, we present three energy scenarios (one from each modelling group)
that demonstrate the technical feasibility of meeting a 350 ppm target around the
year 2100. There is diversity in model results with some models relying more on
non-biomass renewables, while others rely more on biomass, BECCS or nuclear.
The contribution from fossil fuels with CCS is similar in all models. In all models,
most of the emission reductions come from sources other than BECCS (renewables,
energy efficiency, fossil CCS and nuclear). Finally, it may be noted that energy
supply is around 50% higher in MESSAGE than in the other models. The lower
primary energy supply in the GET and IMAGE/TIMER stems from the fact that
these models are run with a price elastic energy demand.
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Fig. 2 Global development of primary energy carriers (exajoules per year) and CO2 emissions
(gigatons CO2 per year) for scenarios aiming at the stabilization of atmospheric CO2 at 350 ppm.
a–c Show the contribution of nuclear (yellow), other renewables (blue), BECCS (green downward
diagonal), bioenergy (green), fossil fuels with CCS (black upward diagonal), fossil fuels without CCS
(black). d Gives the corresponding emission trajectories towards 350 ppm for the three models. GET
and MESSAGE achieve a 350 ppm CO2 concentration in 2100; the TIMER/IMAGE concentration
amounts to 360 ppm and is expected to reach 350 ppm shortly after 2100
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Negative emissions using biomass energy with CCS?

Nuclear
Renewables
Biomass with CCS
Other biofuels
Fossil fuels with CCS
Fossil fuels

from Azar et al (2010) Climatic Change



wet resin to mop up CO2. When its designers 
analysed the results, however, they realized the 
material was better than they thought. Not only 
did it turn CO2 into carbonate, but in a dry envi-
ronment it would go a step further to bicarbo-
nate. When they exposed the resin to water, the 
bicarbonate flipped back to carbonate, releasing 
CO2 and water vapour. They didn’t need a kiln 
— they just needed to expose their loaded resin 
to water in a relative vacuum, 
and then pressurize the result to 
condense the water out. “All you 
pay for is making the vacuum, 
pumping and pressurizing,” 
says Lackner.

Others argue that kiln-
 temperature heat isn’t neces-
sarily a problem. In Zurich, 
Aldo Steinfeld and colleagues 
at the Swiss Federal Institute of Technology 
are using the Sun-tracking mirrors used by 
solar-power plants to heat up their air-capture 
reactor to 800 °C. They have a fully function-
ing lab model, and hope to have a larger field 
prototype within a few years to hand to an 
industrial partner. 

Eisenberger, on the other hand, needs only 
low temperatures — under 100 °C, achievable 
using waste heat from power plants or cement 
factories — to run his system. Eisenberger’s 
company Global Thermostat, which was 
founded in 2006 with Graciela Chichilnisky, an 
economist at Columbia University, is waiting for 
venture-capital funding to make a prototype, 

which could come as early as this autumn.
Eisenberger imagines a future in which air-

capture devices start to be deployed by 2015; by 
2020, half of new power generators are matched 
with air capture, and by 2040, some 9 Gt of car-
bon is being pulled from the air per year, to a 
total of 650 Gt by 2100 — the amount that Pielke 
also estimated would be needed. (Coincidentally, 
that total roughly matches the IPCC’s estimate of 

the Earth’s geological capacity to 
act as a garbage dump for bur-
ied gas). This whole operation 
could be accomplished by, say, 
35,000 facilities that each took 
a quarter of a million tonnes of 
carbon per year out of the air. 
The combined footprint of this 
global operation would total less 
than 300 square kilometres — a 

fraction of the size of London.
Because Eisenberger assumes the world 

will also make substantial cuts in emissions 
over the same period, his air-capture scenario 
would return atmospheric concentrations to 
380 p.p.m. of CO2 by 2100, and they would con-
tinue to decline thereafter. The price? About 
$60 trillion for the air capture, or roughly $660 
billion per year. That’s on the same scale as the 
US economic stimulus package against the cur-
rent recession, but every year for a century.

The price is the hardest thing to estimate, 
since no one has yet built a full-scale device. 
When Lackner first put out figures of about 
$100 per tonne of carbon in 2006, many saw 

it as massively over-optimistic — some joked 
that the real price was one mysterious ‘Lack-
ner’ per tonne, given the apparently magical 
capacities of his material, the identity of which 
was kept under wraps for commercial reasons 
at the time. Today, Eisenberger’s estimate is 
slightly cheaper still. 

