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Memorandum 1 
 

Submission from the 
Department for Innovation, Universities and Skills (DIUS) 

 
 
Introduction 
 
1. The Department for Innovation, Universities and Skills provides funding 
from the Science Budget to the Research Councils, which are responsible for 
funding basic, strategic and applied research and related postgraduate 
training across the range of scientific and engineering disciplines, and has 
developed a close working relationship with the UK engineering community to 
meet the needs of this important sector to UK society.   
 
2. The Research Councils are submitting a separate memorandum on this 
to the Select Committee.   
 
Current and potential roles of Engineering and Engineers in Geo-
engineering solutions to Climate Change 
 
3. Geo-engineering solutions to climate change that refer to a diverse 
range of individual approaches that have been floated that, broadly, would 
involve either taking CO2 directly from the atmosphere or reducing the amount 
of sunlight that is absorbed by the Earth's atmospheric system by increasing 
its reflectivity, or “albedo”.   
  
4. Understanding of the science and potential of geo-engineering options 
for mitigating climate change is currently limited and there is not strong 
agreement in this area.  In its Fourth Assessment Report, the 
Intergovernmental Panel on Climate Change (IPCC) highlights that the 
options put forward, to date, remain largely speculative with little known about 
their effectiveness and costs and with a risk of unknown side-effects.  
 
5. Also, it is important to note that those options proposed that could 
increase the Earth’s albedo might have the effect of reducing temperature 
whilst in place, but would not affect other impacts from increased CO2, such 
as ocean acidification.  
 
6. Nonetheless, the scale of the challenge posed by climate change 
suggests that less conventional approaches and technologies should continue 
to be explored, whilst the key priority remains the development and 
deployment of technologies to drive the urgent and radical shift required to a 
low carbon economy.  The transformation to a low carbon global economy 
represents a major, long term challenge and, even at the most optimistic 
stabilisation ranges suggested for greenhouse gases in the atmosphere, the 
risks of dangerous climate change impacts remain. It is conceivable, 
therefore, that some of those geo-engineering approaches currently 
proposed, or others that may yet be put forward, may offer bridging solutions 
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to mitigate, probably to a limited extent, global warming impacts over the 
period until stabilisation of emissions at a “safe”1 level can be achieved.          
  
Background on individual Geo-engineering options 
 
7. Ideas considered in the Fourth Assessment Report include:  
 
• Ocean Fertilisation - This describes stimulating the growth of 

phytoplankton, which, in turn, leads to increased volumes of CO2 being 
sequestered in the form of particulate organic carbon (POC).  Growth is 
stimulated by ‘fertilising’ the ocean surface with a limiting nutrient to 
phytoplankton growth, such as iron or nitrogen.  It should be noted, 
though, that the limiting factor will vary across the oceans - additions of 
iron, for example, will only stimulate growth in around 30% of the oceans 
where iron depletion prevails.  The potential negative effects of ocean 
fertilisation include the increased production of methane and nitrous oxide, 
de-oxygenation of intermediate waters and changes in phytoplankton 
community composition.  This may lead to toxic algae blooms and/or 
promote further changes along the food chain.  

 
• Deflector System between the Earth and Sun – The principle of this 

approach is to install a barrier to sunlight between the Sun and the Earth 
which would filter/deflect a pre-determined fraction of the incident solar 
radiation. 

 
• Stratospheric Reflecting Aerosols – This involves the controlled scattering 

of incoming sunlight with airborne microscopic particles, which, once 
deployed, would remain in the stratosphere for around 5 years.  The 
particles could be a) dielectrics b) metals c) resonant scatterers or d) 
sulphur.  The implications of these schemes require further assessment 
with regard to stratospheric chemistry, feasibility and cost.  

 
• Albedo Enhancement of Atmospheric Clouds – This scheme involves 

seeding low-level marine stratocumulus clouds with atomised sea water.  
The resulting increase in droplet concentration in the clouds increases 
cloud albedo, resulting in cooling which could be controlled.  The costs of 
this would be less than for schemes involving stratospheric aerosols, but 
the meteorological ramifications need further study. 

 
8. Defra’s submission to the Committee will provide a more detailed 
consideration of the individual geo-engineering approaches floated, informed 
by the Department’s polling of experts earlier in the year.   
  
 
 
 

                                            
1 Noting that even at current levels, some adverse climate change impacts are unavoidable 
and will require adaptation measures.  
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Provision of university courses and other forms of training relevant to 
Geo-engineering in the UK 
 
9. The HE Academy Engineering Subject Centre does not have a 
comprehensive knowledge of the provision of Geo-Engineering in the UK.  
 
10. There are, though several UK Universities that provide courses with a 
possible geo-engineering content and the University of Durham (along with 
teaching) undertakes research in geo-engineering. 
  
11.  The Institution of Civil Engineers, the professional body for Civil 
Engineering, also has a number of specialist knowledge groups, including 
geospatial engineering.  
 
Geo-engineering and engaging young people in the engineering 
profession 
 
12. The Government recognises the important contribution that engineers 
make to society and the role of engineering in developing practical solutions 
to some of our most pressing societal, economic and environmental 
challenges.  But this view is not yet shared by all sections of our society.  In 
2007, the Engineering and Technology Board and the Royal Academy of 
Engineering jointly published the findings of the first national survey of public 
attitudes and perceptions towards engineers and engineering and these 
revealed fundamental misconceptions of engineering among young people in 
particular that could worsen the UK’s shortfall in engineers if it affects their 
future career choices. 
 
13. Government policy on science and engineering education, and on public 
engagement in this area, is mainly focused on increasing the number of 
people coming through schools and colleges with the right GCSEs and A-
levels to enable them to study science and engineering in Higher Education – 
then to pursue engineering careers equipped with the necessary skills – and 
on improving public perceptions of engineering.  The Government, in 
partnership with key delivery agents, has made major policy commitments in 
this area - much has been achieved but there remains more to do (see 
Departmental submission - with input from DCSF and BERR - to the first 
tranche of written evidence, already published by the Committee: 
http://www.parliament.uk/documents/upload/ENG%20Ev%20for%20internet.p
df ).  
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The Role of Engineers in informing policy makers and the public 
regarding the potential costs, benefits and research status of different 
Geo-engineering schemes 
 
14. There are various ways in which the UK engineering community is 
helping to shape public policy on issues with an engineering dimension and to 
encourage public engagement with these issues.  While not currently focused 
on geo-engineering, these same mechanisms can readily be employed as 
Government policy in this area develops. 
 
15. The Royal Academy of Engineering is a major source of authoritative 
impartial advice for Government on issues with an engineering dimension.  As 
the UK’s national academy for engineering, it provides overall leadership for 
the UK’s engineering profession, along with the engineering institutions.  The 
Academy’s membership of 1,424 Fellows brings together the UK’s most 
eminent engineers from all disciplines. 
 
16. There is a growing enthusiasm on the part of the Academy, supported by 
the leading engineering institutions, to work more collaboratively and with 
Government to better promote the UK engineering profession.  Regular 
meetings with the Government Chief Scientific Adviser, Ministers and senior 
officials help ensure that the engineering community has high-level input to 
policy making in a wide range of areas. 
 
17. Working closely with the main engineering institutions, the Academy is 
co-ordinating the response of the UK engineering profession to the public 
consultation, launched by DIUS on 18 July, on developing a new Strategy for 
Science and Society.  The aim is to realise the vision of a society that is 
excited by science; values its importance to our social and economic 
wellbeing; feels confident in its use; and supports a well-qualified, 
representative workforce. 
 
18. The Academy is expected to provide its own written evidence, but 
advises that geo-engineering, as such, is not currently a focus for its activities 
– it regards geo-engineering as being mainly at the ‘blue skies’ stage.  But the 
Academy, together with the engineering institutions, will play an important role 
as Government policy in this area is developed. 
 
October 2008 
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Memorandum 2 
 

Submission from Professor Ian Main and Dr Gary Couples, Director and Co-
director, Edinburgh Collaborative of Subsurface Science and Engineering 

(ECOSSE) 
 
Today 
 
1.1. Many of the greatest challenges facing society today will require 

innovative solutions at the interface between the GeoSciences and 
Engineering.  Examples include the response to Climate Change 
(including underground carbon storage, and dealing with rising sea 
levels) efficient exploitation/management of Earth resources (minerals, 
oil and gas, groundwater); Energy (oil & gas, underground storage of 
nuclear waste); and Natural Hazards (earthquakes, volcanoes, storms 
and storm surges).  Some apply directly to the UK, and some to 
countries where the UK has significant business/cultural exchange 
interests. 

 
1.2. To respond to the challenges, some universities have set up 

mechanisms to co-operate across the GeoSciences and Engineering, 
including ECOSSE, a 4-way partnership between scientists and 
engineers at the University of Edinburgh, Heriot-Watt University, the 
British Geological Survey and the Scottish Universities Environmental 
Research Centre, part of the wider Edinburgh Research Partnership in 
Engineering and Mathematics (ERP), funded as a research pooling 
initiative by the Scottish Funding Council.  This summary is based on the 
practical experience of formally setting up this partnership. 

 
1.3. Such partnerships have operated effectively as an incubator of large, 

new, globally-competitive initiatives, including the Scottish Carbon 
Capture and Storage Consortium (SCCS: www.geos.ed.ac.uk/sccs) and 
Edinburgh Seismic Research (ESR: www.geos.ed.ac.uk/seismic/).  
SCCS is based on the philosophy of using oil-related geoengineering 
skills and facilities built up over decades to focus on the R&D challenges 
of CO2 management based on subsurface CO2 storage, and ESR in 
applying subsurface imaging techniques to exploring and monitoring the 
subsurface to inform engineering decisions.    

 
1.4. The funding environment from UK Government is already evolving to 

respond to such challenges, with NERC strongly supporting initiatives in 
living with climate change and natural hazards, albeit at the expense of 
subsurface science.  At the same time EPSRC and other avenues such 
as the Treasury Science and Innovation scheme has funded significant 
research and staff posts in subsurface geoengineering.   
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1.5. Many universities are responding to the change in funding environment 
with new staff appointments in the relevant areas, some as matching 
funding for government-supported initiatives such as ECOSSE and 
ERP. 

 
1.6. Industry is increasingly aware of the need to engage, with long-term 

commitment to funding research in exploration and production of oil and 
gas, but also more recently in minerals and in terms of supporting new 
areas such as carbon capture and storage.   

 
1.7. Much of the ‘pull’ from industry in this area is in recruitment – the UK 

simply does not produce enough of its own quantitative geoscientists or 
engineers to fill current vacancies, and even fewer graduates who are 
literate across elements of both disciplines.  This is a global problem. 

 
The future 
 
2.1 The challenges listed above will become more acute with time. 
 
2.2 Action is needed now to inspire young people to engage with the big 

issues.  This could be encouraged by inclusion in School curricula of 
concrete worked examples to illustrate general principles in 
mathematics, physics, geography, geology, and also from a greater 
direct engagement of practitioners with Schools, media etc.   

 
2.3 Solutions must be sought over a spectrum of resource allocation, from 

large-scale engineering and monitoring programmes in coastal defence 
and carbon storage to working more with nature in preserving 
wetlands, or low-cost engineering solutions where funds are limited. 

 
2.4 More explicit collaboration and demarcation between NERC and 

EPSRC would be welcome to ensure no funding gap exists between 
GeoSciences and Engineering.  No competitive integrative proposal in 
geoengineering should fail because it ‘falls between two stools’. 

 
2.5 Likewise universities should be encouraged to continue to develop 

procedures and possible joint staff appointments that encourage links 
and integrated research in geoscience and engineering, reaching out to 
all relevant agencies, including industry, government-directed 
programmes (British Geological Survey, Centre for Ecology and 
Hydrology etc.) and regulatory agencies (e.g. SEPA).   

 
2.6 Continued/increased targeted government support of this effort, 

beyond that provided by individual research councils, directed explicitly 
at geoengineering (Treasury S&I Scheme, DBERR) would be welcome.   
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2.7 Geoengineers must be encouraged to interact more with society as a 
whole, in a subject increasingly driven by a regulatory framework 
(hence requiring an engagement with environmental law), with 
solutions that may involve action or buy-in by the majority (hence social 
sciences and science-led policy) as well as the skilled technical 
practitioner.  

 
October 2008 
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Memorandum 3 
 

Submission from the School of Engineering and Electronics & School of 
Geosciences, University of Edinburgh 

 
1. The current and potential roles of engineering and 

engineers in geo-engineering solutions to climate change 
 
Many of the greatest challenges facing society today will require innovative 
solutions at the interface between GeoSciences and Engineering. 
Examples include the response to climate change, efficient 
exploitation/management or Earth resources, energy, and natural hazards.  
While many climate changes will impact on the UK (e.g., floods, droughts, 
severe winters, and forest fires), an increase in the number of extreme 
rainfall or storm events is expected to have the most significant 
implications in Scotland.  
 
To respond to the challenge, some universities have set up mechanism to 
cooperate across the GeoScience and Engineering, such is the case of 
The University of Edinburgh. 
 
The role of engineering and engineers in geo-engineering is to provide 
solutions to adapting to the impacts of climate change, including: 
 
1.1. Water resources management on very large catchment scale. 
1.2. Flood retention structures.  
1.3. Wetlands. 
 
The role is also to minimise emissions, applying different measures that 
include: 
 
1.4. Energy efficiency and microgeneration. 
1.5. Waste reduction and recycling. 
1.6. Carbon capture and storage. 
1.7. Conversion of biomass to gaseous fuel and biochar (carbon-

negative technology). 
1.8. Optimal remediation of contaminated land. 

