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Geoengineering the Climate? A Southern Hemisphere perspective 
 

A Symposium organised by the National Committee for Earth System Science 

 

In December 2010, the National Committee for Earth System Science of the Australian 

Academy of Science released its report To live within Earth’s limits: An Australian plan to 

develop a science of the whole Earth system and held the First Australian Earth System 

Outlook conference. Earth system science is an emerging highly interdisciplinary science 

seeking knowledge and understanding of the integrated functioning of the coupled socio-

biophysical Earth system. 

 

Diverse human influences on the global environment are now so pervasive as to justify 

referring to a new geological epoch, the ―Anthropocene‖.  The major environmental issues 

that Australia faces in the 21st century are expressions of human-induced global 

environmental changes, and the management of them requires objective scientific 

understanding, which Earth system science provides.  The research questions needed to 

address these global change issues are motivated by the principal challenge humanity faces in 

the 21st century: how to secure a well-functioning and resilient Earth system as human 

population and its demands meet the biophysical limits of the planet.  These limits are 

expressions of the size of the planetary spheres, like the atmosphere and biosphere, and the 

interactive cycles and processes that link them together. 

 

The most challenging human impact on the global environment is anthropogenic climate 

change.  As noted recently by the Australian Climate Commission ―The global climate is 

changing and humanity is almost surely the dominant cause. We are already seeing the social, 

economic and environmental impacts of a changing climate.‖ 

 

Geoengineering options would involve deliberate manipulation of physical, chemical, or 

biological aspects of the Earth system. It is increasingly being discussed as providing  

possible strategies to counteract some of the effects of anthropogenic greenhouse gas 

emissions. While not advocating geoengineering, both the Royal Society in the UK and the 

US National Academy of Sciences have recently called for research to explore how 

geoengineering approaches may impact on the Earth system - undesired as well as desired. 

 

In response to such Northern Hemisphere calls for geoengineering research, it is important to 

develop a Southern Hemisphere perspective on possible geoengineering interventions. To 

engage responsibly in any future high-level international discussion or agreements relating to 

geoengineering options, Australia needs to be well informed of the ideas being explored and 

their potential effects and repercussions.  

 

This symposium addresses some of the implications of different approaches to 

geoengineering the climate, including their relative opportunities and risks, and the possible 

impacts in the Southern Hemisphere. Importantly, in addition to scientific and technological 

aspects of geoengineering, it also includes consideration of ethical and governance aspects. It 

is the first major meeting in Australia to provide a forum for cross-disciplinary discussions on 

geoengineering the climate and contributes to the unfolding of the National Committee for 

Earth System Science‘s strategy to develop an Australian body of understanding of the 

functioning of whole Earth system – human behaviour included. 

 





 3 

 
DAY 2 – 27 SEPTEMBER 2011 
 

8.30am Coffee/Tea 

 

SESSION 4: Solar radiation management 

Issue 6: Stratospheric aerosol enhancement 
(Chair: Susan Wijffels) 

9.00am Speaker – Greg Bodeker (Bodeker Scientific NZ)  

9.30am Respondent – Robyn Schofield (University of Melbourne) 

9.40am Discussion 

 

Issue 7: Cloud brightening through aerosols 
(Chair: Susan Wijffels) 

10.00am Speaker – Leon Rotstayn (CSIRO Marine and Atmospheric Research) 

10.30am Respondent – Steven Siems (Monash University)  

10.40am Discussion 

  

11:00am Morning Tea 

 

Issue 8: Combining carbon dioxide reduction and solar radiation management 
(Chair: Robin Batterham) 

11.15am Speaker – Tom Wigley (NCAR USA and Univ. of Adelaide) 

11.45am Respondent –  Harriet Harden-Davies (Academy of Technological Sciences 
and Engineering) 

11.55am Discussion 

  

SESSION 5: Governance, ethics, and risks  

 

Issue 9: International governance 
(Chair: Robin Batterham) 

12.15pm Speaker –  Roger Beale (Price Waterhouse Coopers) 

12.45pm Respondent – John Virgoe (British High Commission) 

12.55pm Discussion 

  

1.15pm Lunch 

 

Issue 10: Ethics and risks 
(Chair: David Karoly) 

2.15pm Speaker – Clive Hamilton (Charles Sturt University) 

2.45pm Respondent - Jeremy Baskin (Cambridge Programme for Sustainability 
Leadership, Cambridge University) 

2.55pm Discussion 

  

3.15pm Wrap-up and Summary – David Karoly 

  

4.00pm Thank you and Close 
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Introduction to Geo-engineering the Climate 
 

Graeme I Pearman, FAA, ATSE 

Graeme Pearman Consulting Pty Ltd 

 

Humans have always endeavoured to modify their environment to improve overall well-being 

and their capacity to cope with extreme climatic conditions. The literature abounds with 

examples of such attempts, mostly local, in which housing or the immediate environment is 

changed. But in some cases the attempts have been regional, such as efforts to change rainfall 

patterns. Today we are at the cusp of a number of intervening issues that raises the importance 

of considering the potential for the geo-engineering of our climate on all spatial scales. 

There is growing evidence that human activities are changing the climate and that these 

changes are responsible for impacts that have serious consequences for natural ecosystems 

and human economies. Yet our current knowledge is insufficient to accurately anticipate the 

probabilities of particular future exposures or their impact if they occur (that is the risk), let 

alone sum these into an assessment of the total potential risk as a guide in the setting of 

targets for action on mitigative or adaptive responses. Thus current views on these targets may 

turn out to be too conservative. We may learn this quite late in time, leaving intervention into 

the climate system as an unavoidable option. 

Our current knowledge also indicates that possibilities exist for rapid, discontinuous climate 

change that may not be anticipated. Despite growing global efforts to reign in emissions of 

greenhouse gases and the ultimate level of change to the climate, these may turn out to be too 

slow or insufficient to avoid such rapid changes; again, we may find that intervention 

becomes necessary. But this current knowledge also reminds us that geo-engineering 

interventions, as with climate change wrought through greenhouse gases, are likely to result in 

unanticipated outcomes and regionally dissimilar responses. This demands risk assessment 

and management practises that recognise the shortcomings in the knowledge-base and the 

potential impacts on the resilience of human and natural systems. 

On the other hand, knowledge concerning the climate system, partly developed in response to 

the global-warming issue, has advanced to a point that there is now some capacity to 

anticipate responses to intervention in the system, albeit limited. Entrepreneurial interests 

have been alerted to the potential commercial gains associated with the capture of this 

knowledge; applying technological solutions to modify the current system in light of a 

growing interest around the world. This has been further encouraged by the introduction of 

mechanisms that put a price on the emissions of carbon dioxide into the atmosphere. 

Opportunities to influence these emissions or to generate methods for reversing the processes 

may develop an income stream in a carbon-constrained future. Here the danger is that with 

narrowly focused commercial interests in a particular technology, such endeavours may 

inadvertently create outcomes that do not lead to long-term benefits for the natural world, or 

to the interests of the wider community or future generations. 

Further individual nations are exposed to both natural climate variability and changes that are 

unique. These influence what are themselves distinctive economies and environments, so that 

economic and national interests are not necessarily shared globally. Thus inclinations to 

embrace attempts at climate modification may or may not respect the wider regional or global 

interests. 

Together this confluence of possibilities and interests demands that we continue to develop 

the research and technological knowledge that may underpin future climate modification or 

indeed, argue strongly against it. Given the potential dangers of this research and development 

if not sensitively undertaken, we need widely accepted guidelines for both its conduct and, if 
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appropriate, its commercial deployment. Such guidelines are largely absent and are urgently 

needed to reflect the dangers of nationally or sectorally driven interests succeeding at the 

expense of wider global community, or indeed intergenerational interests. They need to be 

embedded in considerations of the possible inequity of potential responses and in the moral 

and ethical considerations that underpin them. 

In this conference, geo-engineering of the climate is seen to include, first, a wide range of 

potential approaches to modifying the radiative budget of the planet; so called ―solar radiation 

management‖. Examples include, from small to planetary-scale interventions: 

 Increasing the surface reflectance of the planet by growing crops/vegetation of high 

reflectance, reflective painting of human-built structures, covering areas with 

reflective materials, and introducing bubbles into ocean waters 

 Cloud albedo/reflectivity enhancement or cloud brightening 

 Injection of sulphate aerosols into the stratosphere 

 Placing reflectors into space. 

Second, there is a similarly wide range of technologies that have in common the fact that they 

involve the modification of the biogeochemical cycling of radiatively important gases, 

specifically carbon dioxide, in order to reduce their levels in the atmosphere. Examples 

include: 

 Changes in land-cover management e.g. afforestation 

 Sequestration of plant residues into the ocean and soil 

 Biochar (charcoal formation with potential energy outputs) and burial for long-term 

sequestration 

 Ocean fertilisation e.g. alkalinity altering substances, iron or nitrogen 

 Engineered capture of carbon dioxide directly from the atmosphere 

 Enhancement of natural weathering processes. 

This view of climate geo-engineering incorporates a wide range of options from very local 

land-management approaches to broad planetary-scale technologies. Whilst the carbon 

dioxide reduction approaches involve fewer risks and uncertainties than the solar-radiation 

management approaches, they are likely to be much slower in addressing the consequences of 

global emissions of greenhouse gases. 

This conference of the Australian Academy of Science and the Australian Academy of 

Technological Sciences and Engineering is about: raising both the scientific, technological 

and community awareness of the research needs; the required consideration of conditions for 

the conduct of that research and development and deployment; and the communication of 

these issues to the wider community. It specially does this from a Southern Hemisphere 

perspective. It encompasses a range of scientific and technological skills required to address 

this complex of issues, and the global governance and societal and ethical considerations. It 

builds on the work of the NASA Ames Research Center
1
, the Royal Society

2
, the UK House 

of Commons Science and Technology Committee
3
 and the US Climate Institute

4,5
. It 

recognises the formal position statements made by the American Geophysical Union
6
 and the 

American Meteorological Society
7
 concerning geo-engineering of the climate, the on-going 

activities of the Intergovernmental Panel on Climate Change
8
 and example contributions by 

individual scientists
9
. 
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Introduction to Geoengineering the Climate: IPCC AR5 Perspectives 
 

Neville R Smith FTSE 

Bureau of Meteorology 

Vice-Chair IPCC Working Group II 

 

The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change 

includes consideration of the possible benefits and adverse impacts of geoengineering over 

short and long time frames. Geoengineering is included as a topic in the approved outlines of 

all three Working Groups and, as with all assessments, will be a comprehensive, objective, 

open and transparent assessment that is policy relevant without being policy prescriptive. The 

inclusion of geoengineering reflects the need for an improved understanding by decision 

makers of the state of science on geoengineering options, issues and risks within the broader 

context of climate and environmental change. 

 

An IPCC Expert Meeting on geoengineering took place from 20-22 June 2011 in Lima, Peru 

and brought together around 56 experts from all over the world to discuss geoengineering and 

related challenges in the IPCC‘s Fifth assessment cycle. 

 

Geoengineering methods can be largely classified into two main groups. Solar Radiation 

Management (SRM) techniques attempt to offset the effects of increased greenhouse gas 

concentrations by reducing the amount of solar radiation absorbed by the Earth. Carbon 

Dioxide Removal (CDR) techniques aim to address the cause of climate change by removing 

greenhouse gases from the atmosphere. While both approaches share the ultimate aim of 

reducing global temperature increases, they clearly differ in their modes of action, the 

timescales over which they are effective, their effects on temperature and other climate 

variables (e.g., precipitation), and other possible consequences. 

 

The Workshop had five foci: 

 different geoengineering options, their scientific basis and associated uncertainties; 

 associated potential risks and related knowledge gaps; 

 effect of impacts and side effects on mitigation cost and the role within the portfolio of 

mitigation options; 

 suitability of existing governance mechanisms for managing geoengineering, including 

social, legal and political factors; and 

 key knowledge gaps that could be filled in the shorter and longer terms. 

 

The workshop considered issues around the cost of various SRM and CDR approaches, their 

relevance to both shorter-term and long-term responses to climate change, and risk and 

governance aspects of various options. While the proceedings of the workshop are not yet 

available, the presentation will provide an outline of the areas where some consensus has 

emerged, and those where considerable uncertainty still remains. 
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Carbon dioxide removal – soil carbon and biochar 
 

Michael Raupach 

CSIRO Marine and Atmospheric Research 

Canberra, ACT, Australia 

 

Geoengineering by Carbon Dioxide Removal (CDR) involves removal of CO2 from the 

atmosphere by enhanced uptake and sequestration in (a) terrestrial or (b) oceanic biological 

systems, or (c) combining engineered systems such as algal or artificial photosynthesis with 

geological storage.  Soil carbon sequestration is a subset of CDR by terrestrial sequestration.  

