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President of the Royal Society

The Royal Society

The continuing rise in the atmospheric concentration of greenhouse
gases, mainly caused by the burning of fossil fuels, is driving changes in
the Earth’s climate. The long-term consequences will be exceedingly
threatening, especially if nations continue ‘business as usual’ in the
coming decades. Most nations now recognise the need to shift to a
low-carbon economy, and nothing should divert us from the main priority
of reducing global greenhouse gas emissions. But if such reductions
achieve too little, too late, there will surely be pressure to consider a
‘plan B’ —to seek ways to counteract the climatic effects of greenhouse
gas emissions by ‘geoengineering’.

Many proposals for geoengineering have already been made—but the
subject is bedevilled by much doubt and confusion. Some schemes are
manifestly far-fetched; others are more credible, and are being investigated
by reputable scientists; some are being promoted over-optimistically. In
this report, the Royal Society aims to provide an authoritative and balanced
assessment of the main geoengineering options. Far more detailed study
would be needed before any method could even be seriously considered
for deployment on the requisite international scale. Moreover, it is already
clear than none offers a ‘silver bullet’, and that some options are far more
problematic than others.

This report is therefore offered as a clarification of the scientific and technical
aspects of geoengineering, and as a contribution to debates on climate
policy. The Society is grateful to all the members of the Working Group,
and especially to John Shepherd, its chairman. We also acknowledge the
valuable inputs from the Council’s review group, and the expert support,
throughout the exercise, of the Society’s Science Policy team.
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summary

Background

Climate change is happening. Its impacts and costs will be
large, serious, and unevenly spread. The impacts may be
reduced by adaptation, and moderated by mitigation,
especially by reducing emissions of greenhouse gases.
However, global efforts to reduce emissions have not yet
been sufficiently successful to provide confidence that the
reductions needed to avoid dangerous climate change will
be achieved. It is hoped that post-2012 emission reduction
targets will stimulate greater action through more effective
mechanisms, but there is a serious risk that sufficient
mitigation actions will not be introduced in time, despite
the fact that the technologies required are both available
and affordable.

It is likely that global warming will exceed 2°C this century
unless global greenhouse gas emissions are cut by at least
50% of 1990 levels by 2050, and by more thereafter. There
is no credible emissions scenario under which global mean
temperature would peak and then start to decline by 2100.
Unless future efforts to reduce greenhouse gas emissions
are much more successful then they have been so far,
additional action may be required should it become
necessary to cool the Earth this century.

Such action might involve geoengineering, defined as the
deliberate large-scale intervention in the Earth’s climate
system, in order to moderate global warming.

Headline messages

The safest and most predictable method of moderating
climate change is to take early and effective action to
reduce emissions of greenhouse gases. No geoengineering
method can provide an easy or readily acceptable
alternative solution to the problem of climate change.

Geoengineering methods could however potentially be
useful in future to augment continuing efforts to mitigate
climate change by reducing emissions, and so should be
subject to more detailed research and analysis.

Geoengineering of the Earth’s climate is very likely to be
technically possible. However, the technology to do so is
barely formed, and there are major uncertainties regarding
its effectiveness, costs, and environmental impacts.

Methods that act rapidly by reflecting sunlight may prove
to be ineffective in offsetting changes in rainfall patterns
and storms, but current climate models are not sufficiently
accurate to provide a reliable assessment of these at the
regional level.

Methods that act by removing greenhouse gases from the
atmosphere involve fewer uncertainties and risks, but
would have a much slower effect on reducing global
temperature. These methods could eventually make an
important contribution to mitigating climate change.

The Royal Society

The acceptability of geoengineering will be determined as
much by social, legal and political issues as by scientific
and technical factors. There are serious and complex
governance issues which need to be resolved if
geoengineering is ever to become an acceptable

method for moderating climate change.

It would be highly undesirable for geoengineering methods
which involve activities or effects that extend beyond
national boundaries (other than simply the removal of
greenhouse gases from the atmosphere), to be deployed
before appropriate governance mechanisms are in place.