 
Geo-engineers must be encouraged to interact more with society as a 
whole, in a subject increasingly driven by a regulatory framework (hence 
requiring an engagement with environmental law), with solutions that may 
involve actions of buy-in by the majority (hence social sciences and 
science-led policy) as well as the skilled practitioner. 
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2. National and international research activity, and research 
funding, related to geo-engineering, and the relationship 
between, and interface with, this field and research 
conducted to reduce greenhouse gas emissions 
 
Ongoing national and international research activity related to geo-
engineering and adaptation to the impact of climate change includes: 
 
2.1. Flood Retention Structures (International funding - EU INTERREG 

SAWA) 
There are many types of Flood Retention Structures (FRS) performing 
various roles.  However, while most of them detain runoff for later 
release thus avoiding downstream flooding problems, some of them do 
perform other tangible albeit less ‘visible’ roles such as pollution 
removal, infiltration for groundwater recharge, source of raw water for 
potable water supply and provision of recreational facilities.  A multi-
functional retention structure will in principle be desirable but may not 
be appropriate or even advisable depending on the particular 
circumstances of the catchment under consideration.  The absence of 
a classification scheme for FRS leads to confusion about the status of 
individual structures.  A classification scheme would therefore greatly 
enhance communication between practitioners.  A rapid classification 
methodology for FRS is relevant for stakeholders such as local 
authorities and non-governmental organizations, and it would greatly 
assist them with planning issues.  Finally, an insight into the relative 
importance of variables defining different FRS for various applications 
such as flood management, sustainable drainage, recreation, 
environmental protection and/or landscape aesthetics will help 
practitioners to optimise the design, operation and management of 
FRS.  Decisions such as this one are currently made ad hoc and are 
frequently based only on political considerations. 

 
Ongoing national and international research activity related to geo-
engineering and reducing greenhouse gas emissions includes: 
 
2.2. Second generation biofuels and local energy systems. 

First-generation biofuels, mainly from corn and other food based crops 
are being used as a direct substitute for fossil fuels in transport. 
However, they are available in limited volumes that do not make them 
serious replacements for petroleum. Second generation biofuels from 
forest and crop residues, energy crops and municipal and construction 
waste, will arguably reduce net carbon emission, increment energy 
efficiency and reduce energy dependency, potentially overcoming the 
limitations of first generation biofuels. Nevertheless, implementation of 
second generation biofuels technology will require a sustainable 
management of energy, or development of local bio-energy systems. 
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Locally produced second generation biofuels will exploit local biomass 
to optimize their production and consumption. 

2.3. Conversion of biomass to gaseous fuel and biochar (carbon-
negative technology). 

Design of novel processing technology to gasify biomass using 
smouldering combustion leading to more efficient and smaller reactors. 
Biochar boost plant growth and is storage in soil layers. Production of 
biochar can be coupled with the simultaneous production of gas and 
liquid fuels from biomass to reach self-energize processing. 

2.4. Methane emission abatement via methonotrophic bacteria living in 
soils and compost. 

Methane is a potent greenhouse gas, with a global warming potential 
23 times higher than CO2 (mole basis, 100 yr timeframe), chemically 
stable and persist in the atmosphere over time scales of a decade to 
centuries or longer, and thus methane emission has a long-term 
influence on climate. Landfills represent a significant source of 
methane. Although, for new landfills, the European Community Landfill 
Directive 1999 imposes strict engineering requirements to capture CH4 
emissions, CH4 escape through the landfill cover of existing, non-
engineered landfills remains a significant problem in the UK. Landfill 
CH4 emission abatement can be achieved by methane oxidizing 
bacteria (methanotrophs), which may be present in biowaste compost 
produced from biodegradable fractions of municipal waste.   

2.5. Diversion of waste to energy.  
The use of biofuels for transport is becoming of increasing importance 
for a number of reasons, such as environmental concerns relating to 
climate change, depletion of fossil fuel reserves, and reduction of 
reliance on imports. This is leading to international, national and 
regional focus upon alternative energy sources. In Europe, the 
European Commission has proposed indicative targets for biofuel 
substitution of 5.75% by 2010. A potential source for low-cost biofuel 
(i.e., bio-ethanol) production is to utilize lignocellulosic materials such 
as crop residues, grasses, sawdust, wood chips, and solid waste. 
Additionally, European legislative pressures target for minimising 
landfill use in European countries, and the amount of biodegradable 
municipal solid waste (BMSW) going to landfill must be reduced by 
25% by 2010, 50% by 2013 and 65% by 2020. Thus, the BMSW 
fraction may be considered an alternative sustainable source of bio-
ethanol.  

2.6. Study of emissions from large subsurface fires (peat, coal, landfill). 
Large smouldering fires are rare events at the local scale but occur 
regularly at a global scale. These fires smoulder below ground very 
slowly for extended periods of time (weeks or years) and are large 
contributors to biomass consumption and green house gas emissions 
to the atmosphere. Subsurface coal fires in China alone are estimated 
to contribute 2-3% of global carbon emissions. The largest peat fires 
registered to date took place in Indonesia during the El Niño dry 
season of 1997 and released between 13-40% of the global fossil fuel 
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emissions of that year. The emission from smouldering peat and coal 
need to be measured and quantify. Current knowledge is inadequate 
and hinders proper understanding of the problem. 

2.7. Effective extinction method for subsurface fires and coal fires. 
Little technical research has been undertaken on this subject and 
understanding of how to tackle subsurface fires which are extremely 
difficult to extinguish. In addition to the environmental costs, associated 
financial costs of smouldering mines run into millions of dollars from 
loss of coal, closure of mines, damage to environment and fire fighting 
efforts. 

 
 
3. The provision of university courses and other forms of 

training relevant to geo-engineering in the UK: 
 
Current university courses relevant to geo-engineering, offered by the 
School of Engineering and Electronics, include: 
 
3.1. Sustainable development and new Engineering 1 Workshops. 

New workshops for Engineering 1 involve teams of students working 
on posters and presentation related to sustainability, global warming, 
energy security, carbon offsetting and renewable energy issues, as 
well as professional ethics and impact of technology in society. 
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3.2. Infrastructure Management and Sustainability 3. 
This course provides an opportunity for students to explore further 
sustainable development issues and to focus on the role and practices 
of engineers in creating a sustainable world. 

3.3. Environmental Engineering 3. 
This course presents an open approach to Environmental Engineering. 
Particular emphasis is given to new environmental challenges and how 
to contribute to increasing sustainable economic growth.  

3.4. Water and Wastewater Systems 3. 
This course extends the hydrology and water resources course content 
of the 2nd year Water Resources course  into fundamentals of water 
quality, and water and wastewater treatment. The content covers the 
practical considerations to be made resulting from the demand for 
water from community development by considering water consumption, 
water sources, water quality and disposal.  Specific reference is made 
to fundamental water and wastewater treatment issues and 
technologies such as the following: Drinking Water Quality Standards 
and Water Treatment; Coagulation and Flocculation; Sludge Blanket 
Clarifiers and Flotation Systems; Characterisation of Organic Effluent; 
Sewage Treatment (primary treatment units); and Biological Treatment. 

3.5. Water and Wastewater Systems 4. 
The topics of water quality and water and wastewater systems are 
continued from the 3rd year course Water Resources.  Specific 
reference is made to advanced water and wastewater treatment 
options such as the following: Filtration; Hydraulics of Filtration; 
Disinfection and Fluoridation; Water Softening and Iron and 
Manganese Removal; Environmental Water Microbiology; Biological 
Filtration; Rotating Biological Contactors; Activated Sludge Process; 
and Sludge Treatment and Disposal. Relevant case studies and recent 
research are also discussed. 

3.6. Contaminated Land and remediation technologies. 
Research of in-situ land and groundwater remediation remains one 
priority technology area. Significant advances are required in 
groundwater treatment systems to make them more efficient and 
reliable. Traditional pump and treat technologies, for example are very 
inefficient at addressing low levels of contaminants that have migrated 
over large areas. This course explores traditional and novel 
remediation technologies. 

 
4. The status of geo-engineering technologies in government, 

industry and academia 
 
There is a close collaboration between academia, industry and 
government, to develop geo-engineering technologies. Some examples 
include: 
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4.1. Constructed treatment wetlands. 
The self-organizing map (SOM) model was applied to elucidate heavy 
metal removal mechanisms and to predict heavy metal concentrations 
in experimental constructed wetlands treating urban runoff. A newly 
developed SOM map showed that nickel in constructed wetland filters 
is likely to leach under high conductivity in combination with low pH in 
winter. In contrast, influent pH and conductivity were not shown to have 
clear relationships with copper concentrations in the effluent, 
suggesting that the mobility of copper was not considerably affected by 
salt increase during winter. The accuracy of prediction with SOM was 
highly satisfactory, suggesting heavy metals can be efficiently 
estimated by applying the SOM model with input variables such as 
conductivity, pH, temperature and redox potential, which can be 
monitored in real time. Moreover, domain understanding was not 
required to implement the SOM model for prediction of heavy metal 
removal efficiencies. 

4.2. Sustainable drainage systems. 
This research assesses the performance of the next generation of 
permeable pavement systems incorporating ground source heat 
pumps. The relatively high variability of temperature in these systems 
allows for the potential survival of potentially pathogenic organisms 
within the sub-base. Supplementary carbon dioxide monitoring 
indicated relatively high microbial activity on the geotextile and within 
the lower parts of the sub-base. Anaerobic processes were 
concentrated in the space around the geotextile, where carbon dioxide 
concentrations reached up to 2000 ppm. Nevertheless, the overall 
water treatment potential was high with up to 99% biochemical oxygen 
demand removal. The research enables decision-makers for the first 
time to assess public health risks, treatment requirements and 
efficiencies, and the potential for runoff recycling. The relatively low 
temperatures and minor water quality data variability within the 
systems provided good evidence for the relatively high level of 
biological process control leading to a low risk of pathogen growth. 

4.3. Waste to energy. 
Energy from waste is the recovery of renewable energy in the form of 
electricity and/or heat from residual waste. Gaseous and liquid fuels 
can also be recovered from waste as an alternative to electricity 
generation. Energy from waste can make a significant contribution to 
oil-independence and climate protection with clean power, heat, and 
vehicle fuels. Ongoing research in energy from waste technologies 
includes optimisation of biological and thermal processes to produce 
liquid fuels and added-value products from biodegradable fractions of 
organic waste diverted from landfill sites. 

4.4. Smouldering combustion for biomass conversion 
See 2.3 and 2.7. 
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5. Geo-engineering and engaging young people in the 
engineering profession 
 
Many professional associations have specific mechanisms to engage 
young people in the engineering profession. These include: 
 
5.1. CIWEM, Chartered Institution of Water and Environmental 

Management. 
See http://ciwem.org.  
The CIWEM is the leading professional and examining body for 
scientists, engineers, other environmental professionals, students and 
those committed to the sustainable management and development of 
water and the environment. 

5.2. IEMA, Institute of Environmental Management and Assessment. 
See http://www.iema.net/ 
The Institute’s aim is to promote the goal of sustainable development 
through improved environmental practice and performance. 

5.3. SHG networking meetings, The Scottish Hydrological Group. 
See http://www.hydrology.org.uk/about_regional_scottish.htm 
The Society caters for all those with an interest in the inter-disciplinary 
subject of hydrology, and aims to promote interest and scholarship in 
scientific and applied aspects of hydrology and to foster the 
involvement of its members in national and international activities. 

5.4. IWA, International Water Association. 
See http://www.iwahq.org/ 
The goal of IWA is to fulfil the present and future needs of the water and 
wastewater industries. This requires the continuous development of a 
workforce which is both adequate in size, capable in skills and strong in 
leadership. Young water professionals (students and professionals in the 
water sector and under the age of 35) are the future of the water sector, and 
therefore the future of the IWA 

5.5. EGU, European Geoscience Union. 
 See http://www.egu.eu/  

EGU is a dynamic, innovative, and interdisciplinary learned association 
devoted to the promotion of the sciences of the Earth and its 
environment and of planetary and space sciences and cooperation 
between scientists. 
 
 

6. The role of engineers in informing policy-makers and the 
public regarding the potential costs, benefits and research 
status of different geo-engineering schemes 
 
An example of how ongoing research conducted in the academia by 
engineers informs policy-makers and the public includes:  
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6.1. Farm constructed wetlands - 'Governments' of Scotland, Northern 

Ireland and Ireland 
This research comprises the scientific justification for the Farm 
Constructed Wetland (FCW) Design Manual for Scotland and Northern 
Ireland. Moreover, this document addresses an international audience 
interested in applying wetland systems in the wider agricultural context. 
Farm constructed wetlands combine farm wastewater (predominantly 
farmyard runoff) treatment with landscape and biodiversity 
enhancements, and are a specific application and class of Integrated 
Constructed Wetlands (ICW), which have wider applications in the 
treatment of other wastewater types such as domestic sewage. The 
aim of this review paper is to propose guidelines highlighting the 
rationale for FCW, including key water quality management and 
regulatory issues, important physical and biochemical wetland 
treatment processes, assessment techniques for characterizing 
potential FCW sites and discharge options to water bodies. The paper 
discusses universal design, construction, planting, maintenance and 
operation issues relevant specifically for FCW in a temperate climate, 
but highlights also catchment-specific requirements to protect the 
environment. 