The world already faces a choice between CDR and significant climate change: of the four 

Representative Concentration Pathways (RCPs) defined for the IPCC Fifth Assessment, only 

the lowest constrains global warming to 2 degrees or less (from a preindustrial baseline), and 

requires significant CDR to meet this target. 

 

CDR involves manipulation of the global carbon cycle, which has already been heavily 

perturbed by human activities through the release of CO2 into the atmosphere.  The total 

anthropogenic CO2 flux to the atmosphere in 2010 was 9.7 GtC/y, mostly from fossil fuel 

combustion (Le Quere et al. 2009 and updates).  Of this release, only about 45% (the airborne 

fraction) stays in the atmosphere; the rest being taken up by terrestrial (30%) and ocean (25%) 

carbon sinks.  The airborne fraction has increased over the last 50 years at a relative growth 

rate of 0.24% per year (Raupach et al. 2008). 

 

Natural terrestrial stores of carbon are large, around 650 GtC in biomass and 2300 GtC in 

soils (Sabine et al. 2004), compared with a current atmospheric store of 820 GtC.  These 

stores are increasing through inputs from the terrestrial carbon sink, but are also vulnerable to 

disturbance from climate change, particularly in Arctic and tropical forest systems.  

Terrestrial (and ocean) carbon stores are continually exchanged with the atmosphere, reaching 

natural equilibria in the absence of human disturbance.  Turnover times for these exchanges 

range from years to centuries, depending on the chemical mobility of the carbon pool.  Soil 

and biomass carbon is therefore borrowed from the atmosphere, rather than permanently 

sequestered. 

 

Terrestrial CDR involves enhancing the land carbon sink, through purposeful land 

management.  Any land management activity has multiple climate impacts, including changes 

in carbon storage, release of other GHGs such as methane and N2O, direct radiative impacts 

through changes in albedo, and (if carried out at large scale) changes in regional circulation 

through alterations to the surface energy balance and roughness.  Evaluation of these multiple 

impacts requires consideration of land use systems (such as agriculture, grazing or forestry) 

rather than individual terrestrial stores (such as biomass or soil). 

 

It is necessary to distinguish between technical potential (the maximum biophysically 

possible sequestration) and attainable potential (the sequestration achievable under other 

unavoidable constraints including biophysical requirements for water and nutrients, 

competition for land, economic factors such as the price of carbon, and social choices).  The 

attainable potential depends strongly on all these constraints. 

For Australia, there are excellent surveys of sequestration potential in land systems in general 

(CSIRO 2009) and agricultural systems in particular (Sanderman et al. 2010).  The left panel 

of Figure 1 shows estimates of total technical and attainable potentials (accounting for 

biophysical constraints only) for agriculture and forestry sequestration, along with bioenergy, 

for Australia and Queensland (from data in CSIRO 2009).  Important implications are that 

land-based mitigation potentials follow the order forestry > agriculture > bioenergy, and that 
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technical potentials are typically at least twice attainable potentials (and often much more).  

These conclusions are likely to be robust. 

 

The quantities in Figure 1 are inevitably highly uncertain, and potentials are more likely to be 

overestimated than underestimated.  The implied total technical sequestration potential is 

nearly twice Australia's total GHG emissions, and corresponds to changing the net biome 

productivity of the Australian biosphere from its present small average value to a net sink of 

about 25% of total net primary production of biomass.  Such a change would be 

unprecedented. 

 

The right panel of Figure 1 shows technical and attainable sequestration potentials for several 

agricultural strategies.  The largest contributor is rangeland rehabilitation, with replenishment 

of soil organic carbon (SOC) in intensive farming systems having a smaller potential.  Farm 

management strategies such as minimum till and stubble retention are used primarily to boost 

production (Sanderman et al. 2010), and have mixed effects on SOC levels partly because of 

the legacy of decline in SOC following initial land clearing (Sanderman and Baldock 2010).  

The issue of nutrient (N and P) inputs is also important: soil carbon exists in a variety of 

chemical mobilities from highly labile to inert, each having a characteristic set of C:N:P 

ratios.  Buildup of SOC therefore also requires significant nutrient inputs (likewise for 

biomass). 

 

Biochar is a controversial soil carbon sequestration strategy which has been seen by some as a 

major contributor to climate change mitigation.  Biochar is the carbon-rich solid formed by 

pyrolysis of biomass, a process which also yields heat energy and (with some feedstocks) 

biofuel products, so biochar is both a sequestration and bioenergy strategy.  Its global 

technical potential in terms of avoided GHG emissions has been assessed as up to 12% of 

current global GHG emissions (Woolf et al. 2010), but this would require massive diversion 

of land and other resources and attainable potentials are likely much lower.  There is also 

large uncertainty around the long-term stability of biochar in soil (CSIRO 2009; 

BiofuelWatch 2011). 
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Figure 1: Sequestration from agriculture, forestry and bioenergy (left), and for individual agricultural 

strategies (right).  Bars show estimated technical potentials for the whole of Australia (black); 

estimated technical potentials for Queensland (grey); and estimated attainable potentials for 

Queensland (white).  Source: (CSIRO 2009).  Dashed line shows Australia's emissions in 2009 from 

the National GHG Inventory. 
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C-sequestration into soil: potential and imponderables 
Roger M. Gifford 

CSIRO Plant Industry, Canberra and National Committee for Earth System Science 

 

With the global stock of soil organic matter (SOM) in mineral soils being about 1200 Gt C, it 

would only take an increase in that stock of less than 0.1% yr
-1

 to sequester 10% of current 

annual fossil CO2 emissions.  The smallness of this annual increment may be the basis of 

some enthusiasm for using soil C increase to help mitigate climate change. But the 

observation is deceptive.  First, to achieve that, about 1.5% yr
-1

 of global net primary plant 

production would have to be diverted into net soil C accumulation; that is large. Second, the 

amount of nitrogen that would be co-sequestered in the stored soil organic matter annually 

would also be large, exceeding the current global N-fertiliser production.  N-fertiliser use is 

already producing substantial environmental problems and has its own C-footprint. It is also 

costly.  At current prices of N-fertiliser (approx $1/kg) it would cost about $100 billion yr
-1

 to 

supply the additional fertiliser to provide the N-component of SOM to sequester 10% of 

global fossil CO2 emissions (assuming 60% efficiency of applied N:stored N).  For Australia 

to sequester 10% of her annual CO2 emissions into soil would require $2 billion yr
-1

 for the 

additional N-supply alone. 

 

In addition, an effective program of purposeful soil C-sequestration faces numerous questions. 

Some issues requiring resolution for carbon sequestration into soil to become a significant and 

documentable sink for atmospheric CO2 are:  

1. By what management actions can a land owner induce an increased soil C sink 

2. At a project (i.e. land-owner) level, how accurately can it be known how much C has been 

sequestered annually as a result of the purposeful actions to alter the soil C stocks? 

3. What are the financial and opportunity costs of inducing a soil C sink and determining 

that carbon sequestration has occurred, compared with any likely rate of remuneration? 

4. How can losses and gains of soil carbon on projects resulting from wind and water erosion 

be measured and dealt with in any reward system? 

5. Once the soil carbon increase has plateaued as a result of a change in land use practice on 

a project (ie no further annual C sink) what reward system will be needed to induce the 

future owners to maintain soil carbon at the elevated level indefinitely?  

 

Only a few of these can be expanded here.  For the dominant potential land-type for soil C 

sequestration in Australia – viz. rehabilitation of rangelands - the evidence is highly uncertain 

as to by how much ―degraded‖ rangeland has depleted soil carbon and by what change in 

management soil C could be increased (Gifford 2010). There is no objective quantification of 

the areas of Australia that are degraded, not even an agreed definition of ―degraded‖.  

―Degraded rangeland‖ includes huge areas of ―woody weed thickening‖ which involves 

increased aboveground, and possibly soil, C stocks (Gifford and McIvor 2009).  Owing to the 

extensiveness and variability of rangelands, the cost of ascertaining for a project the baseline 

(reference) soil C stocks and annual changes to calculate annual sequestration for 

remuneration purposes is large. This is in addition to other costs, such as the N-fertiliser 

needed (about $130 for N-fertiliser per t soil C sequestered), and any reduced production from 

the land.   Costs to the landholder could exceed likely remuneration via a market price on 

carbon for the foreseeable future.  
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The potential role of forestry in mitigating climate change, though substantial, has been 

largely overlooked in recent Australian climate change policy. As a result, the cost to society 

of achieving emissions abatement objectives may increase. Critical to understanding the 

importance of forestry is recognition that forest products are renewable, and that actively 

managed forests deliver both wood and non-wood products. 

 

Forestry can play many roles in mitigating climate change, through preserving existing carbon 

reservoirs, sequestering carbon in biomass, soil and wood products, and providing products 

that reduce fossil fuel emissions. Besides their contribution to mitigation targets, sustainably 

managed forest systems can help meet other objectives including biodiversity conservation 

and water management. 

 

To quantify the climate change impacts of forestry, we must consider the entire forestry 

system: the carbon dynamics of the forest, the life cycle of wood products, and the 

substitution benefit of biomass and wood products. When we quantify the potential benefits 

from changing forest management, we must, similarly, consider the system as a whole, 

including impacts resulting from indirect land use change and product substitution. 

 

Native Forest management 

Australia has 23 M ha of native forest managed for conservation and 9.4 M ha sustainably 

managed for production. These forests are estimated to contain in excess of 12,000 Mt carbon 

(C). In 2009/10, 2.5 Mm
3
 of saw or veneer logs and 3.8 Mm

3
 of pulp logs were harvested 

from Australia‘s production forests. The net amount of carbon sequestered by managed native 

forests in 2005 was 17.8 Mt C, equivalent to 65 Mt CO2 (Australia‘s State of the Forests 

Report 2008). 

 

There is pressure to cease harvesting native forests, as a climate change mitigation measure. 

In the short-term, not logging a forest leaves more biomass standing than if it was harvested. 

However the consequences of that decision for forest carbon stocks in the longer term, and for 

the supply of forest products, need to be considered. 

 

A forest managed for sustainable production is in a dynamic equilibrium between growth and 

harvest. It is managed to minimise disturbance from fire and to maximise production of 

targeted end products.  This management approach maintains a high rate of carbon 

sequestration. If harvest ceases, the forest will track toward a new dynamic equilibrium, 

reflecting the potential carbon carrying capacity of the forest type on the site, which is 

determined by climatic and edaphic factors that underpin the net ecosystem productivity, and 

by the influence of disturbances, such as fire, that influence the net biome productivity.  It will 

take many decades, if not centuries, to reach this new equilibrium. Disturbance – particularly 

fire – will limit the proportion of forest area that attains the potential carbon carrying capacity. 
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Sawn hardwood products obtained from Australian native forests are highly specialised 

products that cannot be replaced from the existing plantation estate in Australia.  

Discontinuation of supply of native forest timbers, should the production forests be converted 

to conservation, would increase demand for imported sawn hardwood products or non-wood 

equivalents. 

 

Australia currently imports 90,000 m
3
 sawn hardwood products per annum, largely from SE 

Asia (80%). In contrast to Australia, many of the forestry operations in the Pacific and SE 

Asia apply unsustainable harvest rates, or result in deforestation. Deforestation in South Asia 

is estimated to have contributed 357 Mt greenhouse gas (GHG) emissions per annum during 

2000-2007. Thus any increase in demand for imported hardwood is likely to lead to increased 

GHG emissions through loss of biomass and soil carbon stocks. We estimate that cessation of 

logging in NSW native forests would result in 300,000 to 750,000 t net GHG emissions per 

annum, due to increased use of imported hardwoods from SE Asia. Besides the carbon cost, 

there is also a significant biodiversity cost from transferring production overseas. 

 

Part of the unmet demand for hardwood timber would be satisfied by use of alternative 

building products, such as steel in high strength structural applications, steel fencing and 

ceramic tiles or carpet floors– each of which has a GHG burden 5.6 to 8.5 times greater than 

its hardwood equivalent. 

 

Thus, when considering the role of native forests in climate change mitigation, we need to 

weigh up the potential for increasing carbon stock in forests through cessation of harvest, with 

the likely ―leakage‖ through increased deforestation offshore, reduction of long-term carbon 

stores in wood products and increased emissions from manufacture of GHG-intensive 

building products. 

 

We should focus on the potential to modify current forest management to increase the average 

carbon stock in the forest, while continuing to supply wood products and improve biodiversity 

outcomes. 