Key recommendations:

e Parties to the UNFCCC should make increased efforts
towards mitigating and adapting to climate change,
and in particular to agreeing to global emissions
reductions of at least 50% on 1990 levels by 2050
and more thereafter. Nothing now known about
geoengineering options gives any reason to diminish
these efforts;

e Further research and development of geoengineering
options should be undertaken to investigate whether
low risk methods can be made available if it becomes
necessary to reduce the rate of warming this century.
This should include appropriate observations, the
development and use of climate models, and carefully
planned and executed experiments.

Geoengineering methods
Geoengineering methods can usefully be divided into two
basic ‘classes’:

1) Carbon dioxide removal (CDR) techniques which
remove CO, from the atmosphere;

2) Solar Radiation Management (SRM) techniques that
reflect a small percentage of the sun’s light and heat
back into space.

Both Carbon Dioxide Removal and Solar Radiation
Management methods have the ultimate aim of reducing
global temperatures, but there are major differences in
their modes of action, the timescales over which they are
effective, temperature effects and other consequences,
so that they are generally best considered separately.

Carbon dioxide removal techniques address the root
cause of climate change by removing greenhouse gases
from the atmosphere.

Solar radiation management techniques attempt to
offset effects of increased greenhouse gas concentrations
by causing the Earth to absorb less solar radiation.

Geoengineering the Climate | September 2009 | ix



Carbon Dioxide Removal methods reviewed in this study
include:

e Land use management to protect or enhance land
carbon sinks;

e The use of biomass for carbon sequestration as well as
a carbon neutral energy source;

e Enhancement of natural weathering processes to
remove CO, from the atmosphere;

e Direct engineered capture of CO, from ambient air;

e The enhancement of oceanic uptake of CO,, for
example by fertilisation of the oceans with naturally
scarce nutrients, or by increasing upwelling processes.

Solar Radiation Management techniques directly modify
the Earth'’s radiation balance, and would take only a few
years to have an effect on climate once they had been
deployed. They do not treat the root cause of climate change
(increased levels of greenhouse gases in the atmosphere)
but because they act quickly, they could be useful in an
emergency, for example to avoid reaching a climate
‘tipping point’. Methods considered in this study include:

e Increasing the surface reflectivity of the planet, by
brightening human structures (eg by painting them
white), planting of crops with a high reflectivity, or
covering deserts with reflective material,

e Enhancement of marine cloud reflectivity;

e Mimicking the effects of volcanic eruptions by injecting
sulphate aerosols into the lower stratosphere;

e Placing shields or deflectors in space to reduce the
amount of solar energy reaching the Earth.

Key recommendation:

e Evaluations of geoengineering methods should take
account of the major differences between the main
two classes of methods; ie Carbon Dioxide Removal
methods which remove CO, from the atmosphere and
Solar Radiation Management methods which modify
the albedo (reflectivity) of the planet.

Evaluation of geoengineering methods

None of the geoengineering methods evaluated offers an
immediate solution to the problem of climate change, or
reduces the need for continued emissions reductions.

In most respects Carbon Dioxide Removal methods would
be preferable to Solar Radiation Management methods
because they effectively return the climate system to closer
to its natural state, and so involve fewer uncertainties and
risks. Of the Carbon Dioxide Removal methods assessed,
none has yet been demonstrated to be effective at an
affordable cost, with acceptable side effects. In addition,
removal of CO, from the atmosphere only works very
slowly to reduce global temperatures (over many decades).
If safe and low cost methods can be deployed at an

x | September 2009 | Geoengineering the Climate

appropriate scale they could make an important
contribution to reducing CO, concentrations and could
provide a useful complement to conventional emissions
reductions. It is possible that they could even allow future
reductions of atmospheric CO, concentrations (negative
emissions) and so address the ocean acidification problem.

Carbon Dioxide Removal methods that remove CO, from
the atmosphere without perturbing natural systems, and
without large-scale land-use change requirements, such as
CO, capture from air and possibly also enhanced weathering,
are likely to have fewer side effects. Techniques that
sequester carbon but have land-use implications (such

as biochar and soil based enhanced weathering) may be
useful contributors on a small-scale although the
circumstances under which they are economically viable
and socially and ecologically sustainable remain to be
determined. The extent to which methods involving large-
scale manipulation of Earth systems (such as ocean
fertilisation), can sequester carbon affordably and reliably
without unacceptable environmental side-effects, is not
yet clear.