 
Nevertheless, future needs have been identified: 

 
6.2. Need for close collaboration between GeoSciences and 

Chemical/Electrical/Mechanical Engineering to define the entire CCS 
chain.  
It is going to be difficult to formulate an appropriate multi-objective 
function to optimize CCS.  

6.3.  Matching of sources and sinks.  
This is what makes the north of the UK the obvious place to carry out 
RD&D.  

6.4. Need for a regulatory framework. 
 It's difficult to see how someone is going to start pumping CO2 

underground if one is not sure of what liabilities will be there in the 
longer term. Not sure what similarities can be drawn from the disposal 
of spent nuclear materials.  

6.5. Need to explore all capture options (i.e. pre-, post- and oxy-
combustion). 

 Here there is a strong lobby that wishes to focus only on one technology 
and this is not a clever choice, given that there are no existing plants.  

6.6. Need for people trained in all of the above. 
  CCS MSc (planned to start from September 2009) will be developed, 

where we will be involved. 
 

October 2008 
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Memorandum 4 
Submission from PODEnergy 

 
Applying Wikinomics to Geo-Engineering 

 
1. Summary 
 
1.1 Encourage and enable engineers and scientists to self-organize using 
principles of wikinomics2. 
 

1.1.1 Strive for transparency on decisions using wikinomics concepts of 
mass collaboration. 
 
1.1.2 All climate change causes and solutions are geo-engineering. 
 
1.1.3 Sort geo-engineering technologies for eco-sustainability and 
effectiveness against both basic climate change impacts: trapping heat in 
the atmosphere and increasing ocean acidity. 
 
1.1.4 Facilitate all people, not only scientists and engineers, to self-select 
roles, activity, funding, training, and status for the various geo-engineering 
technologies. 

 
1.2 Consider geo-engineering as a game of futbol.  Mankind plays on the 
current favorite team, the greenhouse gas (GHG) “Releasers.”  Mankind also 
plays the underdog, the “Sustainables.”  The Sustainables win by preventing 
the releasers from scoring another melted glacier, drought, or dead coral reef 
and score when renewable energy replaces fossil fuels, or anthromorphic 
GHG release is prevented. 
 
1.3 A long time ago, the “orderly game” futbol officials gained the upper hand 
and implemented the “offside” rule.  The offside rule effectively limits scoring.  
In our game against GHG, “zero environmental impact” is our offside rule.  
Many solutions have some impact: wind energy makes noise, looks ugly, kills 
birds, might change wind patterns when conducted on a massive scale; 
desert solar changes the desert; ocean iron fertilization might change ocean 
nutrient patterns; and reflective particles in the atmosphere address only the 
atmospheric heating.  However, mankind needs every possible score against 
GHG release.  It’s tough enough to hit the net without an “offside rule” 
demanding only “perfect” solutions.  On the other hand, each “shot on goal” 

                                            
2 Wikinomics – How Mass Collaboration Changes Everything, Don Tapscott and Anthony D. 
Williams, expanded edition, Penguin Group, 2008 



 

Page 19 of 146 

requires substantial human effort and time.  We must take high percentage 
shots.  Mankind needs a universally inspiring and technically proficient coach.  
A special new wiki3 can be that coach. 
 
2. Categories of Geo-Engineering 
 
2.1 The International Panel on Climate Change (IPCC) identified three 
categories for countering GHG release. 
 

2.1.1 The IPCC defines mitigation, “An antropogenic intervention to reduce the 
sources or enhance the sinks of greenhouse gases.”  This includes for example; 
planting trees, energy efficiency, renewable energy, high-pressure anaerobic 
digestion, and chemical/mechanical “trees.”  On the necessary scale, all are geo-
engineering. 
 
2.1.2 The IPCC defines Adaptation, “Adjustment in natural or human 
systems to a new or changing environment.”  This includes for example; 
moving dwellings above the new river flood levels or sea levels, building 
new water conveying facilities, and water desalting facilities.  At the global 
scale, this treating the local symptoms of excess GHG is geo-engineering. 
 
2.1.3 The IPCC defines Geo-Engineering, treating one or more global 
symptoms of increased GHG as, “Efforts to stabilize the climate system by 
directly managing the energy balance of Earth...”  This includes mirrors in 
space, insulating blankets on glaciers, adding quicklime to the ocean, and 
reflective particles in the atmosphere. 

 
2.2 The Innovation, Universities, Science and Skills Committee, should not 
limit itself to the IPCC definitions.  Because of the scale, any Climate Change 
cause and solution is Geo-Engineering.  GHG release is Geo-Engineering.  
Spraying millions of tons of saltwater droplets high in the air, ocean-based 
high-pressure anaerobic digestion, converting millions of tons of corn into 
ethanol, and deploying millions of wind turbines are all Geo-Engineering. 
 
2.3 The Committee may continue to slot various technologies into the IPCC 
categories for consistency sake.  However, the categories do not matter in a truly 
transparent priority ranking system.  What matters is quickly identifying and 
constantly reevaluating which technologies are the best players.  Do not let the human 
tendency to characterize everything get in the way of determining the best 
combination of players.  For example, not all Mitigations, such as corn ethanol, are 
automatically worthy of more funding than all Adaptations, such as desalting 
seawater. 

                                            
3 The most well known wiki is WikiPedia.  A wiki is software that helps people collaborate on 
the Internet.  Most are collections of information.  The wiki that organizes the information from 
hundreds of collaborators to continually adjust decisions does not yet exist. 
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2.4 The game is fluid as new players come on and off the field.  Any tool 
attempting to prioritize technologies must be continually updated.  The game 
will run for many generations and several centuries. 
 
3. Transparency 
 
3.1 Every human participates in the game of Climate Change.  Only 
transparent, trust-building decisions will bring and keep a preponderance of 
people on the Sustainables for many generations.  Some will be referees 
sorting out truth.  Some will be players by championing or developing 
technologies.  Some will be fans, buying technologies and electing managers.  
Some will be managers, allocating resources.  All will be constantly tempted 
to switch teams.  Many will switch back and forth over their lifetimes. 
 
3.2 Countries need to trust each other and work together.  That is buy-in by 
51% of every democratic country, or the leadership of every autocratic 
country, is more useful than unevenly distributed buy-in by 80% of the world’s 
people or 80% of the world’s wealth. 
 
3.3 But Climate Change is like the prisoner’s dilemma, a zero-sum game, or 
drug doping in sport.  Everyone and every country is tempted to selfishly 
maintain or advance their standard of living.  The tremendous difference 
between countries’ standard of living amplifies the desire to opt out of Climate 
Change solutions adverse to a country’s economic competitiveness. 
 
3.4 Trust is only possible with trustworthy communication.  Conversely, the 
lack of trustworthy communication amplifies natural selfish tendencies.  
Fortunately, mankind has the tools for trustworthy communication of every 
human with every other human in a language every human can understand.  
The Internet allows every referee, player, manager, and fan to communicate 
with everyone else individually and collectively.   
 
3.5 Unfortunately, no one has the time to listen to 7 billion people.  That’s why 
we need an inspiring and technically proficient coach.  The coach absorbs the 
observations of managers, players, and fans, the abilities of the players, and 
abilities of the opposing players, and infinite other factors.  A good coach 
processes all those factors into a winning game strategy.  Not a static 
strategy, but a dynamic strategy that adjusts constantly.   
 
3.6 Even if we desired, no one person, one organization, one country, or 
partial collection of countries can be the coach.  The game it too complex and 
exclusivity will not inspire trust.  Climate Change is too complex because 
there are thousands of potential actions, thousands of known environmental 
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and economic impacts, and thousands of unknown environmental and 
economic impacts.  Even if one group could sort all this out and recommend 
actions, a few previously unknown impacts would appear before the 
suggested action, with all the reasons therefore, can be translated for 
everyone.  Even after the suggested action is translated, those not involved in 
selecting the action will not trust it is indeed the best action.  Corn ethanol is 
an example of a well-meaning play by one group that resulted in an “own 
goal.”  That is, while corn ethanol appears to make a modest reduction in local 
fossil fuel use, the impacts on food supply, global land use, and increased 
ocean dead zone area make it a better play for the Releasers than the 
Sustainables.  
 
3.7 All 7 billion of us can be the coach that builds trust and simplifies the 
complexity.  We need to develop a special kind of wiki, a judgewiki.  A 
judgewiki will combine a wiki’s “many hands make light the work” approach 
with a decision-matrix spreadsheet and other software designed to provide 
globally transparent decisions. 
 
4. Sorting technologies 
 
4.1 A conceptual sample spreadsheet component of a Climate Change judgewiki is 
attached.  The technologies are listed in one column.  Criteria are listed in other 
columns.  Each technology is given a score for each criterion.  One can “score” every 
technology for each criterion and then “sort” the technologies for which are better 
based on each technology’s total score. 
 
4.2 A matrix also allows one to sum the ecological and economic sustainable 
production of each technology.  People will more easily see that tremendous 
volumes of many technologies are needed for the Sustainables to win.  That 
is, those inclined to impose an offside rule, can more quickly see that insisting 
on “perfect” solutions virtually guarantees losing the game. 
 
4.3 We should arrange the judgewiki to avoid two pitfalls with many current 
decision systems, commission reports, and group web sites.  One is the too-
quick discouraging of out-of-box suggestions.  The other is a tendency to 
focus too narrowly on one’s mission.  Both can arise when retaining only 
experts in a particular field.  Experts may not notice, mention, or properly 
value new technology from areas outside their expertise.  A collection of 1945 
vacuum tube experts planning for the year 1965 vacuum tube factory, do not 
include transistors in their planning.  A collection of 2003 investors and 
politicians narrow their focus to “immediately available American biofuel” and 
increased corn ethanol production increases burning of tropical forests, 
increases the size of the Gulf of Mexico dead zone, encourages the mining of 
fresh water, and only debatably reduces oil dependence and fossil carbon 
dioxide emissions. 
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4.4 Ideally, the judgewiki itself evolves, much like the open source operating 
system Linux is evolving.  It can become more accurate and more fun.  For 
example, social scientists are finding that market forecasting can predict 
outcomes better than polls or experts, particularly when the forecasters are 
diverse and don’t stop thinking independently.  Market forecasting relies on 
averaging the “bets” of many people to predict an outcome.  Essentially, it 
allows people to “buy” stock in the outcome of an event.  The March 2008 
Scientific American provides a discussion of market forecasting starting page 
38.  Popular Science runs a future prediction market at ppx.popsci.com.  The 
judgewiki may include collaboration as part of a multi-player video game, 
much like the Geek Squad exchanging tips while playing Battlefield 2.4 
 
4.5 The judgewiki is the coach; deciding the training and positions for each 
player.  It is a continually updating list of each technology’s priority.  It 
indicates the total resources available and how much from which sources 
should be spent on each technology.  It may, for example, decide in February 
2009, that energy efficiency efforts are best funded by private enterprise, 
some technologies (perhaps wind and solar thermal) only need a carbon 
credit or tax on the GHG releasers, and $10 billion per year is an adequate 
government investment in basic energy research spread over the top 100 
technologies.  The judgewiki may suggest maintaining a reserve for jumping 
on a technology that rises into the top 90 on June 2009 while government 
funding on whichever technology dropped to 101st ramps down quickly. 
 
4.6 When sorting alternatives in a decision matrix, not every criterion should have the 
same weight.  More likely, the criteria weights are adjusted depending on the situation 
presumed for each judgewiki.  (No reason not to have many derivative judgewiki’s as 
a sensitivity check on both criteria weights and the ranking points given each 
technology.)  For example, a judgewiki guiding government basic research funding 
allotments, would favor long-term eco-system sustainability when providing more 
than a fifth the world’s energy or sequestering more than a fifth the world’s 
anthromorphic GHG release over economics.  A judgewiki that presumes a few 
countries will remain major GHG releasers, or that atmospheric GHG concentrations 
are already above the tipping point, would emphasize quick and inexpensive means to 
address both atmospheric heating and ocean acidity. 
 
5. Facilitate collaboration 
 
5.1 The Innovation, Universities, Science and Skills Committee should 
facilitate collaboration and then pay attention to the result.  That is, the 

                                            
4 Wikinomics – How Mass Collaboration Changes Everything, page 242.  “… But then, you 
know, while we’re running along with the squadron with our rifles in our hands, one of the 
(Geek Squad) agents behind me will be like, ‘Yeah, we just hit our revenue to budget’ and 
somebody else will be like, ‘ Hey, how do you reset the password on a Linksys router? … 
(Robert) Stephens says the agents now have up to 384 colleagues (from all over the world) 
playing at one time.” 
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Committee should indicate a desire for and fund a small staff dedicated to 
assisting volunteers5 to band together in building a judgewiki that: 
 

5.1.1 Allows engineers (and others) to self-select their roles in geo-
engineering solutions to climate change; 
 
5.1.2 Guides funding national and international research activity concerning all 
aspects of geo-engineering; 
 
5.1.3 Suggests university courses (and allows universities to self-select which 
universities offer which classes) and other forms of training relevant to geo-
engineering; 
 
5.1.4 Establishes the status (relative funding) of geo-engineering technologies in 
government, industry and academia;  
 
5.1.5 Engages young people to play for the Sustainables in the engineering 
profession; and 
 
5.1.6 Becomes the voice of engineers in informing policy-makers and the 
public regarding the potential costs, benefits and research status of different 
geo-engineering schemes. 