 

Reforestation 

There is significant potential for abatement through reforestation of land that has previously 

been cleared for agriculture. Carbon sequestration of a planted forest is a function of site 

productivity and forest management. Practices that maximise carbon sequestration are those 

that enhance forest growth: species selection, site preparation, weed management and targeted 

use of fertilisers. Reforestation of degraded land will enhance soil carbon stocks as well as 

biomass stocks. 

 

Reforestation may comprise ―environmental plantings‖ using diverse local species, not 

intended for harvest, or may alternatively be a commercial-style plantation, which can include 

mixed species. The former often involves minimal site preparation, and establishment from 

seed, while the latter usually involves intensive site preparation and the planting of seedlings. 

The latter approach achieves greater rates of carbon sequestration, but is more expensive, so 

will only be undertaken where there is expectation to harvest for a commercial product. 

 

Short rotation plantations (typically 10 years) managed for wood-fibre production will have a 

lower average carbon stock, across successive rotations, than long rotation (e.g. 35 years) 

plantations managed for sawn timber production. 

 

The mitigation benefit through reforestation of a particular site is finite – determined by the 

difference in long term average carbon stock between the forest system and prior land use. 
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However, the net mitigation benefit of reforestation projects can be increased through 

utilisation of forest biomass for wood products that displace GHG-intensive building 

materials and/or through provision of biomass for bioenergy, providing ongoing benefit 

through avoidance of fossil fuel emissions. 

 

Planted forests can be integrated with agricultural enterprises, providing benefits to 

agricultural production, such as through provision of shade and shelter, and income 

diversification.  When sited strategically within the catchment to reduce salt export and 

manage deep drainage, reforestation can mitigate dryland salinity, protecting productivity of 

agricultural land. 

 

Integration of trees into agricultural landscapes can have positive impacts for biodiversity 

conservation by promoting the return, survival, and expansion of native plant and animal 

populations. Planted forests can provide important linkages between native vegetation 

remnants and act as corridors for migration, contributing to species‘ adaptive capacity. 

 

While the biodiversity value may be greater for environmental plantings, sequestration rate 

will be higher for production forests. When combined with the benefits from carbon storage in 

products, and substitution value of wood products for alternative building materials, the 

abatement is considerably greater from a production forest than an environmental planting. 

Furthermore, the greater financial return from a production forest, if carbon offset payments 

are also available, will make this a more financially attractive option, leading to greater 

implementation of this land use change and thus greater total abatement than would be 

achieved through environmental plantings. 

 

Conclusion 

Forests could play a significant part in climate change mitigation, particularly when managed 

for production of wood and non-wood products including biomass for bioenergy. When 

quantifying the climate change impacts of alternative forest management options it is critical 

to consider the whole forest system, including indirect impacts of management decisions in 

order to reduce the risk of perverse environmental outcomes. 
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Mitigation of climate change means activities that reduce the stock of CO2 in the atmosphere. 

In the forest sector this can be achieved by both reducing emissions and increasing removals. 

The main mitigation activities are: (1) avoiding emissions to the atmosphere by maintaining 

long-term terrestrial carbon stocks in biodiverse natural ecosystems; and (2) allowing the 

removal of CO2 from the atmosphere through carbon sequestration from planting on 

previously cleared land and/or allowing degraded natural and semi-natural forests to regrow 

without human disturbance. 

The potential for the land sector to sequester carbon should be examined in the context of the 

global carbon cycle, that is, there is a fixed amount of carbon in the Earth system and it is 

either in fossil deposits, the ocean, the atmosphere or terrestrial ecosystems such as forests. 

Carbon has been emitted from the land sector as a result of clearing of vegetation and 

disturbance of soils and this has added to the stock in the atmosphere. Removals of carbon 

from the atmosphere by the land sector currently represent re-filling the buffer of the original 

carbon stock. It should not be considered as an offset for fossil fuel emissions because the 

carbon debt from clearing vegetation needs to be repaid. Furthermore, it will not be possible 

to completely refill the buffer by revegetating all areas that have been cleared because there is 

demand from the population for food, fibre and fuel (West et al. 2010). Sequestration by the 

land sector has a saturation level that is dependant on the area of land, availability of water 

and nutrients and the productive capacity given the environmental conditions of the site. 

Given the need for deep and rapid cuts in emissions to prevent dangerous climate change, 

mitigation activities in all sectors are important but should not lessen the incentive to reduce 

fossil fuel emissions. This ―lessened incentive‖ was, in fact, the unfortunate outcome of 

including LULUCF in the Kyoto Protocol where land carbon sinks were used as offsets after 

the 5% emission reduction target had been agreed upon, resulting in the actual target being 

reduced to an average of 2% (Höhne et al. 2007). Mitigation activities in all sectors are 

required to achieve the internationally agreed goal of stabilising atmospheric CO2 

concentration at a level that should avoid a greater than 2 ºC rise in temperature. 

To avoid future perverse out comes from mitigation actions (i.e. where the climate change 

problem is made worse by inadvertently increasing emissions) a comprehensive carbon 

budgeting approach is needed to assess the carbon mitigation impact of forest management 

activities. Carbon sequestration represents net biome production (NBP) which accounts for 

uptake of carbon by photosynthesis (Gross Primary Production, GPP), less carbon emissions 

through autotrophic respiration (Ra) (= Net Primary Production, NPP), less emissions through 

heterotrophic respiration (Rh) (= Net Ecosystem Exchange, NEE), less emissions due to 

disturbance (= NBP). The pattern of NEE is initially negative after harvesting, increases 

rapidly reaching a peak positive NEE, and then declines slowly but remains positive (Gough 

et al. 2008). Carbon sequestration based on tree growth rates is only accounting for NPP. For 

example, plantation forests may have higher NPP than environmental plantings, but also have 

higher Rh due to soil disturbance, and have greater external energy inputs on a continuing 

basis. Sequestration would only be greater in a plantation forest if the wood products had a 

greater lifetime than that of the environmental plantings plus compensated for the external 

inputs. Environmental plantings are a permanent sink because they are self-regenerating and 

the total ecosystem stock is relatively stable over very long periods of time. The corollary is 
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that the quality of a given land carbon stock is critical, in particular, its longevity and 

resilience. 

A comprehensive carbon budget must include all pools and fluxes in a forest management 

system, such as the loss of carbon from clearing the primary forest, loss of soil carbon and 

accelerated rates of respiration from disturbance, accelerated decomposition of biomass left as 

slash, the shorter lifespan of trees in a harvested forest, losses of biomass during processing, 

longevity of wood products compared with the living and dead biomass, external inputs of 

fertilizers, herbicides, pesticides, transport and processing. Modelled outputs of carbon stocks 

stored within ecosystem components of Mountain Ash forest show that 100 years following 

timber harvesting the ecosystem carbon stock is only 70% of the original. Less than a third of 

harvested native eucalypt forest is used for sawlogs (ABARE 2008), and of this timber 

approximately 37% ends up in long term products with a lifetime of 44 to 90 years (Jaako 

Poyry 1999, Ximenes et al. 2008). Hence, the longevity of carbon stocks in products is less 

than that for standing trees in the forest. The greatest potential for carbon sequestration is to 

allow forests to regrow and store carbon in the living and dead biomass and soil. 

Natural disturbances such as fire result in some emissions of CO2 from forests of any age, but 

are greater in regrowth forests than in old growth forests. Evidence from the 2009 Victorian 

wildfire shows that fire severity was greater in areas of regrowth forest than old growth forest, 

because stem density is greater, large amounts of coarse woody debris occur on the ground 

from slash and dead stems due to self-thinning, and the microenvironment is drier 

(Lindenmayer et al. 2011, C. Taylor University of Melbourne pers. comm.). A wildfire 

combusts the leaves and twigs, fine litter layer, a proportion of the coarse woody debris, some 

bark, and some surface soil organic matter. The majority of the carbon stock remains on the 

site as trunks, coarse woody debris and soil carbon. Furthermore, the majority of the carbon 

pools that are combusted are those that turnover rapidly in the undisturbed carbon cycle; 

whereas the carbon pools of greater longevity (i.e., large old trees, coarse woody debris, soil 

carbon) remain on site. 

Conclusions 

1. Protecting and regrowing natural and semi-natural forest ecosystems is important for 

climate change mitigation and provides co-benefits for other ecosystem  services 

including fresh water supply and biodiversity. 

2. Assessing the value of carbon mitigation activities must be based on a comprehensive 

ecosystem-based carbon accounting system that quantifies benefits to reducing the 

atmospheric stock. 

3. The quality (longevity, resilience) of carbon stocks is critical in assessing the climate 

change benefits of mitigation activities. 
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A number of proposals have been made for capturing and storing carbon dioxide as a 

mitigation option, some of which might be regarded as ‗geoengineering‖, whilst others are 

focussed more realistically on preventing the CO2 entering the atmosphere in the first place. 

It is possible to chemically remove CO2 directly from the atmosphere; for example we have 

been chemically removing CO2 from the atmosphere of submarines and space shuttles for 

many years. But it has never been attempted at a large scale and at this stage, the technical 

and cost barriers of trying to apply this approach at a global scale are quite unrealistic. Despite 

this, the option is receiving some attention. One technology suggested is the ‗soda-lime‘ 

process which involves passing air through a sodium carbonate solution and then a calciner, 

to separate out the CO2, which can then be stored. But the scale that would be required to 

decrease the concentration of CO2 in the atmosphere by just a few parts per million is almost 

inconceivable because of the low levels of CO2 and the immense volumes of air that would 

need to be processed. Another proposal is to enhance the rate of weathering: in the geological 

weathering cycle, CO2 reacts with rocks rich in silicates to form carbonate minerals. The 

process is very slow, but could be speeded up by grinding suitable rocks (such as 

aluminosilicates) to a very fine reactive powder. However, the cost of finely grinding large 

quantities of rocks would be enormous; there are potential health and environmental problems 

with finely ground aluminosilicates; and there would be major challenges in handling massive 

quantities of rocks and the resulting minerals. Enhancement of weathering rates to decrease 

atmospheric CO2 is very unlikely to work at scale or at a realistic cost. So for the most part, 

rather than developing a strategy that focuses on ‗geoengineering‘, it is much more sensible to 

focus on preventing man-made carbon dioxide from entering the atmosphere in the first place, 

by the application of carbon capture and storage. 

Carbon dioxide can be captured from major stationary sources (power stations, gas processing 

plants, chemical plants etc) using a range of techniques and this is happening now at scale in a 

limited number of instances. It can then be transported by pipeline to a suitable site where it 

can be stored. It has been suggested that carbon dioxide can be injected into the deep ocean 

and whilst it is true that about one third of the excess CO2 in the atmosphere is eventually 

dissolved in the ocean, there is a great deal of opposition to ocean storage for good 

environmental reasons. CO2 can be taken up by algae in massive algal ponds and then the 

algae can be used to produce valuable products such as animal feed or liquid fuels. This can 

be useful as a way of offsetting  costs, but it does not result in long term storage of carbon or 

that  any significant decreases in global CO2 emissions will result from algal storage. 

A much more realistic option is geological storage, a process that is already being used in 

various parts of the world and has been successfully tested at pilot scale in Australia. 

Geological storage involves injection of dense liquid carbon dioxide into suitable porous and 

permeable rocks overlain by impermeable rocks, at a depth of 800m or more, where it will 

remain trapped for thousands to millions of years. A key component in the successful 

application of CCS, is to have the right geology and this in not found everywhere. 

Nonetheless there are sedimentary basins in many parts of the world which have the right 

geological characteristics to provide opportunities for geological storage. Consideration is 

also being given to storage in basalts and work is underway into this option in the United 
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States and also in Iceland though the the most promising storage potential appears to be in 

deep saline aquifers and to a lesser extent in depleted oil and gas fields. Total storage capacity 

is in the range of thousands of Gt CO2 (2005 Special Report of the IPCC) and recent work 

supports this figure. Global CO2 emissions are of the order of 30 Gt CO2 per annum of which 

13 Gt are from stationary sources (i.e. sources potentially amenable to CCS). Thus it appears 

that conservatively the global geological storage potential is likely to be adequate to mitigate 

100 years of global stationary CO2 emissions at existing emission rates, and perhaps far more. 

For as long as society chooses to use fossil fuels, CCS will be critical component of the 

mitigation portfolio 
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Carbon Capture & Storage – Geological 
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Conventional wisdom has it that coal and gas will be the mainstays of our domestic energy 

supply and exports for decades to come, and hence crucial to the health of the Australian 

economy.  The main proponents also supposedly subscribe to the view that global warming is 

a serious issue requiring urgent action if potentially catastrophic impacts are to be avoided. 