Compared to Carbon Dioxide Removal methods, Solar
Radiation Management techniques are expected to be
relatively cheap and would take only a few years to have
an effect on the climate once deployed. However there

are considerable uncertainties about their consequences
and additional risks. It is possible that in time, assuming
that these uncertainties and risks can be reduced, that
Solar Radiation Management methods could be used to
augment conventional mitigation. However, the large-scale
adoption of Solar Radiation Management methods would
create an artificial, approximate, and potentially delicate
balance between increased greenhouse gas concentrations
and reduced solar radiation, which would have to be
maintained, potentially for many centuries. It is doubtful
that such a balance would really be sustainable for such
long periods of time, particularly if emissions of
greenhouse gases were allowed to continue or even
increase. The implementation of any large-scale Solar
Radiation Management method would introduce additional
risks and so should only be undertaken for a limited period
and in parallel with conventional mitigation and/or Carbon
Dioxide Removal methods.

The climate achieved by Solar Radiation Management
methods, especially those which have with regionally
variable impacts, will only approximate that with less
greenhouse warming, particularly for critical variables other
than temperature (such as precipitation), which are very
sensitive to regional differences such as weather systems,
wind speeds and ocean currents. Such unintended
environmental effects should be carefully assessed

using improved climate models as well as the best now
available. However, because Solar Radiation Management
techniques offer the only option for limiting or reducing
global temperatures rapidly they should also be the subject
of further scientific investigation to improve knowledge

in the event that such interventions become urgent and
necessary. Much more needs to be known about their

The Royal Society



climate and environmental effects and social
consequences (both intended and unintended) before
they should be considered for large-scale experiments
or deployment.

Of the Solar Radiation Management methods considered,
stratospheric aerosols are currently the most promising
because their effects would be more uniformly distributed
than for localised Solar Radiation Management methods,
they could be much more readily implemented than
space-based methods, and would take effect rapidly
(within a year or two of deployment). However, potentially
significant uncertainties and risks are associated with

this approach and research into methods of delivery

and deployment, effectiveness, impacts on stratospheric
ozone and high-altitude tropospheric clouds, and detailed
modelling of their impacts on all aspects of climate
(including precipitation patterns and monsoons) is needed.

It would be risky to embark on the implementation of any
large-scale Solar Radiation Management methods, which

may not be sustainable in the long term, and which would
do nothing for the ocean acidification problem, without a

clear and credible exit strategy.

Key recommendations:

e Geoengineering methods of both types should only be
considered as part of a wider package of options for
addressing climate change. Carbon Dioxide Removal
methods should be regarded as preferable to Solar
Radiation Management methods as a way to augment
continuing mitigation action in the long term. However
Solar Radiation Management methods may provide a
potentially useful short-term backup to mitigation in
case rapid reductions in global temperatures are
needed;

e Carbon Dioxide Removal methods that have been
demonstrated to be safe, effective, sustainable and
affordable should be deployed alongside conventional
mitigation methods as soon as they can be made
available;

e Solar Radiation Management methods should not be
applied unless there is a need to rapidly limit or reduce
global average temperatures. Because of the
uncertainties over side-effects and sustainability they
should only be applied for a limited time period, and if
accompanied by aggressive programmes of
conventional mitigation and/or Carbon Dioxide
Removal so that their use may be discontinued in due
course.

Future needs for geoengineering

If geoengineering is to have a future role, and is to be
applied responsibly and effectively, then coordinated and
collaborative work is needed to enhance knowledge,
develop governance mechanisms and agree decision-
making processes.