 

                                            
5 Many Internet projects, Wikipedia, Linux, Facebook, YouTube, Human Genome Project to 
name a few, rely on volunteers.  The volunteers determine how they would like to be 
compensated. 
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Managing Climate Change, Judgewiki-matrix template, 
August 2008 

Goal - emissions reduction or sequestration (Gt/y).  2005 world emissions of 
CO2 were 28 Gt.  Allowing the developing world to emerge from poverty 
implies the total for renewable energy solutions will increase and a goal of 40 
Gt/y is appropriate. 
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15 30% 5 Estimated without 
prototype $50 7 
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for the same 
standard of living 
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savings 

$0 10 

Ocean Anaerobic Digester, CO2 Centuries of 2005 
world emissions 15 30% 15 Estimated without 
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inconsistent power 
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Move dwellings to higher ground 
Equivalent CO2 
reduction by 
adaptation 

2 50% 19     3 
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Solar photovoltaic 

Limited hours, 
good for warm 
climate peak 
power, expensive. 

4 50% 21 Beyond 5-15% of grid, 
needs backup systems $50 7 

Solar thermal 

Limited hours, 
good for warm 
climate peak 
power, expensive. 

4 50% 23 Beyond 5-15% of grid, 
needs backup systems $50 7 

Ocean iron fertilization Limited appropriate 
ocean areas 1.0 100% 24 Needs full scale 

research $5 9 

reflective roofs & roads 
Equivalent CO2 
reduction by 
radiance 

1.0 100% 25     3 

Nuclear fission Limited fuel even 
with recycling 3 100% 28   $100 6 

Grow and harvest trees Requires fresh 
water 2 100% 30 Water and food 

opportunity costs $5 9 

Chemical "tree" Mountains of 
materials 5 100% 35   $50 6 

plant more reflective forests 
Equivalent CO2 
reduction by 
radiance 

0.5 5% 35     7 

chemically raising ocean pH 
Equivalent CO2 
reduction by 
adaptation 

0.5 5% 35     5 

place particles in stratosphere 
Equivalent CO2 
reduction by 
radiance 

0.5 5% 35     9 
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Mitigation - reduce GHG emissions 
or remove GHG from atmosphere 
(potential cures) 

Adaptation - manage the impacts of GHG (local 
symptom treating) 

Radiance Engineering - manage solar 
irradiance (global symptom treating) 

Technology 
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Synergy - 
Potential to 
address 2+ 

issues 
simultaneously 

S
yn

er
gy

 s
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re
 Total score 

for this 
technology, 

higher 
score is 
better 

Cease burning 
trees     Infinitely persistent, 

constant temptation 9   10 CC & native 
peoples 9 37 

Ocean Anaerobic 
Digester, CH4     Infinitely persistent, 

removes temptation 10 

May increase 
species 
diversity, needs 
work 

9 
Energy, CO2, 
food, species 
diversity 

10 36 

Energy efficiency     Infinitely persistent, 
constant temptation 10 

Depends on 
how more 
efficient items 
are produced. 

8   8 36 

Ocean Anaerobic 
Digester, CO2     

Encased liquid CO2 
in deep ocean, 
needs research 

8 Good potential, 
needs details 9 

Energy, CO2, 
food, species 
diversity 

10 34 

Wind energy     Infinitely persistent, 
removes temptation 10 Birds, local eco 7   5 30 

Move dwellings to 
higher ground     Move once. 10 Disturbs new 

locations 8 Rebuild green 8 29 

Solar photovoltaic     Infinitely persistent, 
removes temptation 10 

Manufacture, 
low impact on 
roofs, higher in 
deserts 

7   5 29 

Solar thermal     Infinitely persistent, 
removes temptation 10 Local eco 

impact 7   5 29 

Ocean iron 
fertilization     Needs research 5 Questions 

maturing 7   7 28 

reflective roofs & 
roads     Routine 

maintenance 5 manufacture 
materials 9   8 25 

Nuclear fission     Infinitely persistent, 
removes temptation 10 

used fuel, local 
heating, water 
intakes and use 

6   2 24 

Grow and harvest 
trees     Fires a hazard 1 local water / 

natives issues 7   6 23 

Chemical "tree"     Need to breakout 
options 8   6   2 22 

plant more 
reflective forests     Routine 

maintenance 5 difficult to 
predict 3   5 20 

chemically raising 
ocean pH     Constant 

maintenance 1 Alkalinity plumes 4   6 16 

place particles in 
stratosphere     Constant 

maintenance 1 difficult to 
predict 3   3 16 
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Memorandum 5 
 

Submission from Stephen Salter, Emeritus Professor of Engineering Design, 
Institute for Energy Systems, University of Edinburgh 

 
 

1. Summary 
 

• At a recent energy conference Simon Vasey, trading manager of the major 
electricity provider Eon, said that while profits of billions of Euros had been made 
from the first round of the European carbon trading scheme not one kilogram of 
carbon had been abated. 

 

• The monthly addition of points to the Keeling curve shows no reduction in the 
upward acceleration. 

 

• Discussions of carbon emissions have used per nation rather than per capita data. 
A judicious choice of baseline date and the removal of shipping, aviation and the 
proxy carbon associated with imported goods has allowed at least one country to 
claim carbon reductions when in fact there has been an increase. 

 

• The track record of the IPCC with regard to the timing of predicted events has been 
poor with several potential positive feed backs, such as the loss of Arctic ice, 
happening more rapidly than predicted in the earlier reports. People working for the 
IPCC report privately that there is intense pressure to modify wording from home 
governments. 

 

• Ice core records show that have been many abrupt rises in world temperatures of a 
size and rate that would be catastrophic to a high world population.  People who 
know a great deal about the problem and who have been studying it from the time 
when others thought it unimportant, now say that a sudden rise, perhaps at the next 
el Nino event, is likely and that, because the full effects of emissions lag their 
release, we may already be too late. 

 

• Even if there are strong reasons for not deploying geo-engineering systems there is 
no case for not supporting vigorous research into every possible technique and for 
taking all feasible ones to the stage at which they could be rapidly deployed. This 
view is not yet shared by DEFRA and UK funding bodies. 

 

• After 35 years work trying to develop renewable energy systems I now believe that 
it may not be possible to deploy enough of them quickly enough to prevent very 
serious consequences of climate change. For the last four years I have been 
working full time on the engineering design of one of the several possible 
techniques.  The idea, due to John Latham, former Professor of Atmospheric 
Physics at the University of Manchester and now at the Centre for Atmospheric 
Research at Boulder Colorado, is to increase the reflection of solar energy from 
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marine stratocumulus clouds by exploiting the well-accepted Twomey effect.  
Engineering drawings and design equations for a practical system are well 
advanced and can be made available to your Committee. 

 

• Like everyone working in geo-engineering I do so with reluctance in the hope that it 
will not be needed but fearful that it may be needed with the greatest urgency. 

 

2. The Twomey effect 
 
1. Twomey says that, for the same liquid water content, a large number of small drops 
will make a cloud reflect more than a small number of large drops.  We would expect 
something like this from calculations of reflecting areas. We can see it with jars of glass 
balls of different sizes. We talk of dark storm clouds gathering when the drops become 
large enough to fall. 
 
2. Even if the relative humidity goes above 100% a cloud drop cannot form without 
some form of condensation nucleus on which to grow. Over land there are plenty of 
suitable nuclei, 1000 to 5000 per cubic centimetre of air.  But in clean mid ocean air the 
number is lower, often below 100 and some times as low as 10.  In 1990 Latham 
proposed that the number of condensation nuclei could be increased by spraying sub-
micron drops of sea water into the turbulent marine boundary layer. Initially the drops 
would evaporate quite quickly to leave a salty residue.  Turbulence would mix these 
residues evenly through the marine boundary layer.  Those that reached the clouds 
would provide ideal condensation nuclei and would grow to increase the reflecting area 
and so the cloud albedo. 
 
3. The equations in Twomey’s classic 1977 paper can be used to produce the graph 
below. 
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4. This follows the presentation used by Schwarz and Slingo (1996) and shows cloud top 
reflectivity for a typical liquid water content of 0.3 gm per cubic metre of air for a range of 
cloud depths as a function of drop concentration. The vertical bars show the range of drop 
concentrations suggested by Bennartz (2007) based on satellite observations. 
 
5. If we know the initial cloud conditions, most especially the concentration of 
condensation nuclei, we can calculate how much spray will produce how much cooling.  
The method needs incoming sunshine, clean air, low cloud and the absence of high level 
cloud.  The position of the best places varies with the seasons so sources should be 
mobile.  Because the ratio of solar energy reflected to the surface-tension energy needed 
to generate drops is so large, it turns out that the spray quantities are quite practical.  In 
the right conditions a spray source with a power rating of 150 kW can increase solar 
reflection by 2.3 TW, a ratio of 15 million. This is the sort of energy gain needed if humans 
are to attempt to influence climate. 
 

3. Hardware 
 
1. The need to operate for long periods in mid-ocean and to migrate with the seasons 
points to a fleet of remotely operated wind-driven spray-vessels.  These can obtain the 
electrical energy needed to make spray by dragging turbines like oversize propellers 
through the water.  Thanks to satellite communications and navigation remote operation is 
now much easier.   
 
2. Rather than solve the robotic problems of handling ropes and textile sails we propose to 
use Flettner rotors.  Flettner rotors offer much higher lift coefficients and lift drag ratios 
than sails or aircraft wings but their main attraction is that a computer can control the 
rotation speed of a cylinder far more easily that it can tie a reef knot.  Anton Flettner built a 
ship, the Baden-Baden, which crossed the Atlantic in 1926.  She won a race against a 
sister ship with a conventional rig and could sail 20 degrees closer to the wind.  The weight 
of rotors was one quarter of the weight of the rig that they replaced.  Flettner won orders 
for six ships and built one, only to have the orders cancelled because of the 1929 
depression.  Modern bearings with spherical freedom and materials like Kevlar and 
carbon-fibre would make rotors even more attractive. Enercon, the major German wind 
turbine maker launched a 10,000 tonne rotor assisted ship on 2 August 2008. The 
television company Discovery Channel has funded successful trials of a 34 foot yacht 
conversion. They also carried out an experiment at sea which confirmed expectations of 
the very high energy gain offered by the Twomey effect. 
 
3. Design calculations and general arrangement drawing of the first spray vessel are well 
advanced. It has a waterline length of 45 metres and a displacement of 300 tonnes.  Early 
vessels have space for a crew as well as the option to transfer control to an auto pilot and 
from land.  Future ones may be a little smaller.  All sensitive equipment is in hermetically 
sealed cylindrical canisters which can be individually and thoroughly tested on land and 
quickly exchanged. With three spray systems it will be possible to spray 30 kg a second as 
0.8 micron drops. A fleet of 50 vessels in well-chosen places could cancel the thermal 
effects of the present annual increase of greenhouse gases.  Work packages and costings 
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for a five-year development programme which would provide a reliable tested design for 
the ocean going hardware are available.  
 
4. The change of cloud reflectivity necessary to stabilize global temperature despite a 
doubling of pre-industrial CO2 is about 1.1% globally or 6% if evenly spread in cloudy 
areas.   The contrast-detection threshold for fuzzy irregular patterns is much higher, about 
20%.  It will be necessary to develop a method to convince non-technical decision makers 
that anything has changed. The spray generation modules have been designed so that 
one of them can be fastened to the hull of a conventional ship and can produce spray at 
10 kg a second, drawing electrical power from the ship system. The ship would sail to a 
selected mid-ocean site and then drift to a sea anchor so as to minimize its own exhaust 
emissions. 
 
5. The MODIS AQUA satellite system crosses most of the world at the same local time 
each day. We would download photographs of the shortwave radiation signals (channels 
1, 3 and 4). These would be translated to align the ship positions and then rotated to bring 
the mean wind directions to be coincident.  Multiple images of the cloud system would be 
added over a period of a few weeks. The random clouds should average to a medium 
grey with contrast of the wake improving with the square root of the number of 
photographs.  Photographic superposition will allow the measurement of the result of a 
very small spray release. 
 

4. Potential side effects 
 

1. Our understanding of the world’s climate system is far from complete because it is so 
difficult to carry out controlled experiments over the size range from condensation nuclei to 
continental weather systems.  All geo-engineers are anxious about unintended 
consequences. Early models show that very large spray injections can have effects in 
either direction at long distances from the injection site in the same way that el Nino events 
can influence climate far from Chile and Peru.  We also know that release from different 
sites can have quite different results. We therefore must regard the world climate system 
as having a large number of possible controls set by when and where we choose to 
release spray. So far, we have no idea about which control does what.  However it should 
be possible to learn by a series of very small experiments using release patterns 
modulated on and off at the right periods in a known sequence followed by the 
measurement of the long-term correlation of climate parameters with the known input. This 
pseudo random binary sequence technique works well with analysis of communication 
networks without being noticed by users.   
 