 

Coal is arguably the most critical factor in solving the global warming dilemma.  It is the 

largest, cheapest and most widely available fossil-fuel resource, but has the worst 

environmental impact, with emissions theoretically double that of gas per unit of energy.  

Unless means can be found to capture and store those emissions securely, the coal industry 

worldwide will have to shut down rapidly to achieve required emission reductions. Geological 

Carbon Capture and Storage (CCS) is seen as the means of securing coal‘s long-term future, 

to the point where it has become an unquestioned article of faith on the part of industry and 

government.  Substantial investments are being made in research and development of CCS, 

with high emission facilities, such as power stations, being built ―carbon-ready‖ so that CCS 

technology can, in theory, be added as soon as it is available. 

 

Unfortunately that faith looks increasingly misplaced.  CCS is established technology in the 

oil and gas industry where it has been practiced safely for decades by storing carbon dioxide 

in the reservoirs from which it was originally extracted with the oil and gas.  However, 

sequestering carbon emissions on the scale now required by the climate science means the 

establishment of an industry larger than the world oil industry, storage in geological 

formations that have never demonstrated the security and stability of oil and gas reservoirs, 

solving substantial reservoir engineering problems and, unlike oil and gas practice, 

transporting the material large distances from source to storage with no economic benefit.  

Much of this has to be done at scale in less than two decades to have any real impact on the 

global warming problem.  At present there are only five commercial scale projects worldwide, 

none in the critical power generation area, and technical progress is painfully slow.  The IEA 

have highlighted the need for 100 projects by 2020, 800 projects by 2030, and 3,400 projects 

by 2050; an extremely demanding target representing an investment to 2050 of around US$3 

trillion. 

 

Gas, whether as Liquified Natural Gas (LNG), Coal Seam Gas (CSG) or unconventional gas 

from shale beds, is increasingly favoured as a transition fuel to the low-carbon economy, 

replacing coal.  However extensive use of gas has some unexpected consequences. Coal 

burning emits not just carbon, but also aerosols, tiny particles suspended in the atmosphere 

which have a cooling effect. Cleaner-burning gas does not emit aerosols, so if coal use drops, 

to be replaced by gas, the level of aerosols drops correspondingly and hence the cooling effect 

reduces. A further negative factor is the potential leakage of methane from gas operations, 

with its greater warming effect than CO2. So the net effect of increasing gas use may be a 

relative increase, rather than decrease, in global temperature compare to coal. If dangerous 

warming is to be avoided, CCS will be equally necessary for gas, as well as for emissions 

from industrial processes such as steel and cement. 

 

But it is doubtful CCS will provide a panacea at scale for either coal or gas.  Research should 

be accelerated to an emergency footing, but given the global warming risks now emerging, 
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and the slow progress with CCS, objectivity is needed - it is an extremely dangerous strategy 

to place most of our eggs in this basket as Australia has been doing, and it is irresponsible to 

lock-in the construction of new high-emission facilities, ―carbon-ready‖ or not, before the 

viability of the technology is assured. 

 

Given that CCS is an existential technology for both coal and gas, it is of particular concern 

that industry players do not seem committed to invest in the technology at the speed required, 

and simultaneously attempt to prevent the introduction of carbon pricing which would speed 

its commercialization.  Which suggests that those players do not yet understand – or want to 

understand - that global warming risks now require an emergency response.  Similarily with 

the lack of continuity and consistency in government policy. 
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Carbon dioxide is sequestered in the ocean by a combination of physical, chemical and 

biological processes.  Understanding their differences is important to the evaluation of 

possible options to increase uptake.  Physics determines the rate of air-sea exchange and 

subsequent transfer to the ocean interior by the circulation.  Chemistry, specifically the 

alkalinity of seawater, determines the total amount of CO2 which can dissolve.   Biology 

transforms the dissolved CO2 into organic matter via phytoplankton photosynthesis, and 

transfers some of this to the ocean interior before it can be transformed back to CO2 by 

bacterial respiration - a combination of processes referred to as the biological pump.  Prior to 

the increase in anthropogenic emissions, chemistry and biology were the major influences on 

atmospheric CO2 levels, but the short-term response to the present CO2 increase has been 

controlled by chemistry and physics. 

 

Each of these aspects of oceanic CO2 uptake is, in principle, amenable to manipulation, and 

the current magnitudes of oceanic uptake provide a first guide to their possible scope. In 

rough terms, the gross exchange between the atmosphere and ocean is ~100 GTC/year 

gigatonnes carbon per year (GTC/yr), with about 10% of this transferred to the deep sea by 

the biological pump, and the rest by physical circulation.  Thus the physical pathway is large, 

and the biological pathway similar to our emissions of ~8 GTC/year.   But the current net 

oceanic uptake, i.e. the uptake of anthropogenic CO2, is only ~2 GTC/year, and is the result of 

increased solubility in response to higher atmospheric partial pressure of CO2 coupled with 

the ongoing physical circulation that carries this gas into the ocean interior. 

Anthropogenically forced climate warming, changes in circulation, or biology are secondary 

effects that modify this by ~10%. 

 

Increasing physical uptake requires the acceleration of circulation, particularly vertical 

circulation, to bring deeper waters into contact with the newly elevated levels of CO2 in the 

atmosphere.  Atmocean, Inc. has demonstrated tubular structures that use wave energy to 

enhance vertical circulation, but the approach appears limited to very small regions where the 

effect is not countered by the presence of high deep ocean CO2 contents emplaced by the 

biological pump. 

 

Increasing the chemical solubility is possible by the addition of alkaline substances, e.g. lime 

or limestone, and is sometimes referred to as enhancement of chemical weathering.  This both 

increases the uptake and the fraction of the total emitted CO2 that is retained by the ocean.  

The Cquestrate organisation has suggested that Australia has sufficient limestone reserves to 

undertake this approach.  However, it requires that similar amounts be added to the amount of 

CO2 to be sequestered, and addition of limestone requires either an ‗end-of-pipe‘ carbon 

capture and storage approach, or the dissolution in deep rather than surface waters.  This 

approach could be the most environmentally benign but the costs appear formidable.  Projects 

for which limestone removal is necessary for other reasons might enable and motivate 

experimentation on aspects such as the ability to deliver alkalinity to the ocean without 

deleterious local impacts. 

 

In principle, the oceanic biological pump can be increased by amplifying organic carbon 

production, or by transferring it deeper into the ocean or into chemical forms that are resistant 

to respiration back to CO2.   Work on understanding the controls on the depth of transfer and 
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the production of long-lived chemical forms (i.e. a marine equivalent to terrestrial ―biochar‖) 

are in their infancy.  [Open ocean experiments to determine the ability of small amounts of 

―ballast‖ minerals to enhance export appear warranted.] Study of fertilisation of the initial 

step of increased phytoplankton production is much more advanced.  More than a dozen open 

ocean fertilisation experiments have been carried out, with many producing increased surface 

biomass.  Most of these have focused on iron as a limiting micro-nutrient, because this is 

expected to yield the most carbon sequestration per amount of material added. 

 

Iron fertilisation is possible only in regions in which other nutrients are currently under-

utilised.  The Southern Ocean is the largest of these and its proximity to Australia means 

motivates close attention to international activities. Demonstration of increased carbon export 

to the ocean interior has been difficult to achieve in iron fertilisation experiments, but is clear 

in studies of naturally iron rich waters.  It appears that iron fertilisation of the entire Southern 

Ocean might be able to achieve at best ~1 GTC/year sequestration.  Whether this is a large or 

small number depends on whether it is compared with the scale of emissions (~10x larger) or 

with other individual CO2 removal technologies (e.g. it is similar to global reforestation to 

pre-industrial levels).  An important aspect of fertilisation schemes is that the duration of 

sequestration depends on the residence time of the added nutrient – which is millennia for 

macro-nutrients but only decades to centuries for iron. Crucially, the assessment of the 

capacity of fertilisation depends on understanding nutrient stoichiometry in marine 

ecosystems – i.e. the extent to which carbon removal is tied to the availability of other 

nutrients.  This is poorly known and requires concerted experimentation to determine if high 

C sequestration per unit fertiliser might be possible.  The Scientific Committee on 

Oceanographic Research Working Group 134 has suggested from a preliminary review that 

virus-bacterial interactions may be a key determinant of stoichiometry and also the formation 

of recalcitrant carbon compounds. 

 

Continued Australian leadership in Southern Ocean iron fertilisation and biological pump 

research is possible, but institutional mechanisms need renewal.  ―No regrets‖ experiments 

that yield information for basic climate and ecosystem science as well as evaluation of 

geoengineering are the highest priority.  Exploitation of naturally fertilised waters is a low 

risk strategy, but artificial fertilisations and other perturbation experiments are also likely to 

be useful. The author has contributed to the formulation of the International Maritime 

Organisation assessment guidelines for ocean fertilisation research and is a member of the 

ISIS consortium promoting In-Situ Iron Studies. 
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Three major methods have been proposed to enhance oceanic CO2 uptake: (a) accelerating 

circulation, especially vertical circulation, (b) increasing CO2 solubility by increasing 

seawater alkalinity by the addition of lime or limestone, and (c) enhancing photosynthetic 

fixation of CO2 by the phytoplankton by fertilisation either with iron or other nutrients and 

transfer of the phytoplankton to deeper layers and the benthos by settling. Of these, ocean 

fertilization, especially by iron, has attracted the most attention, although most of the trials so 

far have been relatively small scale and very short term. 

 

Changing ocean chemistry by either providing critical limiting nutrients to enhance 

phytoplankton growth or directly enhancing the CO2 flux into the ocean will affect the 

metabolism of phytoplankton and other organisms directly and/or affect food webs and the 

ecosystems overall. These effects will vary with location as well as the time of the year 

(climate) and caution is to be recommended for this to be a large-scale and long-term partial 

solution to the continued increase in anthropogenically-produced global CO2. For example, 

the addition of lime or limestone will change both the water pH and the carbonate alkalinity 

affecting phytoplankton photosynthesis by changing the availability of CO2 and HCO3
-
, and 

calcification by the calcareous plankton, most likely enhancing both processes. Enhanced 

calcification, in turn, may lead to acidification of the water. Supply of limiting nutrients (e.g., 

Fe in Fe-deficient waters such as the Sub-Arctic and Equatorial Pacific and the Southern 

Ocean,) leads to increased phytoplankton growth as has been shown in many manipulative 

and natural experiments. This increased phytoplankton productivity provides more food for 

herbivorous zooplankton and other organisms in the food web. The increased organic matter 

also provides nutrients to the microbial food web, especially deeper in the water column and 

this may lead to deoxygenation and the production of N2O and methane. Continued 

stimulation of algal growth Fe fertilisation will ultimately also lead to a decline in N and P in 

the surface waters as these nutrients are transferred to the deeper layers by the sinking of the 

algal biomass creating a new nutrient deficiency for phytoplankton. 

 

Which algae species will be most enhanced by these processes is also not well understood, 

and will vary. In the Fe-fertilisation experiments so far diatoms have been most enhanced. If 

for example, the dimethysulphide (DMS)-producing algae such as the coccolithophorids or 

Phaeocystis the enhanced DMS emissions could potentially enhance the climate mitigating 

effects of ocean fertilisation by leading to increased cloud formation and increasing the 

earth‘s albedo. 

 

Clearly the long-term effects, positive or negative, of these options for enhancing ocean CO2 

uptake on oceanic ecosystems are not understood. There is considerable evidence that 

environmental forcing associated with climate variability and/or change can alter 

phytoplankton community structure and indirectly impact on higher trophic levels. Long-term 

ocean fertilisation also can be expected to have similar effects. There is therefore the need for 

longer term experiments and more detailed monitoring. 
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Introduction 

Concentrations of greenhouse gases (GHGs) in the Earth‘s atmosphere continue to rise as a 

result of anthropogenic activities. The resultant changes in the radiative balance of the 

atmosphere have affected climate to date, and much larger changes are projected for the 

future. Most countries now recognise the need for action to avoid dangerous anthropogenic 

interference with the climate system. However, the short-term costs associated with reducing 

present day emissions are considered by many policymakers to be prohibitively high and 

therefore politically unpalatable. There is growing pressure to consider stop gap measures that 

will mitigate the effects of accumulating GHGs in the atmosphere while alternative low-

carbon technologies are developed. Solar radiation management (SRM) through stratospheric 

aerosol enhancement (SAE) has been proposed as one such approach. 