The Royal Society

Key recommendation:

e To ensure that geoengineering methods can be
adequately evaluated, and applied responsibly and
effectively should the need arise, three priority
programmes of work are recommended:

a. Internationally coordinated research and
technological development on the more
promising methods identified in this report;

b. International collaborative activities to further
explore and evaluate the feasibility, benefits,
environmental impacts, risks and opportunities
presented by geoengineering, and the associated
governance issues;

c. The development and implementation of
governance frameworks to guide both research
and development in the short term, and possible
deployment in the longer term, including the
initiation of stakeholder engagement and a public
dialogue process.

Governance

The international mechanisms most applicable to
geoengineering methods and their impacts have not been
developed for the purpose of regulating geoengineering,
and for some methods there are as yet no regulatory
mechanisms in place.

The greatest challenges to the successful deployment

of geoengineering may be the social, ethical, legal and
political issues associated with governance, rather than
scientific and technical issues. For some methods, like
ambient air capture, pre-existing national mechanisms

are likely to be sufficient, for others, such as ocean iron-
fertilisation, existing international mechanisms may be
relevant but require some modification. There will however
be some methods, particularly those that require
transboundary activity or which have transboundary
effects, for example stratospheric aerosols or space-based
mirrors, which may require new international mechanisms.
Appropriate governance mechanisms for deployment
should be established before Carbon Dioxide Removal

or Solar Radiation Management methods are actually
needed in practice. This will require an analysis of whether
existing international, regional and national mechanisms
are appropriate for managing geoengineering, and the
initiation of an international dialogue involving the
scientific, policy, commercial and non-governmental
communities.

It would be highly undesirable for geoengineering methods
that involve activities or effects (other than simply the
removal of greenhouse gases from the atmosphere)

that extend beyond national boundaries to be subject

to large-scale research or deployment before appropriate
governance mechanisms are in place. It is essential that
the governance challenges posed by geoengineering

are explored, and policy processes established as

a priority.

Geoengineering the Climate | September 2009 | xi



Key recommendation:

e The governance challenges posed by geoengineering
should be explored in more detail by an international
body such as the UN Commission for Sustainable
Development, and processes established for
the development of policy mechanisms to
resolve them.

Research and development

A research governance framework is required to guide the
sustainable and responsible development of research
activity so as to ensure that the technology can be applied
if it becomes necessary. Codes of practice for the scientific
community should be developed, and a process for
designing and implementing a formal governance
framework initiated. Research activity should be as open,
coherent, and as internationally coordinated as possible
and trans-boundary experiments should be subject to
some form of international governance, preferably based
on existing international structures.

Little research has yet been done on most of the
geoengineering methods considered, and there have been
no major directed programmes of research on the subject.
The principal research and development requirements in
the short term are for much improved modelling studies
and small/medium scale experiments (eg laboratory
experiments and field trials). Investment in the
development of improved Earth system and climate
models is needed to enable better assessment of the
impacts of geoengineering methods on climate and
weather patterns (including precipitation and storminess)
as well as broader impacts on environmental processes.
Much more research on the feasibility, effectiveness, cost,
social and environmental impacts and possible unintended
consequences is required to understand the potential
benefits and drawbacks, before these methods can be
properly evaluated. The social and environmental impacts
of most geoengineering methods have not yet been
adequately evaluated, and all methods are likely to have
unintended consequences. These need to be strenuously
explored and carefully assessed.

Key recommendations:

e The Royal Society in collaboration with international
science partners should develop a code of practice
for geoengineering research and provide
recommendations to the international scientific
community for a voluntary research governance
framework. This should provide guidance and
transparency for geoengineering research, and
apply to researchers working in the public, private
and commercial sectors. It should include:

a. Consideration of what types and scales of
research require regulation including validation
and monitoring;

xii | September 2009 | Geoengineering the Climate

b. The establishment of a de minimis standard for
regulation of research;

c. Guidance on the evaluation of methods including
relevant criteria, and life cycle analysis and
carbon/climate accounting.

e Relevant international scientific organisations should
coordinate an international programme of research
on geoengineering methods with the aim of providing
an adequate evidence base with which to assess their
technical feasibility and risks, and reducing
uncertainties within ten years.