Cost competitive
At the other end of the scale, Keith has esti-
mated it might cost $500 per tonne of carbon 
using today’s technologies. That would rack 
up a bill of $325 trillion to soak up 650 Gt of 
carbon, but Pielke notes that such a price tag 
would still only be 2.7% of global economic 
output by 2100. That compares favourably with 
price estimates of the IPCC (!1 to 5% of glo-
bal economic output) and economist Nicholas 
Stern (!2 to 4%) for stabilizing air concentra-
tions at 450 p.p.m. without air capture. 

“We should be looking into it, at least,” Pielke 
concludes. To put the cost issue in perspective, 
he notes, if all the emissions from US cars were 
sucked up by air capture using today’s technol-
ogy, and the cost tagged onto the price of petrol, 
motorists in the United States would still have 
one of the lowest pump prices in the world.

Many air-capture enthusiasts talk about 
countering something on the scale of global 
aircraft emissions, projected to reach about 
0.25 Gt of carbon per year by 2030. (Technol-
ogy can reduce carbon emissions from power 
plants and cars, but it is difficult to reduce 
such emissions from planes.) This is where 

“It is the most 
expensive 
climate-mitigation 
technology. And 
that’s a good thing.” 
— Frank Zeman

Klaus Lackner has imagined huge ‘farms’ featuring thousands of air-scrubbing devices that could soak up billions of tonnes of carbon from the atmosphere.
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Roger Aines of Lawrence Livermore National
Laboratory in California sees air capture play-
ing a potential part. He and his colleagues are 
making an overview assessment of the strat-
egy, and estimate that the quarter- gigatonne 
target could be met by, say, a thousand 250,000-
tonne air-capture facilities requiring a total of 
900,000 gigawatt-hours of energy per year. This 
is slightly more than the total electricity gen-
erated by the 104 nuclear power plants in the 
United States. If wind were to supply the power, 
the world would need something like 135,000 
additional 1.5-megawatt turbines. That would 
approximately double the current global wind-
power capacity.

Such a scenario is within the realm of pos-
sibility, but it demands an increase in energy 
production just at a time when we should be 
trying to break our energy addiction. For some, 
that’s a critical problem. Every dollar spent on 
air capture instead of shifting to renewables is 
“a long-term loss to society”, says Mark Jacob-
son of Stanford University in California. His 
concern is that researching a ‘get out of jail 
free’ card for climate change would provide an 
excuse to continue unabated emissions. 

That worry is voiced by many, but it is also 
dismissed by many. “For some people there’s 
concern that if there’s hope that air capture 
will work, it reduces the incentive to reduce 
emissions,” says Pielke. “That makes as much 
sense as saying we shouldn’t have open-
heart surgery because it stops people from 

lowering their cholesterol. We need both.”
No one argues that air capture is a cure-all. 

Eisenberger sees it as a necessary bridge to get 
us more painlessly to our goal of a renewable-
energy economy. Despite the ‘reasonable’ price 
tag of air capture, it is still cheaper, and more 
sensible, to capture large-industry pollutants at 
source and to reduce energy use. “Air capture 
would be a back-stop technology to fill in the 
gap between what we can achieve and what our 
goals are,” says Pielke. 

“It is the most expensive climate-mitigation 
technology,” agrees Zeman. “And that’s a good 
thing. It has this role as the upper bound on 
solving the climate problem.” No matter what 
we have to do to get the atmosphere settled, it 
won’t cost more than this.  !
Nicola Jones is a commissioning editor for 
Nature’s Opinion section.
See also Editorial, page 1077, and www.nature.com/
climatecrunch.
1. Pielke, R. A. Jr Environmental Science & Policy (in the press).
2. McKinsey & Company Pathways to a Low-Carbon Economy: 

Version 2 of the Global Greenhouse Gas Abatement Cost Curve 
(2009).

3. Keith, D. W., Ha-Duong, M. & Stolaroff, J. K. Climatic Change 
74, 17–45 (2005).

David Keith and his carbon-capture machine.
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Something utterly insubstantial 
is rising above the rim of the 
beaker on the table. It looks 
like a white mist; it feels like 

nothing. Run your hand through it 
and you get no sense of warmth or 
cold. It leaves no moisture on the skin, 
no smell, no taste. It’s just a whiteness. 
You can see that it would spur curiosity; that 
it might spur controversy is harder to imagine.