 

SRM by forced injection of sulfate aerosols into the lower stratosphere cools the climate by 

reflecting incoming solar radiation. The same process occurs after large volcanic eruptions 

and so in one sense this approach seeks to replicate post-volcanic eruption conditions, 

although steady increases in stratospheric aerosol loading would be required to offset the 

effects of ever increasing GHG concentrations. Such an approach need not necessarily use 

sulfate aerosols and some of the disadvantages of SAE listed below might be circumvented by 

using different particles. However, injecting e.g. SO2 or H2S into the lower stratosphere is 

currently the only economically/technologically feasible approach and so is the only approach 

considered here. The most cost effective method of delivering sulfur to the lower stratosphere 

would be a custom built fleet of aircraft, although rockets, aircraft/rocket combinations, 

artillery and balloons have all been suggested. 

 

SAE acts on very different time-scales to increases in GHG concentrations. Because of its 

long atmospheric lifetime, a unit mass emission of CO2 imposes a radiative forcing on the 

climate for many decades committing the global economy to a multi-decade programme of 

SAE. On the other hand there may be economic incentives for implementing a SAE 

programme e.g. by claiming GHG emissions credits through any international protocol where 

such offsetting is permitted. 

 

Advantages of solar radiation management over other proposed geoengineering schemes 

 Effective: There are no technological barriers to implementing SAE and no inherent limit 

in its ability to mitigate a change in global temperatures. 

 Affordable: Some tens of billions of US$ annually, although this does not include the 

environmental costs of implementing the programme. 

 Reversible: If unforeseen side effects of SAE become apparent, or if SAE is no longer 

required (e.g. because atmospheric GHG concentrations are reduced through other 

policies), it can be halted quickly; the e-folding time for stratospheric aerosols is about 

one year. 

 Timely: With the necessary financial investment, SAE could be implemented within the 

next years to a decade. 

 Photosynthesis: An increase in stratospheric aerosol loading reduces direct incoming 

solar radiation and increases scattered, indirect radiation. This change in the direct/diffuse 

ratio allows plant canopies to photosynthesize more efficiently thereby increasing their 

capacity as a carbon sink. 
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 Tuneable: It may be possible to inject aerosols only into one region of the stratosphere 

(e.g. the high latitudes) and only during certain months of the year to fine-tune the effects 

on surface climate. 

 

Disadvantages of solar radiation management through stratospheric aerosol 

enhancement 

 Ozone depletion: Stratospheric sulfate aerosols provide surfaces for heterogeneous 

chemical reactions that destroy ozone. 

 Regional climate change: Because SRM modulates incoming short-wave solar radiation, 

as opposed to GHGs which modulate outgoing long-wave terrestrial radiation, the 

diurnal, seasonal and spatial pattern of the radiative forcing change through SRM is quite 

different to that resulting from atmospheric accumulation of GHGs. A particular issue 

here is changes in the hydrological cycle resulting from temporal/spatial mismatch in the 

radiative forcing patterns of stratospheric sulfate aerosols and GHGs. 

 Continued ocean acidification: CO2 emissions would likely continue and because about 

half of excess CO2 in the atmosphere is taken up by the ocean, progressive ocean 

acidification will threaten ocean biology. 

 Whitening of the sky: By scattering incoming solar radiation in a way very different to 

Rayleigh scattering, aerosols in the stratosphere would whiten the sky. 

 Reduced solar power generation: While the total surface irradiance would decrease by 

only 1.5-2%, the change in the direct/diffuse ratio will significantly reduce solar power 

generation from many facilities that rely on focussing direct beam irradiance. 

 Exit strategy: If maintaining a SAE programme becomes economically prohibitive and is 

abruptly terminated, extremely rapid warming would follow. Many ecological systems 

are as sensitive to the rate of warming as to the magnitude of the warming. 

 Control: Because the effects of SAE will be regionally different, how will the optimum 

level of stratospheric aerosol loading be determined? Should the parties funding the 

programme have the freedom to optimize their climate at the expensive of others? 

 

Conclusions 
The potential advantages and disadvantages of geoengineering through SAE detailed above 

all assume that the tools that we have at our disposal to assess the likely consequences of 

geoengineering are adequate for the task. It is possible, and maybe even likely, that this is not 

the case. The interconnectedness of atmospheric processes may introduce some surprises e.g. 

continued increases in CO2 concentrations would accelerate the Brewer-Dobson circulation 

which would speed the ‗flushing‘ of the stratosphere and hence reduce residence times for 

aerosols in the stratosphere. Assessments of the Earth system models used to assess the 

consequences of different geoengineering actions are currently underway. Once these 

assessments have been completed we will better understand the shortcomings of the models. 

Additional research should then lead to improvements in the models. Once this research → 

model development → model assessment process has been iterated a few times, we should 

have greater confidence in their projections of the consequences of intentional stratospheric 

sulfate aerosol enhancement. This will take time. However, the complexity of the issue has 

resulted in the timing of the needs of international policymakers vastly exceeding the speed at 

which the scientific community can provide robust information. 
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The explosive volcanic eruptions of Agung, El Chichón and Mount Pinatubo all injected large 

quantities of SO2 into the stratosphere. The Mount Pinatubo eruption injected 10 TgS, which 

resulted in a global decrease in temperature of 0.5 K. The impact of stratospheric sulfate 

aerosol enhancement on temperature can generally be well simulated with climate models: 

cooling throughout the troposphere and warming in the stratosphere. However, important 

modelling deficiencies have been identified i.e. current climate models of volcanic 

perturbations poorly simulate the observed temperature variations in the tropical and polar 

lowermost stratosphere. These regions are of particular interest as ozone has been decreasing 

there in the last decades. Ozone has a positive feedback on the local temperature and ensuring 

ozone is realistic is vital for chemical - climate system modelling
1
. 

 

There have been few studies to date on the implications for ozone resulting from the 

deliberate introduction of SO2 to the stratosphere. In one study, the response of ozone to 

increased stratospheric aerosol loadings was decreased ozone everywhere. However, another 

study, considering other variables (i.e. varying CFC/Halon loadings and temperature 

feedbacks) found that sustained SO2 injections would lead to increases in tropical ozone due 

to weaker tropical upwelling and a slowing down of the Brewer-Dobson Circulation. 

 

The differences seen by these studies highlight the challenges that the modelling community 

faces in assessing the impacts of proposed solar radiation management (SRM) through 

deliberate stratospheric sulfur injection. To model artificially increasing sulfate aerosol 

requires chemistry climate models (CCMs) capable of modelling accurately: 

 

 stratospheric ozone 

 stratospheric aerosol 

 the tropical tropopause region 

 tropical convection 

 cloud microphysics 

  

These modelling areas all produce radiative, temperature and chemical feedbacks that 

implicitly impact the other areas. To date, CCMs have not addressed these modelling 

challenges
2
 to the precision that is required to answer the questions posed by stratospheric 

aerosol enhancement SRM. This talk highlights lessons learnt from volcanic eruptions and 

model improvements required to bridge current capability gaps in the assessment of SRM 

scenarios. 
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One geoengineering proposal aims to counteract the positive radiative imbalance due to 

elevated greenhouse gas concentrations by increasing the reflectivity of marine clouds. 

Specifically, it has been proposed to use automated ships to spray droplets of seawater into 

the marine boundary layer, where they evaporate to form an elevated layer of sea-salt 

aerosols.  The aerosols would have a size designed to make them efficient cloud condensation 

nuclei (CCN). They would thus nucleate increased concentrations of cloud droplets in marine 

clouds, thereby increasing their reflectivity (Latham, 1990). Scientific aspects were 

considered by Latham et al. (2008), and associated technological issues were discussed by 

Salter et al. (2008). 

 

At least two groups have used coupled ocean-atmosphere global climate models (GCMs) to 

explore the sensitivity of climate to such a perturbation (Jones et al., 2009; Rasch et al., 

2009). These studies used very different strategies, For example, Jones et al. seeded areal 

extents ranging from 1 to 4% of the ocean surface whereas Rasch et al. seeded areas ranging 

from 20 to 70%. Their modelled responses differed in many respects, e.g., Jones et al. 

simulated a sharp decrease in rainfall over the Amazon, whereas Rasch et al. did not. A 

common feature of both studies is that there were important changes in regional climatic 

features, in addition to the expected amelioration of global-mean warming. In a follow-up 

study, Jones et al. (2011) compared the climatic effects of increasing the reflectivity of marine 

stratocumulus clouds with another geoengineering method (stratospheric SO2 injection). They 

noted that the extent of regional climatic changes depends on the degree of inhomogeneity of 

the radiative forcing produced by each geoengineering method. This is consistent with earlier 

modelling studies of anthropogenic aerosol forcing, in which it was pointed out that a 

substantial part of the climatic response to aerosol forcing is related to the spatially 

inhomogeneous nature of the forcing (Rotstayn and Lohmann, 2002). 

 

Another more process-oriented study used a global aerosol transport model to quantify how 

an imposed flux of sea spray particles affects natural aerosol processes, particle size 

distribution, and cloud droplet number concentrations (CDNC; Korhonen et al., 2010). Using 

spray emission rates comparable to those implied by Jones et al. (2009) and Rasch et al. 

(2009), Korhonen et al. predicted CDNC changes that were relatively small (less than 20%) 

and even negative in some areas. When spray emissions were increased by a factor of five, 

substantial increases in CDNC were achieved; however the authors noted some inadvertent 

effects of the spray emissions on chemical reactions in the seeded regions. 

 

These differences highlight the need for a more systematic evaluation of such seeding 

strategies. Simulations of the global climatic response to any perturbation must be carried out 

using coupled ocean-atmosphere GCMs. Only these models (which include a dynamic ocean) 

are capable of simulating the climatic response in a realistic manner. However, current GCMs 

include very simplified treatments of key processes involving aerosols and aerosol-cloud 

interactions, and some of these processes are still not well understood at the microphysical 

level. Thus there is also a need for process-oriented studies (observations, field experiments 

and fine-scale modelling) to complement any research program based on GCMs.
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It has long been appreciated that marine stratocumulus clouds have a strong cooling effect on 

the Earth‘s climate due to their strong increase to the albedo and their weak change on the 

outgoing long wave radiation. Over 25 years ago Randall et al. (1984) observed that a 4% 

increase in the coverage of stratocumulus clouds would provide enough cooling to counteract 

a doubling of the concentration of carbon dioxide. Moreover, it has also been long appreciated 

that these clouds can readily be manipulated through anthropogenic action. For example, the 

Monterey Area Ship Track Experiment (Durkee et al. 2000) was designed to ―investigate the 

processes behind anthropogenic modification of cloud albedo.‖ 

 

Focusing on an Australian context, we are not located near any large body of sub-tropical 

stratocumulus clouds such as those off the coast of California or Chile. Over the Southern 

Ocean, however, the fractional cloud cover is even greater than such regions; the annual cloud 

cover is commonly above 80% (e.g. Bennartz 2007). Mace (2010) employed CloudSat to 

show that much of this cloud cover comes from clouds with tops below 3 km. These cloud 

systems are of particular importance for the wintertime storms and precipitation across the 

southern portion of Australia. 

 

Climatologically, these clouds are poorly understood. Trenberth and Fasullo (2010) noted that 

the low-altitude clouds over the Southern Ocean are poorly represented in both present day 

reanalyses and coupled global climate models in comparison to other regions of the world.  

Their albedo is sensitive to the emissions of dimethylsulfide (DMS) production from 

phytoplankton (i.e. the CLAW hypothesis) (e.g. Ayers and Cainey, 2007.) The environment is 

highly pristine and mixed heavily through wind shear rather than convection. 

 

We have come to further appreciate that such clouds are commonly composed of supercooled 

liquid water (Morrison et al. 2011). The predominance of supercooled liquid water in these 

clouds suggests that they may be highly sensitive to anthropogenic forcing through the 

emission of ice nuclei. The Hallet-Mossop process of ice multiplication was discovered of the 

coast of Tasmania (Mossop et al. 1970). Further, Tasmania is perhaps the only region in the 

globe to have found a statistically significant response to cloud seeding (Morrison et al. 

2009.) 