¢ Relevant UK government departments (DECC' and
DEFRA?) in association with the UK Research Councils
(BBSRC3, ESRC*, EPSRCS, and NERCS) should together
fund a 10 year geoengineering research programme at
a level of the order of £10M per annum. This should
actively contribute to the international programme
referred to above and be closely linked to climate
research programmes.

The public acceptability of geoengineering
Public attitudes towards geoengineering, and public
engagement in the development of individual methods
proposed, will have a critical bearing on its future.
Perception of the risks involved, levels of trust in those
undertaking research or implementation, and the
transparency of actions, purposes and vested interests,
will determine the political feasibility of geoengineering.
If geoengineering is to play a role in reducing climate
change an active and international programme of public
and civil society dialogue will be required to identify
and address concerns about potential environmental,
social and economic impacts and unintended
consequences.

Key recommendation:

The Royal Society, in collaboration with other appropriate
bodies, should initiate a process of dialogue and
engagement to explore public and civil society attitudes,
concerns and uncertainties about geoengineering as a
response to climate change.

Department of Energy and Climate Change.

Department for Environment, Food, and Rural Affairs.
Biotechnology and Biological Sciences Research Council.
Economic and Social Research Council.

Engineering and Physical Sciences Research Council.
Natural Environment Research Council.

DO WN =
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1 Introduction

1.1 Background

Geoengineering, or the deliberate large-scale manipulation
of the planetary environment to counteract anthropogenic
climate change, has been suggested as a new potential
tool for addressing climate change. Efforts to address
climate change have primarily focused on mitigation, the
reduction of greenhouse gas emissions, and more recently
on addressing the impacts of climate change —adaptation.
However, international political consensus on the need to
reduce emissions has been very slow in coming, and there
is as yet no agreement on the emissions reductions needed
beyond 2012. As a result global emissions have continued
to increase by about 3% per year (Raupach et a/. 2007),

a faster rate than that projected by the Intergovernmental
Panel on Climate Change (IPCC) (IPCC 2001)7 even under
its most fossil fuel intensive scenario (A1FI8) in which an
increase in global mean temperature of about 4°C (2.4 to
6.4°C) by 2100 is projected (Rahmstorf et a/. 2007).

The scientific community is now becoming increasingly
concerned that emissions will not be reduced at the rate
and magnitude required to keep the increase in global
average temperature below 2°C (above pre-industrial
levels) by 2100. Concerns with the lack of progress of
the political processes have led to increasing interest in
geoengineering approaches. This Royal Society report
presents an independent scientific review of the range
of methods proposed with the aim of providing an
objective view on whether geoengineering could, and
should, play a role in addressing climate change, and
under what conditions.

1.2 Geoengineering

Geoengineering proposals aim to intervene in the climate
system by deliberately modifying the Earth’s energy
balance to reduce increases of temperature and eventually
stabilise temperature at a lower level than would otherwise
be attained (see Figure 1.1). The methods proposed are
diverse and vary greatly in terms of their technological
characteristics and possible consequences. In this report
they have been classified into two main groups:

i. Carbon dioxide removal (CDR) methods: which reduce
the levels of carbon dioxide (CO,) in the atmosphere,
allowing outgoing long-wave (thermal infra-red) heat
radiation to escape more easily;

7  Because of the economic crisis, 2008 and 2009 emissions will be
lower than the most pessimistic of the IPCC Special Report on
Emissions Scenarios (SRES). However, this emission reduction is due
only to the downturn in GDP growth. Underlying factors, such as rates
of deployment of carbon-neutral energy sources and improvement in
efficiency continue to be worse than even the most pessimistic of the
IPCC emission scenarios.

8 The A1FI scenario is based on a future world of very rapid economic
growth, a global population that peaks in mid-century and declines
thereafter, and the rapid introduction of new and more efficient (but
fossil fuel intensive) technologies (IPCC 2000a).

The Royal Society

or:

ii. Solar radiation management (SRM) methods: which
reduce the net incoming short-wave (ultra-violet and
visible) solar radiation received, by deflecting sunlight,
or by increasing the reflectivity (albedo) of the
atmosphere, clouds or the Earth’s surface.