The mist is made up of droplets of water just 
a few micrometres across, thousands of times 
smaller than a raindrop. The man who set up 
this beaker as a demonstration, a nominally 
retired professor of engineering at the University 
of Edinburgh, UK, named Stephen Salter, thinks 
that ships designed to produce such mists could 
whiten the low layers of cloud that hang above 
the sea over large areas of the globe. Established 
theory predicts that such whitening, if achieved, 
could cool Earth significantly — a thousand 
such ships might cool it as much as decades of 
carbon dioxide emissions would warm it.

The beaker demonstration was part of a 
one-day meeting held at the University of 

Edinburgh in mid-March to look 
at how cloud whitening could move 
beyond the era of the tabletop. The 
meeting’s agenda was vast, encom-
passing climate modelling, cloud 
physics, data from a field campaign 
studying clouds off the coast of Chile, 
the design of ships and the minu-

tiae of the tiny nozzles needed to create such 
ultra-fine sprays. It ended up, 
as almost all such discussions of 
cooling the Earth do, heading 
off into questions of morality, 
politics and public perception. 

The frequency of such meet-
ings shows how this topic, 
known as geoengineering, is 
gaining, if not acceptance, at 
least an enhanced currency. For 
a number of the participants, 
this was their second day of 
geoengineering presentations 
that week — there had been an 
all-day discussion of the topic 
at the International Scientific 

Congress on Climate Change in Copenhagen
two days before. The following week, some of 
the key players would be at it again, this time 
at a workshop organized by the US Defense 
Advanced Research Projects Agency in 
Stanford, California. 

As yet, though, these discussions are, like 
Salter’s mists, insubstantial. Very little fund-
ing is available for real research into whether 

ships are the best way to whiten 
clouds, or whether cloud whit-
ening is really a workable way 
to cool the world. And that 
is cause for concern because 
there is a real possibility that 
such schemes won’t work. “The 
most dangerous case is … when 
you think that geoengineering 
works and you’re wrong,” said 
David Keith of the University of 
Calgary in Canada while at the 
Copenhagen meeting.

The worry that Keith and 
others share is that a grow-
ing interest in geoengineering

Great white hope
Geoengineering schemes, such as brightening clouds, are being talked about ever more widely. 

In the third of three features, Oliver Morton looks at how likely they are to work.

Could a fine mist help to 
combat global warming?
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Klaus Lackner’s vision of a 
CO2-scrubbing farm

David Keith with his 
carbon-capture machine







Managing Solar Radiation

• Increase surface albedo

- cities, deserts, crops ...

• Increase cloud albedo

- spray sea-salt to enhance marine cloud cover

• Increase stratospheric albedo

- sulphate aerosols, dust, micro-balloons, other aerosols…

• Space-based reflectors



Ship tracks in the Atlantic (Courtesy of NASA)
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Mt. 
Pinatubo, 
1991



Source: Wikipedia/NOAA
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Ridicule greeted a 1992 proposal to combat global warming by shooting reflective particles into the atmosphere. The response could be different today.

Source: Fleming (2007) Wilson Quarterly



Courtesy or Roger Angel



From Keith (2001) in Nature



Modes of Geoengineering
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to mitigation
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Geoengineering 
to “buy us time” 
to allow delayed 
mitigation
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Geoengineering 
to reduce peak 
impacts as 
mitigation is 
implemented

Modified from Keith (2007)

Time

Geoengineering 
to avoid serious 
long-term 
impacts



Risks of Geoengineering
• Ozone depletion (suphate aerosols)

• Atmospheric chemistry (GHG lifetimes)

• Reduced direct radiation / increased diffuse radiation 
(biosphere impact, solar power)

• Possibility of a hazier (less blue) daytime sky

• Impacts on hydrological cycle

• Would not reduce (and could exacerbate) ocean 
acidification

• Ecological impacts (particularly for ocean fertilization 
and forestry-related schemes)



Risks of Geoengineering
• Risk of rapid climate change 

- due to technological failure or abrupt removal

• Political and legal concerns 
- covert/unilateral geoengineering
- potential of aggressive military application

• Possibility of increased emissions
- if used to generate carbon credits
- due to a perception of success
- more long-term warming ...
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Summary of the effectiveness, affordability, timeliness 
and safety of various geoengineering proposals



Concluding thoughts

• All geoengineering proposals are NOT equal
- some are much more dangerous than others
- they must be considered individually

• Geoengineering will have undesirable impacts
- will net impacts be better or worse than climate 

change alone?
- certainly not a substitute for mitigation!

• Climate change impacts will increase, and will 
likely last for many centuries
- strategies to remove and permanently sequester 

CO2 may help avoid some long-term impacts