 

In this light the low-altitude clouds over the Southern Ocean have the potential to be a unique 

target for geoengineering, although it is completely unclear as to the effectiveness or 

consequences of such a trial. 
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Climate engineering (or ―geoengineering‖) refers to the intentional modification of the 

climate system to reduce the magnitude of human-induced change. This paper considers the 

injection of aerosol precursor material into the stratosphere (solar radiation management, 

SRM), in the context of climate stabilization. Two scenarios are considered. In one scenario, 

the climate is stabilized by mitigation (emissions reduction) alone. In a parallel scenario, it is 

assumed that attempts at mitigation are less successful and that a limited amount of SRM is 

necessary to follow an acceptable pathway to stabilization. Global-mean temperature, sea-

level and precipitation consequences of these pathways are examined. It is shown that, with a 

combined mitigation-climate engineering strategy, the possible detrimental side effects of 

SRM are minimal. For precipitation the side effects may even be positive. These results differ 

significantly from other assessments of the side effects of SRM, which have considered the 

unlikely scenario where SRM is employed as the sole climate amelioration strategy. 
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A key finding of the 2009 Royal Society report Geoengineering the climate: science, 

governance and uncertainty was that geoengineering is not an alternative to reducing 

greenhouse gas emissions but that it should be researched transparently, responsibly and 

internationally as it may be the only option to reduce temperatures quickly in the event of a 

climate emergency. The report also recommended that the scientific and governance 

uncertainties should be explored in greater detail. The Solar Radiation Management 

Governance Initiative (SRMGI), leading on from the report, seeks to advance the international 

governance of geoengineering through the development of guidelines to ensure that SRM 

research is performed in a transparent, responsible and environmentally sound manner. The 

SRMGI is co-convened by the Royal Society, the Academy of Sciences for the Developing 

World (TWAS) and the Environmental Defense Fund (EDF). Some key challenges and 

implications of the governance of SRM research will be considered and the SRMGI project 

will be outlined. 
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Geoengineering and Risk 

Geoengineering technologies are generally described under two broad categories: carbon 

dioxide removal (CDR) and solar radiation management (SRM). CDR methods remove 

carbon dioxide from the atmosphere, for example through ocean fertilisation and carbon 

sequestration in plants and soils. SRM methods increase reflectivity of the atmosphere or the 

surface of the Earth. Examples of SRM methods include injection of aerosols into the 

stratosphere and space-based reflectors.  

 

In general SRM methods are thought to offer potential for (relatively) low cost and large scale 

deployment and rapid impact but linked with high levels of risk including disruption of major 

regional rainfall patterns, delay in recovery of the Antarctic ozone layer, failure to address the 

impact of acidification of oceans, ‗withdrawal‘ risks if greenhouse emissions grow and SRM 

interventions are allowed to decay. Some CDR options are thought to have the potential for 

lower cost than emissions reduction options. However for the land based options, the 

questionable feasibility of large-scale adoption, rising costs as deployment increases and time 

lags in removing emissions could reduce the apparent advantages. Methods to increase ocean 

carbon uptake (ocean fertilization and accelerated upwelling) pose significant risks of 

undesirable ecological effects such as increases in the size of oxygen-starved regions of the 

ocean, changes in geographic dispersion of fish stocks and local climate impacts.  

 

For both SRM and the more radical CDR methods risks of unintended environmental 

consequences would arise not only for implementing countries. Large-scale activities, 

particularly in open oceans and in the upper atmosphere, would have effects that cross 

borders. Implementation also involves free rider issues associated with cost sharing (given 

that the benefits of successful deployment would be global) and coordination issues 

(independent SRM or radical CDR could run risk of ‗overdosing‘ or offsetting interventions). 

This suggests that some level of multilateral or plurilateral governance is required.  

 

Given the risks why is there interest?  

Continuing failures in international emissions reduction effort would raise the risk of 

dangerous climate change with possible sudden and catastrophic consequences. It has been 

suggested that there is a need to have ready emergency responses if catastrophic climate 

change becomes imminent. SRM methods are considered to have potential for emergency 

response because they could be put in place quickly, with relatively rapid cooling effects. The 

difficulty of multilateral negotiations also raises the attractiveness of geoengineering methods 

because they could be implemented unilaterally or by a small group of nations without 

requiring global agreement. A small group of nations might find it easier to agree on 

geoengineering strategies (subject to costs being acceptable) than emissions reductions.  

 

Relevance of existing treaty structures  

The many alternative implementing mechanisms and different risks of CDR and SRM 

potentially trigger a number of existing treaties. None of the existing treaties were established 

with a specific purpose of supporting governance of geoengineering. As a consequence, their 

provisions apply only partial coverage of geoengineering approaches, and where provisions 

are relevant to geoengineering, in their current form they may not provide for practical 

guidance or regulation.  
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The London Convention on the Prevention of Marine Pollution by Dumping of Wastes and 

other Matter and the London Protocol are being used to some extent for management of ocean 

fertilisation. The United Nations Convention on the Law of the Sea (UNCLOS) could also 

potentially apply to ocean fertilisation. A recent meeting of the Conference of the Parties to 

the Convention on Biological Diversity (CBD) encouraged governments to allow ocean 

fertilisation activities only where there is an adequate scientific basis. The CBD could also 

potentially be applied to some land-based CDR activities, as well as SRM activities. 

However, experience to date is that the enforcement provisions of the CBD are weak. The 

Kyoto Protocol to the UNFCCC has some relevance to the extent that it defines some aspects 

of bio-sequestration and could be expected to address issues associated with soil carbons.  

 

International treaties with potential application for governance of SRM include in particular: 

the Convention on the Prohibition of Military or Other Hostile Use of Environmental 

Modification Techniques (questionable applicability); the Convention on Long-Range 

Transboundary Air Pollution; and the Vienna Convention and its Montreal Protocol for the 

Protection of the Ozone Layer.  

 

Antarctica
1
 and oceans outside territorial waters are recognised as global commons, and the 

UNCLOS and the Antarctic Treaty provide for international stewardship of these bodies. 

These principles may provide some basis for governance of CDR and SRM where the impacts 

occur over very large areas and across borders. However, their existence together with 

supplementary fisheries treaty structures has not succeeded in halting the continuing over 

exploitation of fisheries and marine mammals.  

 

Discussions on international governance of geoengineering have to date been negative in tone, 

with a focus on limiting unintended or negative impacts rather than on the characteristics of a 

suitable governance framework. The UNFCCC does not provide a relevant umbrella 

framework at this point, and discussions on future treatment of geoengineering under the 

Convention have been limited.  

 

In short there is no single overarching treaty relevant to geoengineering and given the spread 

of risks and coordination requirements it is unlikely that all could be appropriately covered 

through a single instrument.  

 

Future Governance – desirable characteristics 

The key objective should be to encourage legitimate `research, but carefully manage risks.  

 

A future governance framework(s) should enable incentives for established CDR activities 

such as reforestation and currently excluded but relatively low risk options like soil carbon 

uptake (this could be done through a focus under UNFCCC on measurement, verification, 

monitoring and review methodologies) and encourage legitimate research into the lesser 

understood CDR and SRM options, while ensuring that risks are carefully managed. Such a 

framework should facilitate cooperation between countries and recognise that one instrument 

is possibly not the most suitable approach given the range of options and risks. It should also 

reflect the fact that those with the capability to carry out geoengineering and those who face 

(some of) the risks might be different.  

 

Experience with the UNFCCC and other international treaty processes has demonstrated the 

                                                 
1
 Although some nations, including Australia, claim sovereignty over parts of Antarctica there 

has been agreement to limit exploitation of its resources and to focus on scientific research. 
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tensions between negotiating a ‗just instrument‘, which enables wide participation by all, and 

a framework that facilitates agreement and real progress, which may comprise a more limited 

number of parties. An example of the latter is the informal G20 grouping which has emerged 

in international economic forums in response to the global financial crisis and which showed 

some benefits in the Copenhagen climate change negotiations in 2009.  

 

A group such as this, with representation across the larger developed and developing 

economies, could establish a framework for joint programs of research and discussion 

prioritizing those methods of geoengineering which have a high level potential effectiveness, 

risk and/or coordination requirement. This smaller group, which would contain all those with 

the necessary science and deployment capability, should focus on protocols for transparency, 

peer review and risk assessment and developing a moratorium on even experimental 

deployment of high risk methods. The aim would be to build confidence from the ground up, 

rather than aiming to start with a formal treaty process. There should be close contact with the 

UNFCCC process with the aim of facilitating broader agreement under that process as (and if) 

elements of geoengineering begin to emerge as practical and safe options.  

 

This group would run in parallel with the existing treaty framework, and the identification and 

review of the adequacy of relevant domestic legislation in each jurisdiction.  
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Climate change mitigation is a classic collective action problem – how to ensure all actors 

pull their weight in reducing emissions.  By contrast, some geoengineering interventions 

could be conducted, at scale, by a single state or individual, at relatively low cost.  The 

primary challenge of geoengineering politics, therefore, is to make it harder, not easier, to act: 

to prevent unilateral attempts at geoengineering without international agreement, and without 

attention to environmental, legal, political and moral issues. 

 

Existing international agreements may help achieve this for certain technologies.  The 

Convention on Biological Diversity and the London Convention/Protocol have already sought 

to restrict geoengineering activities in their respective spheres.  Similarly, the Montreal 

Protocol might be used to restrict the use of stratospheric aerosols which affect the ozone 

layer. 

 

However, these agreements are not adequate to govern the use of geoengineering to achieve 

climate goals – not least, because they were not designed with climate goals in mind.  If 

geoengineering is to contribute to tackling climate change, it will need to be integrated with 

the broader climate regime.  This could be achieved relatively straightforwardly for carbon 

dioxide removal, through a carbon price.  But there is no straightforward equivalent carbon 

price for solar radiation management. 

 

Some have argued for a normative, or principle-based, approach to geoengineering 

governance, building perhaps on the Oxford Principles.  Such principles are unlikely to be 

adopted explicitly by states, but, as they become socialised, they will help set the normative 

context within which negotiations on a regime take place.  A legal approach is also possible, 

based on relevant principles of international common law.   

 

However, a realist approach suggests that national interests, not abstract principles, will 

determine how states approach negotiating a governance regime.  Interests will reflect, inter 

alia: how states expect to be affected by climate change; the expected distribution of side-

effects; their relative power; and their capacity to implement geoengineering.   

 

A desiccated interests-based analysis, however, fails to account for other factors which 

influence states‘ behaviour in international negotiations.  These may reflect deep cultural, 

cognitive or political factors.  By illustration, consider three preferences revealed in UNFCCC 

negotiations: 

 

(1) The strong attachment of key developing countries to a universal, UN-led process, and 

their resistance to negotiations taking place outside the UNFCCC.   

(2) The substantial sunk investment by some parties, notably the EU, in the Kyoto 

mitigation-based approach. 

(3) The view of many developing countries that climate change is a moral issue, and that 

developed countries should bear the costs of tackling it.    

                                                 
2
 This paper is presented in a private capacity, and does not represent UK Government policy. 
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These revealed preferences are likely to affect how states approach geoengineering.  

Developing a regime, therefore, will be an intensely political process, in which norms, 

national interests and preferences will play key roles.   

 

It is far too early to consider starting negotiations on geoengineering governance:  we do not 

know enough.  But equally it would be a mistake to let the development of geoengineering 

techniques run ahead of consideration of non-technical aspects, such as the appropriate legal, 

regulatory and decision-making frameworks – and the politics.     
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The Ethics of Geoengineering 
 

Clive Hamilton 

Centre for Applied Philosophy and Public Ethics 

 Charles Sturt University 

The question of what to do about climate change is fundamentally a moral one. Who is 

responsible for the problem? Who will be most harmed by climate change? What are our 

obligations to future generations? Who is obliged to fix the problem? The essential starting 

point for any consideration of the ethics of geoengineering is moral failure—the inability of 

the world community to respond to the scientific warnings about the dangers of global 

warming. 

Three justifications are used to defend research into geoengineering and possible 

deployment—it will allow us to buy time, it will allow us to respond to a climate emergency 

and it may be the best option economically. 

The buying-time argument is based on an understanding that the failure to cut global 

emissions arises from political paralysis or the power of vested interests. The log-jam can 

only be broken by the development of a substantially cheaper alternative to fossil energy 

because countries will then adopt the new technologies for self-interested reasons. 

Geoengineering is therefore a necessary evil deployed to head off a greater evil, the damage 

due to unchecked global warming. 

The climate emergency argument, reflecting a growing concern about climate tipping points, 

also sees geoengineering as a necessary evil. It imagines rapid deployment of solar radiation 

management in response to some actual or imminent sharp change in world climate that 

cannot be averted even by the most determined mitigation effort. 

The best-option argument (favoured by economists) rejects the understanding of 

geoengineering as an inferior Plan B. What do to about global warming should rest on a 

comprehensive assessment of the consequences of each approach, including geoengineering. 

The ―ethical‖ decision is the one that maximises the ratio of benefits to costs. Those who 

adopt this argument are inclined to see geoengineering as a substitute for mitigation rather 

than as a complement. 