Note that while it would theoretically also be possible for
geoengineering methods to remove greenhouse gases
other than CO, from the atmosphere (eg, methane (CH,),
nitrous oxide (N,0)), most if not all of the methods
proposed so far focus on CO, which is long-lived, and
present at a relatively high concentration, and so these are
the focus in this report. Mitigation efforts to reduce
emissions of such non-CO, greenhouse gases are of
course still extremely important, but are not regarded as
geoengineering and so are not considered.

The objective of CDR methods is to remove CO, from the
atmosphere by:

e Enhancing uptake and storage by terrestrial biological
systems;

e Enhancing uptake and storage by oceanic biological
systems; or

e Using engineered systems (physical, chemical,
biochemical).

SRM methods may be:
e Surface-based (land or ocean albedo modification);
e Troposphere-based (cloud modification methods, etc.);

e Upper atmosphere-based (tropopause and above,
ie, stratosphere, mesosphere);

e Space-based.

1.3 The climate system

To understand the principles of geoengineering and the
methods by which the range of interventions have effect it
is necessary to understand the climate system. A detailed
review of the science of climate change is provided in the
IPCC Fourth Assessment working group 1 report (AR4)
(IPCC 2007a). Here brief descriptions of the climate system
and the drivers that lead to climate change are provided.

Most geoengineering proposals aim either to reduce the
concentration of CO, in the atmosphere (CDR techniques,
Chapter 2), or to prevent the Earth from absorbing some
solar radiation, either by deflecting it in space before it
reaches the planet, or by increasing the reflectivity of the
Earth’s surface or atmosphere (SRM techniques, Chapter 3).
These geoengineering techniques would work by
manipulating the energy balance of the Earth: the balance
between incoming radiation from the sun (mainly short-wave
ultraviolet and visible light) that acts to heat the Earth, and

Geoengineering the Climate | September 2009 |1



Figure 1.1. Schematic showing the global average energy budget of the Earth’s atmosphere. Yellow indicates solar radiation,
red indicates heat radjation and green indicates transfer of heat by evaporation/condensation of water vapour and other
surface processes. The width of the arrow indicates the magnitude of the flux of radiation and the numbers indicate annual
average values. At the top of the atmosphere the net absorbed solar radiation is balanced by the heat emitted to space.

Adapted from Kiehl & Trenberth (1997).
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out-going (long-wave) thermal infrared radiation which acts
to cool it. It is this balance which fundamentally controls
the Earth’s temperature, and which drives and maintains
the climate system (Figure 1.1).

These radiation streams do not reach or leave the Earth's
surface unimpeded. About one third of the incoming solar
radiation on average is reflected by clouds, and by ice caps
and bright surfaces. This reflectivity of the Earth is referred
to as its albedo (see Section 3.2). Most of the incoming
radiation passes through the atmosphere to reach the Earth’s
surface, where some is reflected and most is absorbed,

so warming the surface. Some of the outgoing thermal
radiation emitted by the Earth’s surface is absorbed by the
greenhouse gases in the atmosphere (mainly natural water
vapour and CO,) and also by clouds, reducing the amount
of heat radiation escaping to space, and so also warming
the atmosphere and the Earth's surface. Only about 60%
of the thermal radiation emitted by the surface eventually
leaves the atmosphere, on average, after repeated
absorption and re-emission within the atmosphere.

The outgoing thermal radiation increases strongly as
surface temperature increases while the incoming solar
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radiation does not. This creates a strong negative feedback,
because the temperatures of the surface and atmosphere
increase until the outgoing and incoming radiation are in
balance, and then stabilises. The flux of solar energy at
the Earth’s distance from the Sun, the ‘solar constant’, is
approximately 1,368 W/m?2 which gives a value of 342 \W/m?
when averaged over the whole globe (refer to Box 1.1).

Box 1.1 Units used in this report

Radiative forcing is normally measured in W/m? and
these units are used throughout this report. For masses
of carbon and CO,, quantities are often expressed in
GtC, ie gigatonnes (10° T, or billions of tonnes) of
carbon. 1 GtC is exactly the same as 1 Pg