2. Modern computers do allow increasingly sophisticated analysis and prediction. Recently 
there has been a great deal of progress on computer simulation of all the effects of albedo 
control. The leading team  is at the National Centre for Atmospheric Research at Boulder 
Colorado and is led by Philip Rasch using the most advanced fully-coupled air/ocean 
model.  This produces results for nearly 60 atmospheric parameters presented as maps, 
zonal graphs and mean values.   Evenly spread releases are less damaging than large 
point injections. 
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3. The amount of salt that cloud albedo control will inject into the atmosphere is orders of 
magnitude below the amount from breaking waves, some of which falls on land.  The 
difference is that albedo control uses a carefully chosen, narrow spread of drop diameters.  
  
4. The immediate effect of cloud albedo control will be a reduction of solar energy reaching 
the sea.  The ocean temperatures are the primary driver of world climate but oceans are a 
very large thermal store so the effect will be slow.  Currents and winds are efficient ways of 
distributing energy and sharing it with the land so the eventual effects will be well 
distributed.  A short term engineering approach to choosing a cooling strategy would be to 
look at historic data on sea temperatures and attempt to replicate a pattern thought to be 
good with regard to sea levels, harvests, hurricane frequency, floods and droughts.  
Rather than thinking of the side-effects of we should really be studying the side effects of 
NOT doing albedo control and letting sea temperatures rise. We would then decide which 
of the outcomes was the least damaging. 
 
5. A first effect of warmer seas is greater evaporation. Even though it is left out of many 
diagrams showing the effects of greenhouse gases, water vapour contributes at least an 
order of magnitude more global warming than carbon dioxide. 
 
6. The second effect of warmer water flowing north is the loss of summer Arctic ice. 
 
7. A third effect is that surface water temperatures above 26.5 C increase the probability 
and severity of tropical cyclones, hurricanes and typhoons. 
 
8. Warmer surface water increases the density difference between it and the nutrient-rich 
cold water below it. If nutrients cannot flow to where there is light there will be no 
phytoplankton to act as the start of the marine food chain or as the source of dimethyl 
sulphide and a sink for carbon dioxide.  At present dimethyl sulphide accounts for about 
90% of the cloud condensation nuclei, (Charlson 1987) and sea warming will reduce the 
area producing it. 
 
9. The sea has been soaking up much of the anthropogenic CO2. Rising temperature will 
release it. 
 
10. Very large amounts of methane are stored in permafrost and even larger amounts as 
clathrates in the seabed at depths of a few hundred metres. The release of either could be 
regarded as an extreme side-effect of warmer seas and has been linked to the Permian 
extinction.  
 
11. So far the only suggested negative effect of increasing cloud condensation nuclei is 
the possibility of reduced rainfall, something that people in Britain and Bihar would greatly 
welcome. The production of rain is a very complex process. A gross engineering over-
simplification is that rain needs quite large drops to fall through deep clouds collecting 
smaller drops in their path so that they get big enough not to evaporate in the drier air 
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below the cloud before they reach the ground. It is known that too many small drops due to 
nucleation from smoke from bush fires can reduce rain. 

  
12. Clearly we must be cautious about doing albedo control up-wind of a drought-stricken 
region.  However the driest regions are dry because subsiding air prevents winds blowing 
in from the sea. Perhaps a larger temperature difference between land and sea could 
produce a stronger monsoon effect to oppose part of the subsiding flow.  
 
13. The effects of the nuclei that we produce will fade quickly. The marine stratocumulus 
clouds we will be treating are usually not deep enough to produce rain.   But we could 
argue that if they were, the immediate effect would be to stop the rain over the sea and 
coastal regions.  This would leave more water vapour in the air to give rain further inland 
where its value will be greater.  
 
14. If we do not yet know enough about the side-effects of albedo control, at least we know 
more than about those of uncontrolled temperature rise. But the strongest defence is that 
we can start with small steps, move away from places where problems occur and stop in a 
week if some natural event, such as a volcanic eruption, should provide unwanted cooling.  
 

5. Politics. 
 
1. Control of the UK climate is in the hands of DEFRA. Official funding goes to many 
laboratories who tend repeat the conclusions from the previous funding that the climate 
problem is even more serious than previously thought and argue that more funding is 
necessary to find out how much more serious. There is a reluctance to fund any research 
into technology which is ‘not yet soundly proven’.  The present DEFRA policy is that 
carbon reductions are the best solution to the climate problem and also that they should be 
the only solution on the grounds that the possibility of alternatives might reduce pressure 
to reduce emissions.  This is strikingly close to the view of senior officers in the RFC in 
world war I that issuing parachutes to pilots ‘might impair their fighting spirit’. They were 
not even allowed to buy their own. The geo-engineering community agrees with the rank 
order of desirability of emission reduction to geo-engineering but asks ‘what progress in 
emissions reduction’? 
 
2. People from the vigorous carbon trading market are emphatic that there could be, even 
should be, no parallel thermal trading equivalent and so it seems that, at present, there is 
none of the commercial return needed to attract research funding.  Many geo-engineers 
agree that decisions about deployment should not be based on commercial 
considerations. 
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Indoor demonstration of the Twomey effect 

 
The jar on the left is contains 4 mm clear glass balls and has an albedo of about 0.6. The 
one on the right has glass balls one hundredth of the size and an albedo over 0.9. 
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Memorandum 6 
 

Submission from Professor Brian Launder, School of MACE, 
University of Manchester 

 
1. I write first to draw the Committee’s attention to the theme issue on Geo-

Engineering that is to appear in the Philosophical Transactions of the Royal Society 
and for which (in collaboration with Emeritus Professor Michael Thompson) I have 
acted as editor. The issue is already available on-line through the Royal Society 
(though will not be available in print form for nearly two months). As a “sampler” of 
the issue I attach  further files containing the preface and abstracts of the papers 
which members can consult if they wish. For the purposes of the Committee’s work 
I would particularly draw their attention to papers that describe: (i) enhancing the 
brightness of (i.e. the reflection of light from) low-level maritime clouds by Latham et 
al (considering the science) and Salter et al (the engineering); (ii) the review of 
ocean fertilization by Lampitt et al; (iii) two papers on stratospheric seeding by 
Rasch et al and Caldeira & Woods; (iv) a paper by Zeman & Keith describing a 
scheme for effectively re-cycling CO2 by combining it with hydrogen to produce a 
fuel for transport more compatible with the existing transport infrastructure than 
would be hydrogen alone. In addition, the paper by Anderson & Bows provides 
emphatic evidence of the urgent need for such Geo-Engineering schemes to be 
brought to a state of development where they could be deployed on a “geo-scale” if 
(as seems increasingly likely) it becomes necessary. 

 
2. The schemes proposed in the above papers all seem feasible and I hope that all 

can, over the next 10 years, be carried through the pilot phases to enable their 
relative potential and risks to be accurately assessed and for the best schemes to 
become available for deployment.   

 
3. I would mention one further scheme that does not appear in the theme issue: “air 

capture” – the direct capture of CO2 from the atmosphere through what amounts to 
a forest of artificial trees covered in CO2-absorbing devices (artificial leaves). This 
scheme invented by Professor Klaus Lackner, Columbia University, is undergoing 
further development through commercial support. 

 
4. The majority of geo-engineering approaches originate from North America. The 

work I know of in the UK does not seem to be impeded by lack of initial funding. 
There is however the risk that schemes showing potential at a PhD research level 
do not receive the level of developmental support needed to bring them to the stage 
of readiness suggested in 2 above. The Carbon Trust should be required to 
earmark a proportion of its budget for such geo-scale development. 

 
5. Every geo-engineering researcher I have met does not (as your invitation for 

contributions wrongly seems to suggest) see geo-engineering as a solution to 
global warming. Rather, it offers a means of gaining two or three decades of 
breathing space during which  the world must find routes for moving to a genuinely 
carbon-neutral society. 
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6. The term “geo-engineering” is also used by some to include  geo-scale strategies 
for creating carbon-free energy (as well as the schemes alluded to above for 
preventing sunlight from reaching the earth or absorbing the CO2 released from 
fossil fuel remote from the source). It is unclear to me whether the Committee is 
adopting such a wider view but let me assume that it does. To the writer the most 
attractive approach of this type of geo-engineering would be very large-scale solar 
power. For example, one might construct in the Sahara (or some other sparsely 
populated region reasonably close to the equator) huge arrays of photo-voltaic 
panels (say 100km x 100km) with the electrical power created used to produce 
hydrogen to account for the diurnal spread of power or to enable distant 
transhipment (perhaps after conversion to a hydrocarbon fuel via the Zeman-Keith 
scheme noted above). If  such ‘electricity factories’ were situated reasonably close 
to the coast and the array of PV cells was mounted on stilts, one could envisage 
using a small proportion of the electrical  power generated to desalinate sufficient 
water to irrigate the soil beneath the PV arrays rendering it suitable for agriculture, 
whether to generate food or bio-fuels. (This idea was suggested by an article I read 
about the parking lot at the US naval base in San Diego being covered with just 
such an array of PV cells. Besides generating some 750kW of electrical power the 
parking lot users reported that the PV panels “created a pleasant shaded feel 
around the parked cars”.) 

 
 
September 2008 
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Memorandum 7 

 
Submission from Dan Lunt, School of Geographical Sciences, 

University of Bristol 
 
 

• Several geoengineering schemes have recently been proposed to mitigate against 
global warming. 

• Current understanding related to the possible efficacy, side-effects, and cost-
effectiveness of these schemes is extremely low. 

• Before large sums of money are invested into any of these schemes, they need to 
be thoroughly assessed in a coherant national program of research. 

 
 
1. There is almost universal consensus that ‘dangerous’ climate change must be 

avoided. However, without radical changes in energy sources and usage and global 
economies, it seems highly likely that we will start to experience unacceptably 
damaging and/or societally disruptive global environmental change later this century. 

 
2. Geoengineering (the ‘‘intentional large-scale manipulation of the environment”) has 

been considered for the mitigation of such dangerous climate change in response to 
elevated anthropogenic greenhouse gases, at least in conjunction with other 
mitigation strategies.  Various such schemes have been proposed, such as the 
removal of CO2 from the atmosphere by locking it up in terrestrial biomass, pumping 
it into the deep ocean, or injecting it into geological formations, or manipulation of the 
energy budget of the climate system by the injection of sulphate aerosols into the 
atmosphere, construction of a space-based ‘sunshade’, or modifications to the land 
and/or ocean surface to reflect more sunlight back to space.  

 
3. However, many of the geoengineering schemes proposed remain un-quantified in 

their impact, and some are extremely unlikely to work at all. All may give rise to 
undesirable climatic side-effects and have hidden ‘costs’, both economic and 
environmental.  This was highlighted in a recent study[1] carried out at the University 
of Bristol, where a state-of-the-art climate model was used to assess the climatic 
impact of a space-based sunshade.  Previosuly, it was widely assumed that such a 
geoengineering scheme could revert climate back to a ‘pre-industrial’ state.  
However, this study found that although the impact of CO2 emissions would be 
reduced, it was inevitable that there would still be a residual climate change of 
considerable magnitude, resulting in the loss of Arctic sea-ice.  Additionally, such 
schemes leave other CO2-related problems, such as ocean acidifcation, completely 
unaddressed. 

 
4. That study, examining just one particular method of geoengineering, highlights the 

fact that  we currently have insufficient scientific information to adequately support 
the debate we need to have. A DEFRA Discussion Paper circulated earlier this year 
perfectly illustrates the high-level interest, yet also the critical need for a more reliable 
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quantitative understanding of the benefits, risks, and costs, together with an ethical 
perspective. 

 
5. Before any geoengineering scheme is implemented, or substantial funds are invested 

in geoengineering technologies, we would recommend the funding of a national 
program designed explicitly to improve current understanding of the efficacy, side-
effects, practicality, economics, and ethical implications of geoengineering.  This 
would bring together climate scientists, engineers, economists, and philosophers.  Of 
course, such a program would complement similar investigations into the economics 
and practicality of other mitigation and adaption strategies, such as improved energy 
efficiency, reduced energy use, and more energy production from renewable 
sources. 

 
6. [1] Lunt, D.J., A. Ridgwell, P.J. Valdes, and A. Seale (2008), "Sunshade World": A 

fully coupled GCM evaluation of the climatic impacts of geoengineering, Geophys. 
Res. Lett., 35, L12710, doi:10.1029/2008GL033674 

 
October 2008 
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Memorandum 8 
 

Submission from the British Geophysical Association (BGA) (a joint association of the 
Geological Society of London (GSL) and the Royal Astronomical Society), the Royal 

Astronomical Society (RAS), the Environmental and Industrial Geophysics Group (EIGG) of 
the Geological Society of London and the Institute of Physics (IOP) 

 

 

Brief details of the respondents   
[1] Geophysics is such a broad discipline, encompassing so many sciences, that UK geophysicists 
have not formed a single geophysical society but joined the professional society nearest to their 
speciality.  The BGA includes geophysicists specialising in the solid Earth, geodesy and 
geomagnetism, who are members of the GSL and/or the RAS.  It exists to promote geophysics in 
education, research, scholarship and practice.   The RAS also represents geophysicists 
specialising in the physics of the upper atmosphere, Sun-Earth interactions and other planets.  The 
BGA works closely with the EIGG, which represents applied solid-earth geophysicists working in 
the fields of Earth resources and civil engineering.  The BGA is also working with the IOP to 
promote geophysics education. 