Moral corruption 

We deploy psychological strategies to deny or, more commonly, to evade the facts of climate 

science, and thereby to blind ourselves to our moral responsibilities or reduce the pressure to 

act on them. Strategies include wishful thinking, blame-shifting and selective disengagement. 

Gardiner argues that this kind of situation gives rise to moral corruption, ―the subversion of 

our moral discourse to our own ends‖. Geoengineering itself may be a form of moral 

corruption. If Plan B is inferior to Plan A (in the sense of being less effective and more risky) 

then by choosing B instead of A, for whatever reason, we succumb to moral failure. That is 

unless we are constrained in our actions and pursuing A is beyond our power. This presents a 

moral dilemma for geoengineering researchers and environmental groups: if they believe that 

Plan B is inferior to Plan A then supporting geoengineering can be justified only if they 

believe they can no longer effectively advance Plan A. The dilemma deepens if it proves that 

supporting Plan B actually makes Plan A less likely. 

 

Moral hazard  

It is widely accepted that having more information is uniformly a good thing as it allows 

better decisions to be made. Research into geoengineering is strongly defended on these 
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grounds. Yet for many years research into geoengineering, and even public discussion of it, 

was frowned on by almost all climate scientists. ―Moral hazard‖ is a term developed by 

economists to capture the impact on incentives of being protected against losses. The 

availability of a policy substitute that can be made to appear attractive may make it easier for 

a government to act against the national and global interest. 

 

We know that those whose financial interests would be damaged by abatement policies have 

been using their power in the political system to slow or prevent action. Any realistic 

assessment must conclude that geoengineering research is virtually certain to reduce 

incentives to pursue mitigation. This is apparent now, before any substantial research 

programs have begun. For example, representatives of the fossil fuel industry have begun to 

talk of geoengineering as a substitute for carbon abatement and some economists are arguing 

that the prospect of solar radiation management renders mitigation unnecessary. 

 

Research often generates its own momentum for further research and testing, by creating a 

constituency of scientists, investors and government agencies whose interests appear to lie in 

further research and deployment. So there is a concern that the knowledge generated by 

geoengineering research will be misused in foreseeable ways. 

 

The moral hazard argument is framed in consequentialist terms, which is intrinsically 

predisposed to elevate the power of humanity over that of nature. Central to its position is the 

rejection of the idea that the natural exercises any sort of ethical pull. Against this, it may be 

maintained that intentionally manipulating the climate is intrinsically wrong. 

 

A non-consequentialist argument will be outlined, drawing on recent developments in Earth 

system science that undermine the ideas that the Earth consists of a collection of resources 

available for human consumption, that the only constraint on our dealings with the Earth is 

imposed by enlightened self-interest, and that there is nothing special about global warming 

and geoengineering that would prevent the standard ethical framework being applied. It will 

be suggested that the arrival of the Anthropocene calls for a wholesale reconsideration. 

 

References 

Stephen Gardiner (2010) Is ‗Arming the Future‘ with Geoengineering Really the Lesser Evil?, in Stephen 

Gardiner et al. (eds), Climate Ethics: Essential Readings, Oxford University Press, New York. 

Stephen Gardiner, (2010) Ethics and Global Climate Change, in Stephen Gardiner et al. (eds), Climate Ethics: 

Essential Readings, Oxford University Press, Oxford, 2010 

Clive Hamilton, (forthcoming) The Ethical Foundations of Climate Engineering, in Wil Burns and Andrew 

Strauss (eds), Climate Change Geoengineering: Legal, Political and Philosophical Perspectives, Cambridge 

University Press, 

http://www.clivehamilton.net.au/cms/media/ethical_foundations_of_climate_engineering.pdf 

 



 40 
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The growing interest in geoengineering (GE) suggests that, when thinking about climate 

policy, we need to explicitly add the category Intervention, to the traditional duo of Mitigation 

and Adaptation.  

 

General concerns 

Four broad concerns can be highlighted which impact on any analysis of the ethical issues 

associated with GE. These are: 

 

 Political‐economy concerns – does GE encourage us to avoid coming to terms with the 

implications for economic growth models, fossil‐fuel based energy systems, consumption 

patterns, human wellbeing and global inequality which any serious examination of the 

climate problem reveals? The ‗moral hazard‘ argument doesn‘t adequately capture this 

and is itself open to contestation.
1
 

 Practical concerns – whether we are capable, even after more research, of sufficient 

understanding of the climate system for us to be confident about the likely consequences 

of potential interventions, or whether its pursuit is hubristic? Fleming‘s devastating 

account of the history of weather control
2
 should make us more than cautious about 

climate control, however much we may face a ‗climate emergency‘. It is not persuasive 

that ‗this is why we need more research‘ is an ethically adequate answer. 

 Definitional concerns – are we right to discuss GE as a single entity? Broadly speaking, 

are the ethical issues raised by CDR of the same order as those raised by SRM? Can one 

be open, for example, to research into and trial deployment of biochar, whilst remaining 

ethically uncomfortable with even desk research into SRM? Or are such distinctions 

between ‗good‘ and ‗bad‘ GE no longer compelling since, as Victor argues
3
, all GE will, 

when deployed, be ‗cocktail GE‘ with different techniques being used in combination? 

 Research vs Deployment concerns – there is a tendency, when thinking about the ethics of 

GE, to differentiate between research and deployment with the toughest ethical issues 

being associated with the latter. Research and the pursuit of knowledge is generally seen 

as unproblematic. But, as Asilomar‘s Principle 4 implicitly recognises, without testing and 

evaluation, research is likely to be less useful and its deployment and consequences more 

dangerous and uncertain. It is also naïve to imagine that research will remain on the shelf. 

In short, the ethical issues are present from the research commencement phase. 

 

Deciding against taboo 

It is striking the extent to which earth system scientists are uncomfortable about GE, and how 

many recognise that even research into GE has substantial ethical implications. Some refuse 

to go there, and share the popular instinct that GE research somehow breaches an unwritten 

taboo. But increasing numbers seem persuaded by what Gardiner calls the ‗arm the future‘, or 

climate emergency, argument
4
. It is indeed a compelling argument, especially the idea that at 

least the possibilities should be researched.
5
  

 

In trying to deal with the ethical (and personal) discomfort felt by many scientists and the 

similarities with the Manhattan Project, there has been a tendency to move to discussions of 

governance and also to adopt research guidelines. However, the turn to governance and to 

research guidelines have effectively shifted the debate from why and whether to how – in 

itself an ethical decision.  
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Guidelines 
This is not to say that guidelines are unimportant. But it is important to understand what they 

foreclose. For example, some questions which emerge from looking at the Asilomar 

Principles include: 

 

 Principle 1 – ―promoting the collective benefit of humankind and the environment‖ – begs 

the question of what occurs when the benefits are contested, or when the environmental 

and human benefits are at odds. The goal of getting back to a pre human‐induced climate 

is also worthy of debate. 

 Principle 2 – ―governments must clarify responsibilities for … governance and oversight 

… [building on] existing structures and norms for governing scientific research…‖. All 

governments? Only major governments? By consensus? 

 Principle 3 – ―open and cooperative research‖, including risk assessment if deployment is 

considered. What should happen to scientists who do not work in this fashion? Should 

scientists blow the whistle on colleagues they know to be working in a different way? 

 Principle 5 – ―public involvement and consent… [including] consideration of the 

international and intergenerational implications…‖ The governance point again. Do the 

principles as a whole imply there should be no research, development and deployment of 

GE until rules, structures and guidelines are effectively in place? Apart from the ethical 

issues for institutions and scientists as a group, there are ethical issues with which each 

individual must grapple. What am I prepared to do and not do? What are the limits I set 

myself? What, if anything, is taboo? 

 

Anthropocene 

Finally, Hamilton places emphasis on the idea of the anthropocene as able to illuminate a way 

forward. The groundbreaking work on the anthropocene does force rethinking of traditional 

concepts of the earth and what it means to be human. But it could also be interpreted as 

justifying a switch from the traditional notion of having a ‗right‘ to control the earth 

(constrained only by enlightened selfinterest), to having a ‗duty‘ to do so. In this version, if 

we are now god, then we need to defend our creation. Intriguingly, Paul Crutzen is a leading 

thinker of both the anthropocene and (uncomfortably) of the need for investigation of GE.  

 

The anthropocene supports what Bird has argued elsewhere, that one can argue ―against 

environmentally destructive technologies, but not on the grounds that they are anti‐natural‖
6
. 

It can be compatible with Hamilton‘s central argument that with GE we are dealing with an 

instance of moral failure, but this is perhaps more usefully explored through the notion of 

taboo.  
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The current rise in atmospheric CO2 levels to 393 ppm and near 460 ppm CO2-e at a rate of 

~2 ppm CO2 per year, a rate unprecedented in recorded geologic history, is approaching 

conditions which existed on Earth in the mid-Miocene some 16 million years ago.  Proposals 

for averting tipping points in the climate system include two main approaches: (A) solar 

shielding and (B) CO2 sequestration. This paper reviews advantages and problems associated 

with principal proposed climate geo-engineering methods, suggesting none is likely to be 

effective, with the notable possible exception of attempts at draw-down of atmospheric CO2 

(Table 1). 

 

Table 1. Main proposed solar mitigation and atmospheric carbon sequestration methods 

 

Method Supposed advantages Problems 

SO2 injections Cheap and rapid 

application 

Short multi-year atmospheric 

residence time; ocean 

acidification; retardation of 

precipitation and of monsoons 

Space sunshades/mirrors Rapid application. No 

direct effect on ocean 

chemistry 

Limited space residence time. 

Uncertain positioning in space. 

Does not mitigate ongoing ocean 

acidification by carbon emissions. 

Ocean iron filing 

fertilization enhancing 

phytoplankton 

CO2 sequestration No evidence that dead 

phytoplankton would not release 

CO2 back to the ocean surface. 

Ocean pipe system for 

vertical circulation of cold 

water to enhance CO2 

sequestration 

CO2 sequestration No evidence the cold water would 

circulate back to ocean depths 

where CO2 is prevented from 

returning to the surface. 

―Sodium trees‖ -  NaOH 

liquid in pipe system 

sequestering CO2 to 

Na2CO3, separation and 

burial of CO2. 

CO2 sequestration, 

estimated by Hansen et al. 

(2008) at ~$300 per ton 

CO2 

Unproven efficiency; need for 

CO2 burial; $trillions expense 

(though no more than current 

military expenses). 

Soil carbon burial/biochar Effective means of 

controlling the carbon 

cycle (plants+ soil 

exchange more than 100 

GtC/year with the 

atmosphere)  

Requires a huge international 

effort by a workforce of millions 

of farmers 

serpentine CO2 

sequestration 

CO2 sequestration Possible scale unknown 
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It follows from Table 1: 

 

1. Stratospheric sulfur injections are both short-lived and destructive in terms of ocean 

acidification and retardation of the monsoon and of precipitation over large parts of 

the Earth, including Africa, southern and southeast Asia. 

 

2. Retardation of solar radiation through space sunshades is of limited residence time and 

would not prevent ocean acidification from ongoing carbon emission. 

 

3. The dissemination of ocean iron filings and temperature exchange through pipe 

systems are likely ineffective in transporting CO2 to safe water depths. 

 

4. CO2 sequestration using soil carbon, biochar and possible chemical methods such as 

―sodium trees‖, combined with rapid decline in industrial CO2 emissions, can in 

principle help slow down, and in future even reverse, the current rise in atmospheric 

CO2 toward mean global temperatures above 2 degrees Celsius. 

 

5. Budgets on a scale of military spending (>$20 trillion since WWII) are required in 

order to attempt to retard, and in future possibly reverse, current trend toward likely 

tipping points, including increasing release of methane from permafrost and Arctic 

sediments. 

Top priority ought to be given to fast track testing of soil carbon burial/biochar methods, 

chemical (―sodium trees‖) and incentives for invention of new CO2 sequestration methods.   

It is likely a species which placed a man on the moon can also develop effective CO2 

sequestration methods, but only if coordinated global efforts are made and suitable funding is 

provided. 

Time is running out. 
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As atmospheric emissions of CO2 continue to increase, studies suggest that even an order of 

magnitude reduction in emissions may not be sufficient to avoid dangerous climate change. 

Climate intervention technologies (CIT) have the potential to lessen or ameliorate climate 

change impacts. Solar Radiation Management (SRM) is a leading CIT candidate because it is 

both fast-acting and cost-effective; examples of these include injection of stratospheric 

aerosols and cloud brightening. However, the short and longer-term consequences at the 

global and regional scales are both poorly known and quantified.   