 

Contacts 
Sheila Peacock, BGA – please contact via:- 

Tajinder Panesor, Manager, Science Policy, Institute of Physics,  

76 Portland Place, London W1B 1NT, UK, tel. 0207 470 4800, email tajinder.panesor@iop.org 

Robert Massey, Press and Policy Officer, Royal Astronomical Society,  

Burlington House, Piccadilly, London W1J 0BQ, UK, tel. 0207 734 4582, email rm@ras.org.uk 

 

Summary 
We offer a two-part response: 

 

1. Geophysics, a predictive science from local to global level, essential for informed decisions 
on geo-engineering projects; 

2. Education in geophysics relevant to geo-engineering. 
 

 
1. Geophysics, a predictive science 

(a) Geophysics is a quantitative, predictive science essential for geo-engineering;  
(b) Without geophysics, geo-engineering projects involve unnecessary risk; 
(c) Geophysics requires long-term, global data sets, and consequently political stability. 

 

2. Education in Geophysics 
(a) The British Geophysical Association in 2006 published a report on the state of university-

level education in geophysics, after several geophysics courses closed despite high 
unsatisfied demand for geophysicists in the job market; 

(b) Shortages of employees with geophysical skills in the industrial and education sectors were 
due to profound ignorance of geophysics in schools;  

(c) Training of current and aspiring teachers in geophysical aspects of the science syllabus is 
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essential; 
(d) Inspiring students to aim for geophysics qualifications by promoting the opportunities it 

brings and highlighting the need for geophysics in geo-engineering and the relevance of 
geo-engineering to current life and problems might help to address the shortfall. 

 

1. Geophysics, a predictive science from local to global level, essential 
to informed decisions on geo-engineering projects 

 

Main points 
(a) Geophysics is a quantitative predictive science essential to geo-engineering; 
(b) Without geophysics, geo-engineering projects involve unnecessary risk; 
(c) Geophysics requires long-term, global data sets, and consequently political stability. 

 

What is Geophysics? 
[2] Geophysics is the application of physics to the study of the Earth.  It encompasses seismology, 
including earthquakes and “viewing” the Earth’s interior with seismic waves; magnetic fields of the 
Earth and the space around it; subterranean heat and volcanology; oceanography and 
meteorology, particularly ocean currents and ocean-earth-atmosphere energy exchange; 
geoelectricity; and microprocesses such as rock-fluid interaction and their effects on the macro-
world in oil exploration and extraction, contaminant disposal and groundwater exploitation. 

 

Geophysics as a Predictive Science 
[3] Geophysics is used to predict the future of oil and water resources, the effects of climate 
change and natural disasters and the evolution of engineering sites, e.g., for waste disposal.  
Prediction is done by creating computer models of the physical processes involved, e.g., tsunami 
travel across oceans; the global atmosphere models used in climate change prediction.  
Geophysicists use sophisticated statistical methods to find the “best fitting” models to real data.  
The following are four examples of predictive geophysics. 

 

Example 1 – Antarctic ice sheet prognosis and global sea level rise 

[4] The flow of “ice streams” off the ice caps of Antarctica and Greenland makes a large 
contribution to the removal of ice to the sea.   Geophysical techniques, including ground-
penetrating radar and shallow seismic commonly used in ground engineering investigations, are 
combined with geodetic surveys to monitor the flow rate and investigate the wetness of the glacier 
bed (Murray 2008).  A wet bed is more slippery, so increased flow of meltwater into the bed of the 
glacier might lead to collapse and hence global sea level rise.  Ice sheet collapse does not cause a 
uniform rise in sea level, because the unburdened land also rises, and ocean currents, modified by 
the influx of fresh water, in turn cause different amounts of thermal expansion of the water in 
different places (Milne 2007).  Predicting the exact rise at a given place, e.g. the Thames Barrier, 
requires geophysical knowledge about all these sources. 

 

Example 2 – Underground methane hydrate 

[5] Although carbon dioxide (CO2) is accepted by most scientists to be the main cause of the 
modern increase in greenhouse effect, methane might be more crucial.  It is a greenhouse gas ten 
times more potent than CO2, so much smaller quantities can seriously impact global temperature.  
Most of the Earth’s available methane is now held in the form of “methane hydrate” in sub-seafloor 
sediments and permafrost (USGS 1992).  The methane gas molecules are each held in a fragile 
“ice cage”, which is stable over only a narrow range of temperatures and pressures.  A modest 
warming disrupts the cages, releasing methane, from which a runaway effect might occur as the 
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additional greenhouse warming caused by the methane releases more methane.  This effect may 
have contributed to an episode 55 million years ago (the “Palaeocene-Eocene thermal maximum”) 
(Maclennan and Jones 2006) in which global temperature rose by 6¡C.  The amount of methane 
available now in hydrate is thought to be twice the carbon equivalent of the Earth’s fossil fuel 
reserves, and its confining, capture or even use as fuel would be massive geo-engineering 
projects.  Research is ongoing on how vulnerable this methane hydrate is to the present rise in 
global temperature.  Geophysical surveys detect the hydrate, determine what proportion of the 
sediment it fills, and reveal its past release (which in itself was catastrophic: e.g. the Storegga 
underwater landslide offshore Norway has been blamed on hydrate, Bugge et al. 1988, and may 
have caused a tsunami round northern Scotland, Smith et al. 2004).  

 

Example 3 – Massive hydrofracturing to release stress before earthquakes 

[6] The stress in the Earth’s crust that is eventually relieved by an earthquake affects a volume of 
rock many times larger than the eventual rupture zone.  Cracks of all sizes between microns and 
tens of metres respond to this stress and can be monitored via their scattering of waves passing 
through them from any seismic disturbance.  It has been suggested that if some of the stress could 
be relieved, then the eventual earthquake would be smaller, and that pumping high-pressure water 
into the ground in many places to widen the cracks and encourage small slippage on many small 
faults would achieve this.   This would be a geo-engineering project dependent on geophysics: for 
the hypothesis, the historical seismicity record, prediction of the effect of hydrofracture based on 
geophysical measurements of rock properties in the lab and in situ, choice of sites and drilling 
techniques, and quantifying the amount of stress reduction from the effect of crack modifications 
on seismic waves (Crampin et al. 2008). 

 

Example 4 – Effects of Geo-Engineering on Existing and Proposed Facilities 

[7] The effects of geo-engineering on existing and proposed infrastructure and culture must be 
predicted and monitored, and possibly prevented or mitigated.   This includes everything from our 
archaeological heritage to waste disposal facilities.  Past global changes are recognised through 
their effects on archaeological and prehistoric remains; locating and investigating these remains is 
partly a geophysical task, as shown by the “Time Team” TV programmes, for which electrical and 
ground-probing radar were used.  Geophysical monitoring with permanently installed instruments 
can detect pollutant leakage from landfill waste sites (White and Barker 1997).  For nuclear waste 
sites, geophysical projects are needed (CoRWM 2006, recommendation 4) to determine site 
suitability (e.g., Holmes 1997, Norton et al. 1997, Haszeldine and Smythe 1996).   The Yucca 
Mountain site in the USA (US DoE 2002a) is in an area of recent tectonic activity close to lavas 
erupted only 75,000 years ago (Detournay et al. 2003).  The water table is now at least 160 m 
below the proposed repository, but might rise in the future (US DoE 2002b).  Geophysics, including 
measuring permeability and heat flow, dating the lavas, and modelling, is being used to predict 
risks to the site during 10,000 years after it is sealed (OCRWM 2003).  Crucial groundwater 
resources worldwide are sensitive to environmental change. Geophysical techniques monitor level 
and salinity, and model the effect of (geo-engineered or other) change on water supplies.   

 

The need for long data sets 
[8] Much of the prediction is based on understanding past behaviour.  Weather records dating back 
to 1659 (Met Office website) and national tide gauge records to 1953 (Proudman Oceanographic 
Lab website) are part of the UK’s rich legacy of geophysical observations.  Globally, instrumental 
records of earthquakes now span over 100 years, but the return period of devastating earthquakes 
such as the Sumatra-Andaman (26 December 2004) one is many times that.   UK seismological 
records spanning centuries are required for risk assessment of critical facilities such as nuclear 
reactors and waste disposal sites, not only from earthquakes but from decadal or longer-term 
trends in the weather, which can be inferred from seismic records because weather affects the 
“noise” measured by seismometers between earthquakes.   



 

Page 42 of 146 

 

[9] Possible solar activity effects on climate and effects of “space weather” (rapid large fluctuations 
in the magnetic field surrounding the Earth, and hence arrival of high-speed particles from the 
Sun), on national electricity grids and satellites (Hapgood & Cargill 1999), have highlighted the 
need for long data sets of observations of the ionosphere and magnetosphere.  Measurements of 
many terrestrial phenomena need to be made continuously at fixed places (Douglas 2001): breaks 
in continuity, by either moving the instruments or interrupting the measurements, cause long-term 
effects to be lost or disguised by the “jump” in values at the discontinuity. 

 

[10] Another sort of long dataset is repeated surveys, for instance, satellite and airborne radar, 
geomagnetic and electromagnetic and radioactivity measurements, and so-called “4-D seismic”, 
repeated high-density seismic surveys over the same target.  These are needed for “before” and 
“after” records of the effects of single events and for the recognition of gradual effects of, for 
instance, oil extraction, urbanisation and coastal erosion.   

 

[11] Long-term datasets require political commitment of: funding for their continued collection and 
archiving, regulation to allow the measurements to continue undisturbed, and staffing by 
experienced professionals to ensure quality.  Short-term grants and contracts, and funding 
fluctuations causing abrupt cuts and loss of “institutional memory”, all threaten continuity.  The 
recent cut to STFC funding for solar-terrestrial physics is an example.  It is not clear yet whether 
the bidding process to be introduced by NERC for science carried out by its institutes will cause 
disruption of long-term dataset collection, particularly in the Antarctic. 

 

Conclusions 
[12] Geo-engineering will waste resources or cause more harm than good if it is not underpinned 
by thorough, good-quality retrospective and predictive geophysics, which in turn depends in many 
cases on long and unbroken data sets of measurements of natural phenomena.  The political 
climate encouraging the collection and maintenance of long-term datasets and the recognition of 
geophysics as a vital contribution to geo-engineering should be nurtured. 

 

 

2. Education in Geophysics relevant to Geo-Engineering 
 

Main points: 
(a) The British Geophysical Association in 2006 published a report on the state of university-

level education in geophysics (Khan 2006), after several geophysics courses closed 
despite high unsatisfied demand for geophysicists in the job market; 

(b) A shortage of employees with geophysical skills in the industrial and education sectors was 
caused mostly by profound ignorance of geophysics at school level;  

(c) Training of current and aspiring teachers in geophysical aspects of the science syllabus is 
essential; 

(d) Inspiring students to aim for geophysics qualifications by promoting the opportunities it 
brings and highlighting the need for geophysics in geo-engineering and the relevance of 
geo-engineering to current life and problems might help to address the shortfall. 
 

What is Geophysics Education? 
[13] Since geophysics is the application of physics to the study of the Earth, it is a broad subject 
involving major sciences – physics, engineering, geology, environmental science, oceanography, 
meteorology, astronomy and planetary science.  Aspects of most of these are taught in geophysics 
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degree courses.   Modern geology, including engineering geology, is largely based on geophysical 
observations, and Earth Science courses accredited by the GSL must contain elements of 
geophysics.    The sophisticated interpretation by geophysicists of field observations frequently 
underpins engineers’ planning of major developments; hence civil engineering courses also 
contain geophysics.   Archaeology degrees use geophysics, made popular by recent TV coverage.   
A geophysics education followed by work experience can lead to a varied career involving: 
deducing geological structure and physical properties beneath the surface for exploration for oil, 
gas, geothermal energy, water, and other raw materials; environmental monitoring; civil 
engineering; the disposal of CO2 and nuclear waste; military activity; the location of archaeological 
remains; and forensic science including the monitoring of test-ban treaties.   Geophysics as a 
predictive science, for instance in climate prediction as mentioned above, requires research-
oriented graduates with strong mathematical and computing skills. 

 

Employers’ views of geophysics education 
[14] Responses from 36 employers (25 in the oil industry) strongly emphasised the need for high 
quality geophysicists, and pointed out difficulties in recruiting such UK graduates.   A typical 
geophysics-dominated degree does not lead directly to an engineering qualification, but would fit 
the student to the role of a geophysicist in geo-engineering, working in a team with engineers or as 
a consultant.  It provides a rigorous training in physical science and key technical and computing 
skills required for research and industry, as well as teamworking, presentation and other 
transferable skills.   

 

[15] To the employers responding in 2006, the "taught MSc" was the best-known and most desired 
qualification, and the major employers bemoaned their reduction to only one (at the University of 
Leeds). The more broadly based BSc is also highly favoured by some.  The MSci and the MRes 
degrees introduced in the late 1990s were not well understood. The most desired skills were: 
theoretical and practical geophysics with geology and IT. Overall, there was concern about the 
growing shortfall in the supply of well-trained geophysicists at a time when demand is increasing.  
While physics or other numerate graduates can be employed in geophysical roles, their on-the-job 
retraining is an expensive burden to employers (G. Tuckwell, pers. comm., 2008). 

 
Present and future employment destinations of geophysics graduates 
[16] At the time of the survey (2005-6), 14% of graduates went into careers in the environment 
sector, 3% into mining and 43% into the oil industry.  The Khan report predicted that increasingly 
sophisticated geophysics will be needed as resources become scarcer and targets more elusive, 
and that there will be a growing demand for well-educated geophysicists.  Three examples related 
to geo-engineering are: (1) a major contractor with a CO2-sequestration section (Gould 2008) 
states that hydrocarbons are becoming increasingly challenging to extract, and the shortage of 
engineering talent is the single largest factor stopping customers from investing more; there is  an 
estimated $2-3 billion cost to the oil and gas industry of the shortage of skilled employees (First 
Break 2008); (2) repeatedly, disasters have occurred where underground engineering decisions 
were insufficiently informed by geoscience, hence modern civil engineering operations require 
sophisticated geoscientific preliminary investigations (Turner 2008);  and (3) there is an increasing 
need to control risk from hazards like earthquakes, volcanoes and tsunamis as population grows in 
regions affected by these. 

 

[17] 40% of geophysics students in 2006 were female, which is a good proportion for a physics-
based science and suggests that increasing the number of geophysics graduates might have the 
additional benefit of increasing the proportion of women in science.   
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Causes of decline of UK university-level geophysics courses 
[18] During the past three decades, geophysics education in the UK has declined, with many 
courses started in the 1960s and 1970s being discontinued in the late 1990s.  In particular, the five 
Research Council-funded vocational MSc courses in geophysics are now reduced to one, and in 
2008 there were only seven BSc or MSci courses in geophysics and 14 others with minor 
geophysics content.   

 

[19] The 2006 report found that probably the main reason was that most students entering 
university were ignorant of the existence of geophysics.  Universities’ efforts on their own to 
increase awareness of geophysics were limited by resources.  The MSc courses used to be the 
safety net for those students who discovered the subject while on university first degrees in other 
sciences, but the numbers applying have been decreasing rapidly. This is partly due to the 
discontinuation of 80% of the geophysics MSc courses over the last 15 years. Other factors 
include: graduate debt, exacerbated by the better quality undergraduates being encouraged to 
complete four-year MSci programmes in their own undergraduate disciplines before or instead of 
an MSc; the static numbers of physics graduates; and the wide range of careers open to them in 
physics, finance, IT, computing, and commerce. 

 

Recommendations of the Report 
[20] The strongest recommendation of the 2006 report was that geophysics must be included in the 
physics A-level syllabus to add to the interest and encourage more students into physics, as well 
as to increase awareness of geophysics as a career.   Training in geophysics for teachers is 
consequently needed.  The employment of a dedicated geophysics promotions officer was 
recommended.  Despite a warm reception from industry, this was stalled by simple lack of time of 
the volunteers on the BGA committee, most of whom were academics beset with the pressures of 
the 2008 Research Assessment Exercise.  The greatest need now is to re-launch the initiative, 
finding a base for the proposed officer in an institution specialising in education promotion and 
above all, support for volunteers from the academic/industrial community (minimal money: the 
issue is penalty-free time) to form a committee to oversee the work. 

 

Conclusion 
[21] UK leadership in geo-engineering will depend on a healthy and well-supported industrial and 
academic geophysics community, starting at school level. 

 

19 September 2008 
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Memorandum 9 
 

Submission from the Royal Academy of Engineering 

 

Summary 

• Geo-engineering is taken to be any activity designed to effect a change in the global 
climate. 
There are two general approaches: indirect carbon sequestration and reducing 
solar insolation (the amount of energy absorbed by an area of the earth from the 
sun). 
All the current proposals have inherent environmental, technical and social risks 
and none will solve all the problems associated with energy and climate change. 
Geo-engineering is multi-disciplinary in nature, with all of the relevant issues 
already taught in standard science and engineering courses. 
Current levels of academic research in the UK are low with a similarly low level of 
interest in UK industry. 
Failure by the international community to effectively tackle climate change has 
allowed geo-engineering onto the agenda despite the inherent risks.  

1. Introduction 

1.1. Climate change is one of the defining issues of our time and one that ultimately 
affects everyone on the planet. To date, the efforts of scientists, engineers and 
governments have been concentrated on three areas: understanding the climate and 
how human behaviour influences it; mitigation of global warming by reducing carbon 
emissions; and adapting to the effects of climate change. Increasingly, scientists are 
warning that concentrations of greenhouse gases in the atmosphere continue to rise 
are approaching dangerous tipping points beyond which serious and irreversible 
damage to the environment will occur. This has led some to propose a fourth strand 
in our fight against catastrophic climate change, namely geo-engineering. 

1.2. “Geo-engineering” is a loosely defined term relating to any engineering that is 
concerned with large-scale alterations to the earth or its atmosphere. This could 
include geological alterations, but for the purposes of this response we shall take the 
term to mean any activity designed to effect a change in the global climate. 
Alternatives terms such as “geo-environment engineering”, “planetary engineering” 
and “climate engineering” have been coined and it will take some time before the 
terms and definitions become more widely accepted. 

2. Proposed geo-engineering schemes 

2.1. Thus far, there are two general approaches to geo-engineering: indirect carbon 
sequestration and reducing solar insolation. The body of scientific evidence suggests 
that the climate is changing because of an increase in the levels of greenhouse 
gases in the atmosphere so the first approach, indirect carbon sequestration, 
attempts to reduce the levels of these greenhouse gases. The advantage these 
schemes have is that, in essence, they are simply reversing the problem man has 
created – namely taking the carbon out that we have put in. There are a number of 
ways of achieving this such as: 
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2.1.1. Air Capture: Scientists such as Klaus Lackner6 and Frank Zeman7 of Columbia 
University have put forward a variety of proposals that are designed to extract CO2 
out of the atmosphere by absorbing it in a chemical solvent8. Once captured the 
carbon would then be stored underground in geological depositories. This technology 
relates closely to the more mainstream carbon capture and storage (CCS) proposals 
that are being developed to capture CO2 from coal fired power plants. Capturing it 
from the power plant where it is much more concentrated is more efficient but a large 
proportion of CO2 emitted is from small scale or mobile sources of emissions where 
direct sequestration is not applicable. 

2.1.2. Ocean Fertilisation: By fertilizing certain regions of the upper ocean it is possible to 
encourage the growth of phytoplankton blooms that absorb CO2 from their 
surroundings as they grow. A proportion of this plankton is made up of carbonate 
skeletons which upon death, sink to the seabed, thus potentially sequestering large 
amounts of carbon9. Trials of this approach have been carried out with varying 
results. The potential risks of these schemes, however, are great, interfering as they 
inevitably do in a globally crucial ecosystem.  

2.2. The second approach, reducing solar insolation, tackles the problem from a different 
angle. Greenhouse gases cause the global temperature to rise because they trap 
more of the sun’s energy within the atmosphere. If, however, the amount of energy 
reaching the earth is reduced or more is reflected this could reduce the global 
temperature. Again there are a variety of methods such as: 

2.2.1. Increasing the cloud albedo: By reflecting the sun’s energy away from the earth 
certain types of cloud under certain conditions have the effect of cooling the planet. 
The effect can be produced by either increasing the amount of cloud, or their 
longevity, or their whiteness. For example, scientists such as John Latham10 of the 
National Center for Atmospheric Research in Boulder Colorado have proposed 
releasing tiny droplets of sea water in maritime stratocumulus clouds in order to 
increase their reflectivity and provide a cooling effect.  

2.2.2. Sulphate aerosols in the stratosphere: The eruption of certain volcanoes such as 
Mount Pinatubo in 1991 release large amounts of aerosols into the stratosphere. 
These have a shading effect leading to a cooling of the planet. Attempts to mimic this 
effect have been put forward by a number of scientists11. The appeal of this scheme 
is its potential to have an almost immediate effect on global temperatures although, 
again, the risks are potentially great and irreversible. 

2.3. The examples given above represent only a few of the geo-engineering schemes 
currently proposed. They are not necessarily the only possible technologies and as 
research into this field continues, more possible methods will be developed. It should, 
however, be pointed out that, thus far, no geo-engineering technique has been tested 
to any significant degree and some of them would be best described as purely 
speculative.  

                                            
6 http://www.seas.columbia.edu/earth/lacknerCV.html 
7 http://www.seas.columbia.edu/earth/faculty/zemanCV.html 
8 http://www.physorg.com/news96732819.html 
9 http://journals.royalsociety.org/content/t6x58746951336m1/ 
10 http://www.mmm.ucar.edu/people/latham/ 
11 http://journals.royalsociety.org/content/y98775q452737551/ 
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2.4. It must also be remembered that none of these proposals will solve all of our energy 
and climate change issues. For instance, the schemes designed to reduce the 
amount of solar insolation would have no effect on the levels of greenhouse gases 
which are the root cause of the problem. They would not, therefore, stop the 
acidification of the oceans which may well prove to be as serious a problem as rising 
temperatures or sea-levels. Furthermore, none of the proposed schemes would have 
any effect on security of energy supply issues which are likely to become ever more 
serious as the population increases, countries develop and resources are strained.  

3. The role of engineering 

3.1. Engineering will clearly play an essential role in developing any of the potential 
technologies and, more importantly, assessing the risks and impacts associated with 
their deployment. In reality, the skills required to implement most of the technologies 
proposed are not unique and could be readily learned in standard engineering 
courses. Ultimately, engineers are extremely good at solving problems in a wide 
range of disciplines and the technical difficulties presented by most geo-engineering 
technologies would not present any particular problems requiring specific engineering 
based skills sets. 

3.2. The question is therefore not whether these technologies could be implemented but 
whether or not they should be. In order to answer this question a number of other 
issues must be addressed; issues such as cost, environmental impact, sustainability 
and risk as well as the broader social and moral considerations. 

3.3. Engineering has much to add in these areas, both independently and in conjunction 
with other disciplines such as climate science and environmental policy. Risk in 
particular is paramount when considering any attempt to deliberately alter the earth’s 
climate. The potential consequences could be disastrous and a great deal of 
research, modelling and testing would need to be carried out before moving forward 
with any geo-engineering scheme. A good understanding of how geo-engineering 
would affect the complex systems it would inevitably be a part of is also something 
that engineers have a wealth of experience in dealing with. 

4. Education and research 

4.1. In educational terms, geo-engineering is very multi disciplinary in nature. The skills 
needed cover a wide range of topics from the basic science of climate change to 
technical, economic and environmental issues. All these subjects are already part of 
standard university courses, and engineering courses in particular, and graduates 
coming out of these programmes will already be equipped to move into geo-
engineering research should they so wish. Thus, at present, it is not deemed 
necessary for geo-engineering to be introduced into the curriculum as a topic in its 
own right. 

4.2. On a related matter, it has been suggested that geo-engineering might be a good 
subject with which to engage with young people and encourage them into the 
engineering profession. As was noted earlier, climate change is a hugely important 
issue and one that garners a large amount of media attention. Young people appear 
particularly concerned about what mankind is doing to the planet and keen to work 
towards finding solutions. Highlighting the crucial role all engineering disciplines have 
in working out what those solutions might be and, more importantly, actually making 
them happen, is the key issue and should be more than enough to attract the 



 

Page 49 of 146 

younger generation. Focussing solely on geo-engineering would be a distraction for 
what would only ever be a narrow branch of engineering. 

4.3. Currently, levels of research into geo-engineering are very low, even in global terms. 
The Academy itself does not fund any research in this field despite a strong interest 
in energy and climate change. That is not to say that we would not be open to the 
possibility of funding research into geo-engineering. Indeed, the Academy recently 
established a Research Chair in Emerging Technologies, aimed at research into 
technologies at a pre-competitive stage. This would have been eminently suitable for 
geo-engineering technologies and in fact, an application focusing on artificial 
photosynthesis was received, but in this instance it was not successful. 

5. Industry and government 

5.1. The next stage after education and research would be actual field testing. This could 
be carried out either by universities – perhaps with support from Government – or by 
industry. At present, geo-engineering is barely visible to industry in the UK. Given this 
low level of interest and the inherent high financial risks involved it is likely that 
Government funding would be needed in the early stages of testing. However, 
depending on the particular technology chosen and the relative costs, it is possible 
that some forward thinking industries might take an interest, although this seems 
more likely to happen at this stage in the US where geo-engineering has a higher 
profile.  

5.2. A major consideration for industry would be the potential for profit if the technology 
were to be successful, and indeed, how success could be measured. A globally 
recognised price for carbon might provide a financial incentive for some of the 
sequestration technologies and if this was sufficiently high or the technology 
sufficiently low cost the profits could be considerable. These technologies might also 
be eligible for the Virgin Earth Challenge prize of $25 million for “…a viable 
technology which will result in the net removal of anthropogenic, atmospheric 
greenhouse gases each year for at least ten years without countervailing harmful 
effects.”12 This prize, announced by Sir Richard Branson and Al Gore in February 
2007, could also serve as a driver to industry although the terms and conditions do 
limit the number of potential winners. 

5.3. Neither the price of carbon nor the Virgin Earth Challenge prize is applicable to the 
technologies designed to reflect solar energy away from the earth. Here, the only 
measurable effect would be change in temperature either locally or globally. It is 
possible that a local effect could be measured in a reasonably short time frame and 
hence provide the potential for a private company to charge for such a service. But, 
in terms of global changes in temperature, it would be almost impossible to attribute 
such changes to one specific technology and it is hard to see why any private 
company would consider such an option without the direct involvement of a 
government. 