 

Studies of the impact of global SRM on the Australian region give inconclusive projections 

with changes ranging from cooler and wetter with SRM to no change in rainfall. While these 

studies do consider the regional response, their primary focus was global, and as such they 

lack sufficient detail to investigate and quantify the magnitude of regional changes within the 

Australian region. In our study, we use an Earth System Model to investigate the response of 

the Australian region over the next 100 years to different SRM and CO2 emission scenarios. 

We focus both on rainfall and temperature changes in the Australia region as well as on the 

impact of SRM on the terrestrial and ocean biospheres. 
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Moderation of Critical Climate Change Impacts 
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Although pre-geoengineering proponents in the mid-20th century argued for application of 

early climate engineering technologies to ‗improve‘ what was then the prevailing climate, the 

more we have learned about the climate, the more we have come to understand the hubris 

involved in contemplating upsetting its many valuable and beneficial intercouplings. 

Nonetheless, society continues with little restraint to combust more and more fossil fuels, 

releasing many billions of tonnes of carbon dioxide (CO2) and other greenhouse gases that 

are, even if unintentionally, on track to cause changes in climate far larger than what had been 

proposed and then dismissed as overly audacious and dangerous.  

 

With disappointing progress in international efforts to limit global emissions and with 

observations indicating that climate change was intensifying more rapidly than the seemingly 

dire consequences that model simulations were projecting, Crutzen (2006) suggested that 

geoengineering might be an essential complement to mitigation and adaptation for preventing 

‗dangerous anthropogenic interference‘ with the climate system. In this context, the purpose 

of geoengineering, or more descriptively, climate engineering, becomes to moderate the 

unintended changes in climate being caused primarily by the emissions of greenhouse gases 

(GHGs), primarily CO2. Thus, its intent is to keep the climate as nearly the same as it has 

been rather than to transform it to some supposedly ‗better‘ state. Under this formulation, the 

hubris is more properly associated primarily with those who are allowing high greenhouse gas 

emissions to continue with little effort to reduce them than to those suggesting potential use of 

climate engineering technologies and approaches to maintain the current climate. While there 

are very likely to be unintended consequences of counterbalancing the greenhouse-gas 

induced changes in climate, that the climate will be nearer to the conditions that science has 

been carefully investigating over the past several decades may well mean that we will be able 

to better estimate them than the unintended consequences being created as GHG emissions 

carry the climate to conditions the Earth has not experienced in many millions, even tens of 

millions, of years. Basically, the question that needs to be considered is not whether climate 

engineering on its own would be beneficial or detrimental for the environment and society, 

but whether society and the environment would be better off working through the 

consequences of eventually controlling greenhouse gas emissions with or without the partial 

counter-balancing of at least some of the consequences using climate engineering 

technologies.  

 

In addressing this question, the role of the scientific community is to, in a responsible way, 

come up with options, with the public and governmental decision-makers responsible for 

making any decision about potential application. In identifying solar radiation management 

options meriting investigation of the strengths and weaknesses, there has been a nearly 

complete jump from doing nothing to attempting to completely offset the full warming 

influence of a CO2 doubling. My research has focused on conceptual exploration of the many 

possibilities lying between these two extremes, believing that there is a much greater 

likelihood that climate engineering can play an important positive role if started up on a 

limited scale than if there is an immediate jump to the global scale.  

 

Recognizing that global scale climate engineering is also likely to have some noticeable 

unintended consequences, the proposed justification has primarily focused on its use in 
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response to a climate emergency; that is, to invoke climate engineering only when there is 

clear evidence of an impending or immediately past exceedance of a threshold that would lead 

to runaway warming or other very significant consequence. The most discussed of the 

possible emergencies have been a methane burst as a result of the rapid thawing of permafrost 

and/or clathrates trapped in the sediments of the continental shelves, the rapid loss of ice mass 

from the Greenland and/or Antarctic ice sheets, collapse of the Amazon rainforest, or greatly 

accelerated, runaway warming. The proposed invocation of climate engineering would be 

rapid and strong, taking the global average temperature, for example, back to much lower 

levels. It seems to me there are several problems with this formulation of, essentially, IPCC 

Expert Meeting on Geoengineering holding back climate engineering until it may be too late 

to reverse the disastrous changes. An implicit assumption in this approach is that climate is 

reversible, and this is not at all clear. In addition, adaptation is likely to have spread out the 

range of optimal temperatures for various societal and environmental systems, such that a 

sudden, sharp cooling might be very disruptive.  

 

If the goal is to keep the climate near its present value, then it seems to me it would make 

much more sense to initiate climate engineering as early as possible, with the intent of 

slowing, stopping, and then perhaps reversing the climate change that the world has 

experienced. With governance issues likely to take an extended period to work through before 

taking actions to bring global climate under control, especially as there is the possibility, or at 

least the fear, that actual implementation might lead to a sloughing off (or further sloughing 

off) of efforts to cut emissions, global-scale climate engineering seems to me unlikely to be 

implementable for a decade or, more likely, more.  

 

At the same time, while much of the world is not yet experiencing sufficiently severe impacts 

to prompt rapidly implemented sharp cuts in emissions, there are regions of the world where 

climate change is already exerting very disruptive impacts; these regions merit consideration 

of the potential for climate engineering to moderate their impacts. In addition, even if CO2 

emissions could be significantly cut immediately, warming would very likely result due to the 

sudden drop of the sulfate cooling offset; quite clearly, a climate engineering approach to 

replacing the sulfate cooling offset needs to be sought.  

 

Within this framing, a number of potentially high priority applications of climate engineering 

technologies appear to be worthy of aggressive research and investigation (MacCracken, 

2009):  

1. Reversing Arctic warming: Limiting solar absorption in the region by injection of aerosols 

(or aerosol precursors) into the lower stratosphere or the troposphere (brightening both 

clear and cloudy skies) has the potential to reduce warming in the Arctic region and down 

into mid-latitudes while also promoting build-up of the region‘s mountain glaciers and ice 

sheets (Caldeira and Wood, 2008; Shin et al., 2011). Increasing surface reflectivity or 

cloud brightening to limit heat flow into the region may also be a possibility. Limiting 

changes in precipitation at other latitudes may require an offsetting reduction in solar 

radiation over the Southern Ocean (Shin et al., 2011).  

2. Moderating tropical cyclone intensification: Using cloud or ocean-bubble brightening to 

reduce warming in ocean and coastal water bodies would seem an approach to moderating 

intensification.  

3. Storm track redirection: Observations indicate that storm tracks into western North 

America are steered, at least to some extent, by ocean temperature gradients of a few 

degrees, an amount that might well be achievable by region-specific cloud or ocean-

bubble brightening.  

4. Replacement of the sulfate offset: Loss of the sulfate offset resulting from SO2 emissions 

from coalfired power plants (so high SO2 levels over relatively limited areas where 
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populations are high) might be able to replaced by creation of a sulfate offset created by 

SO2 emissions that would lead to a low loading of sulfate over large, low-latitude oceanic 

areas that are largely unoccupied.  

5. Slowing of ice stream calving: If the heat promoting calving from the streams draining ice 

sheets is coming from warm waters entering fjords, cloud or ocean-bubble brightening 

and/or wave-powered vertical mixing might be useful in chilling those waters.  

 

Given the specific beneficial and generally regional focus of these proposals, and that they 

may be readily terminated if problems arise, it might well be that governance issues would be 

easier. In my view, these much more practical and possibly near-term applications merit 

aggressive and early investigation.  
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The reservoirs of carbon that interact on millennial time scales are those in the ocean, the 

atmosphere and over the top meter of the land. Of these millennial reservoirs, the ocean is by 

far the largest: 36 Tt as opposed to 0.7 Tt for the atmosphere and 2.3 Tt for land (Sarmiento 

and Gruber, 2002).  By comparison, current estimates of the fossil hydrocarbon reservoir are 

of the order 4 Tt.  Over tens of millennia, almost all of the CO2 released into the atmosphere 

from fossil fuel use will enter the vast oceanic reservoir but before it does so, the enhanced 

atmospheric CO2 concentrations will cause substantial environmental perturbation largely 

driven by greenhouse warming and ocean acidification.  

 

Regardless of the strategy adopted for fossil fuel use over the coming decades, there will be 

an increase in atmospheric CO2 followed by a much slower decrease, such that after 10,000 

years, atmospheric CO2 levels will still be substantially higher than pre-industrial levels 

(Archer, 2005; Solomon et al., 2009). In the context of geoengineering, the objectives of CO2 

reduction techniques are to reduce the rate of CO2 increase and to reduce the ultimate height 

of the CO2 peak so that human adaptation to environmental changes will be easier to achieve. 

From a carbon system perspective, because the oceans represent such a large reservoir of 

carbon, as well as roughly ¼ of the atmospheric CO2 uptake, small perturbations of the 

system could potentially result in large changes to the carbon balance.  From the oceanic 

geoengineering perspective, the objective of ocean carbon sequestration would be to develop 

ways in which the oceans can take up carbon at a faster rate than they currently do but with 

predictable and acceptable consequences. 

 

The productivity of the oceans and hence their capacity to sequester CO2 from the atmosphere 

is limited over large areas by the micronutrient iron. More than thirteen large scale open 

ocean addition experiments have been conducted to examine the effect of iron addition to the 

marine environment.  There have also been several studies of ocean regions where there are 

natural supplies of iron (from islands or volcanic ash) in generally high nutrient, low 

chlorophyll (HNLC) regions. The conclusion from these experiments is that relief of iron 

stress does increase the biomass of marine phytoplankton. The effects of this biomass increase 
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include a reduction in the concentration of CO2 in the surface waters and hence a local 

enhanced uptake of CO2 from the atmosphere. Depending very much on the location, time of 

year of the experiments, and duration of the experiments, these iron additions have led to 

variable increases in the export of carbon from the upper ocean and sequestration of it into the 

deep ocean where it will be isolated from the atmosphere for decades to centuries (Boyd et al., 

2008; Buesseler et al., 2008; Pollard et al., 2009; Lampitt et al., 2010).  

 

The experiments to date were not planned from the perspective of climate engineering and 

conclusions from them about the potential of this approach as a means of reducing 

atmospheric CO2 concentrations have large uncertainties. The experiments have usually not 

been of adequate duration to determine whether sequestration occurred and have not been of 

sufficient areal coverage in order to reduce edge effects and to facilitate study of relationships 

between upper ocean processes and those at depth. In fact, few of the experiments measured 

carbon flux out of the surface water.  Furthermore they have not been embedded in adequate 

coupled models of ocean physics and biogeochemistry to extrapolate results beyond the 

experimental area.  

 

Few ocean iron addition experiments have addressed processes that would allow a better 

understanding of the unintended consequences of deliberate additions. This last point is of 

particular concern and has been a major feature during the recent discussion of a risk 

assessment framework for experimentation by the London Convention and London Protocol. 

There is no doubt that several consequences of ocean iron fertilization will occur beyond 

simply the uptake of CO2. Some of these such as a decrease in deep water pH and in oxygen 

concentration are inevitable and relatively easy to predict. The potential of other unintended 

consequences -- such as the generation of nitrous oxide from organic matter degradation at 

depth, the generation of dimethyl sulfide and methane or the growth of phytoplankton which 

have the capability of releasing harmful toxins -- has much larger uncertainty at present. Some 

of these consequences are undesirable and on a large scale may be considered unacceptable. 

Given the uncertainties, there is an urgent requirement to carry out more studies on ocean iron 

fertilization with three clear objectives: 

1. To develop coupled global scale computation models so that predictions can become 

more reliable and so that in situ experiments can be carried out efficiently and 

effectively 

2. To carry out experiments on a sufficiently large scale and duration to determine the 

extent of carbon sequestration, including at what efficiencies, depths and hence time 

scales this would take place. 

3. To explore in considerable detail the complete consequences of ocean iron 

fertilization, and not just the magnitude of carbon uptake from the atmosphere and 

sequestration in the deep ocean. 

 

It is only when these activities have been completed that it will be possible to determine 

whether ocean iron fertilization has the potential to remove substantial amounts of 

atmospheric CO2, whether there are harmful consequences and whether these consequences 

can be predicted with an uncertainty that is acceptably low. 

 

The ISIS consortium (In Situ Iron Studies) of 13 institutions worldwide was formed in 2011 

specifically to promote such studies so that informed decisions will be possible in the future. 

The mission statement is: ―To resolve the impact of iron fertilization on marine ecosystems, 

to quantify its potential for removal of atmospheric carbon dioxide, and to improve our 

collective understanding of the changing ocean.‖ http://isisconsortium.org/  
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