5.4. This does, however, highlight one of the main differences between geo-engineering 
and other methods of dealing with climate change. Mitigation and adaptation require 
coordinated global action and, as the Kyoto agreement has shown, this requires long 
and difficult negotiations between the world's governments. Progress is being made 
politically but it is slow and the effects of climate change are already with us. 

                                            
12 http://www.virginearth.com/ 
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Mitigation and adaptation can also be expensive (although as the Stern Review 
pointed out the cost of action now is likely to be a great deal lower than doing nothing 
and having to pay later). Also, regardless of the efforts being made on reducing 
greenhouse gas emissions, the inertia of the earth's climate means that we are 
already tied into decades of warming. With geo-engineering, the effects could be 
much more immediate and low cost in comparison with current approaches.  

5.5. Individual governments could see geo-engineering as an excuse to continue with a 
business-as-usual approach and would be able to act independently, thus bypassing 
the sometimes tortuous path to international agreement. A number of international 
treaties covering the oceans, atmosphere and space would, in theory, prevent such 
action. However, these are not always adhered to hence the risk, albeit small, of a 
state acting unilaterally cannot be ignored. It is therefore incumbent on the 
Government to stay well informed on this issue, particularly in its international 
relations on climate change and the environment. 

6. Conclusion 

6.1. It might seem imprudent to even consider geo-engineering given the potentially 
enormous risks associated with it. However, despite stark warnings from climate 
scientists over the past decade or more about the dangers of greenhouse gas 
emissions and concerted government action to curb these emissions very little has 
actually been achieved. Atmospheric concentrations of carbon dioxide continue to 
rise and the predictions of climate scientists become ever more pessimistic. Geo-
engineering should never been seen as an ultimate solution in any sense. Even if it 
could help to alleviate the effects of climate change it has nothing to add in terms of 
security or sustainability of energy supplies. Mitigation and adaptation are still the 
best long term policies but if time really is running out and geo-engineering was able 
to provide some breathing space it would be morally remiss of us not to at least 
consider this option. 

6.2. Engineering would play a central role in developing any of these technologies and 
assessing their potential impact. It would also be crucial in addressing the enormous 
inherent risks. Even though geo-engineering is still very much in its infancy, a 
number of scientists and engineers around the globe are working seriously on such 
technologies and as such, it cannot be ignored. A great deal of research is required 
before any of the possible geo-engineering schemes should ever be contemplated on 
a global scale. And even then, they must not be seen as an excuse to continue on a 
business-as-usual path. That said, it is possible that any research carried out could 
help further our knowledge of the earth's climate and mankind’s effect on it. Taking 
on board all these points, geo-engineering is a subject the Government should stay 
well informed on and treat with caution, being mindful of potential consequences. 
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Memorandum 10 
 

Submission from the Tyndall Centre for Climate Change Research 
 
 

The potential of geo-engineering solutions to climate change 
 

 

1. Background 
 

1.1. In January 2004 the Tyndall Centre for Climate Change Research (www.tyndall.ac.uk) 
and the Cambridge-MIT Institute (www.cambridge-mit.org) convened a special joint 
Symposium on “Macro-Engineering Options for Climate Change Management and 
Mitigation” in Cambridge, England. The purpose of the Symposium was to identify, 
debate, and evaluate possible macro-engineering responses to the climate change 
problem, including proposals for what is usually termed geo-engineering. The web-site 
for information on the Symposium is at www.tyndall.ac.uk/events/past_events/cmi.shtml.  

1.2. This submission is based largely on the discussions and outcome of that meeting, updated 
with some more recent information. A copy of the summary report is available at 
http://www.tyndall.ac.uk/events/past_events/summary_cmi.pdf  and also attached hereto.  

 

2. Summary of general issues 
 

2.1. Few (if any) of the proposals for potential geo-engineering solutions to climate change 
have so far advanced beyond the outline/concept stage 

2.2. Much more research on their feasibility, effectiveness, cost, and potential unintended 
consequences is required before they can be adequately evaluated 

2.3. In many cases it is new modelling and pilot-project scale engineering studies which are 
needed to make further progress, at quite modest cost 

2.4. Current schemes aim to adjust the Earth’s radiation balance either by (a) modifying the 
planetary reflectivity (albedo) to reduce incoming radiation, or (b) to enhance removal of 
GHGs (especially CO2) from the atmosphere to reduce the greenhouse effect. 

2.5. Albedo modification schemes do nothing to reduce atmospheric CO2 levels and hence (a) 
do nothing to ameliorate the problem of ocean acidification, and (b) create a risk of 
severe and rapid greenhouse warming if and when they ever cease operation 

2.6. Some CO2 removal schemes involve major interference with natural ecosystems, or (like 
Carbon Capture and Storage) may require the secure disposal of large quantities of CO2 

2.7. The environmental impacts of these schemes have not yet been adequately evaluated, but 
are likely to vary considerably in their nature and magnitude. 

2.8. Too little is known about any of the schemes at present for them to provide any 
justification for reducing present and future efforts to drastically reduce CO2 emissions. 

2.9. A sufficiently high price of carbon will stimulate a host of entrepreneurial entrants into 
the geo-engineering market. This is probably essential in order to mobilize necessary 
capital and to stimulate a lively competition of technologies. However, it will brings with 
it difficult problems of regulation and certification. 
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2.10. The large uncertainties associated with geo-engineering schemes should not be regarded 
as reason to dismiss them. They need to be evaluated as part of a wider portfolio of 
responses, alongside mainstream mitigation and adaptation efforts. This should lead to a 
portfolio approach, in which a range of different options can be pursued, and adaptively 
matched to emerging conditions. 

2.11. More attention however therefore also needs to be paid to the timescales (lead-times and 
potential durations) of geo-engineering schemes, so that they could be effectively phased, 
under different scenarios of climate change and alongside other abatement strategies.  

2.12. The governance issues associated with geo-engineering are probably unprecedented. Who 
could and should control the technologies upon which the well-being of humanity may 
depend ?  

2.13. The equity issues are also likely to be substantial. There will be winners and losers 
associated with geo-engineering (as there will be with climate change itself). Should  the 
losers be compensated, and if so how ? Where the losses include non-market goods, 
which may be irreplaceable, how are they to be valued ?  

2.14. Geo-engineering is sometimes presented as an "insurance policy", but this analogy may 
be somewhat misleading. An insurance policy pays specified benefits under specific 
conditions, whose probability can be estimated. In the case of geo-engineering both the 
probability of it being required, and the benefits that it might yield are very uncertain.  

 

 

3. Observations on the role of engineering 
 

3.1. The principal requirement in the short term is for engineering research on the feasibility, 
costs, environmental impacts and potential unintended consequences of geo-engineering 
proposals. 

3.2. In the longer term it is possible that engineers may be widely involved in the 
implementation and management of any schemes which come to fruition. 

3.3. The range of skills involved covers the full spectrum of engineering, and there is no clear 
need for any particular specialisation 

3.4. Improved awareness and understanding by engineers of Earth System Science (and 
specifically of the the functioning of Earth’s climate and ecological systems) would 
greatly assist the development and evaluation of potential schemes.   

3.5. Most research at present is very small scale (concept development) and is mostly being 
undertaken in the USA 

3.6. There is no clear need for specialised university courses or training in this field: the clear 
requirement is rather for the provision of more supplementary interdisciplinary courses 
for students of conventional engineering disciplines (see item 3.4 above) 

3.7. The awareness and status of geo-engineering technologies in government, industry & 
academia is low (often at the level of blissful ignorance) but is improving slowly. 

3.8. It is possible that geo-engineering ideas may attract young people to the profession, but 
not very likely unless and until clear employment opportunities emerge. 

3.9. Engineers have an important role to play in informing policy-makers and the public, 
especially about the feasibility, efficacy and likely costs of geo-engineering schemes. 
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Memorandum 11 
 

Submission from Colin Forrest  
 
 
Summary 
 
*   Arctic specialists are warning that rapid massive release of methane from seabed sediments 
could occur at any time. 

 

*   This would cause a temperature rise of at least 6oC, with further rises from additional feedbacks. 
Impacts would be more severe and more rapid than those currently predicted by the IPCC. 

 

*   Some geoengineering proposals, particularly stratospheric injection of sulphate aerosols, and 
injection of seawater aerosol in the marine boundary layer, are sufficiently powerful, and technically 
feasible within the limited timescale, to avert this temperature rise. 

 

*   These ideas have been discussed and modeled within the climate community, but are untested, 
could be less effective, and could cause significant and possibly adverse effects on global and 
regional climate. 

 

*   It is an immediate priority that multidisciplinary scientific and engineering teams, with adequate 
funding and access to resources, test and develop these ideas, with a view to being able to 
implement full scale deployment within the next two decades. 

 

*   Priority should also be given to practical methods of avoiding the release of methane hydrates 
from the Arctic seabed, and of removing excess methane from the atmosphere. 

 

CHAPTER 1            INTRODUCTION AND OVERVIEW 
 

1.1     Recent measurements of elevated levels of methane on the shallow, rapidly warming 
continental shelves of Russia, where upwards of 540 billion tons of methane are vulnerable to 
rapid release, lend support to the worry amongst climate scientists that rapid release of 
greenhouse gases (GHGs) from warming and changing ecosystems could release such 
overwhelming quantities of GHGs that reductions in anthropogenic GHGs would make no 
difference to global warming. A release of 2%, or 10 billion tons, of this store would increase GMST 
by around 6oC, and would trigger further GHG emissions (from land based permafrost, tropical 
forest dieback, ocean outgassing, and increased forest fires in Asian peatlands, semi arid regions 
and the boreal forest).  

 

1.2    If there is significant release of methane from the Arctic seabed, then geoengineering 
solutions will be our only option to prevent runaway warming. Unfortunately, earth science is still in 
its infancy, and has received less funding than other branches of science, e.g. aerospace, 
armaments or medicine, which have had more practical use to society (up til now). We are not 
starting from a strong baseline, and we might need to apply planet scale geoengineering within two 
decades. 
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1.3    Our ability to model the complex interactions within the earth/climate system is limited, as the 
failure of the IPCC climate models to predict the rapid melting of Arctic sea ice, underestimation of 
sea level rise, and rapid rise in surface temperatures (particularly in the Northern Atlantic/Western 
Europe region), has shown. 

   We need strong cooperation between existing climate scientists and practical engineers to 
quickly develop equipment to test and monitor geoengineering technologies on a local and regional 
basis, before large scale implementation. 

 

1.4    There are many ideas and proposals, so I will concentrate on what I think are the strategically 
important ones. I have excluded space based proposals as unlikely to be technically achievable in 
the short timeframe, artificial atmospheric CO2 scrubbing as likely to be too energy intensive and 
costly, and increased carbon capture from natural ecosystems (ocean 
fertilization/biochar/increased reforestation etc) although valid and achievable, as unlikely to 
produce sufficient reductions in atmospheric levels of GHGs to make a significant difference in the 
available timescale. 

 

CHAPTER 2      Carbon capture and storage (CCS) from power stations 
 

2.1   This is a mature technology, which will become mainstream technology when a carbon price 
of around £26 per ton of carbon (or £95 per ton of carbon dioxide) is imposed on power 
generators, and requires mostly existing hydrocarbon exploration and refining engineering skills. I 
have included it partly to emphasize the need for climate engineering research in addition to rapid 
reductions in anthropogenic sources of GHGs.  

 

2.2   CCS will be an essential component of any attempt to control anthropogenic GHG emissions, 
and a planned infrastructure of pipelines and transport infrastructure linking all large and medium 
sized sources of CO2  (including biomass fired power stations) to geological storage sites, on a 
regional and international scale should be developed.  

 

2.3   A target of capturing the emissions from all major new and existing power stations within two 
decades is technically and economically feasible, requiring only that the current generation of 
politicians find the courage to implement a global price of around £50 per ton of carbon emitted 
(whether by taxes or by cap and trade schemes). This would reduce global GHG emissions by 
around a third. 

 

 

 CHAPTER  3       Stratospheric albedo engineering 

 

3.1   The idea of injecting microscopic particles into the stratosphere to deflect incoming solar 
radiation has been discussed widely, and some very simple modeling has been done, showing that 
it could be sufficiently powerful to counteract some or all of the warming we have created, although 
it would likely alter radiation and precipitation patterns on the surface, and could not be used to 
target specific regions. 

 

3.2   It must be stressed that our ability to understand circulation patterns, hydrology, atmospheric 
chemistry and radiation balance in the stratosphere is exceedingly limited, and our ability to predict 
or model changes due to deliberate addition of sulphur dioxide or other aerosols is minimal. Here 
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linkages with aerospace and remote sensing engineers will be crucial, and ground based testing 
facilities will need to be improved. 

 

3.3   Diurnal and seasonal variations in each hemisphere will need to be investigated. Whilst 
modeling might provide some initial hypotheses, large scale ground based testing facilities will 
provide more substantial results before field trials in the stratosphere. 

 

3.4   Research is needed regarding the type of particles most suitable, which parts of the solar 
spectrum they will absorb or reflect, and their chemical and physical interactions in the 
stratosphere, particularly with water, oxides of nitrogen, ozone and hydroxyl ions. 

 

 3.5   (Hydroxyl ions (OH-) are the primary atmosphere scrubbers, oxidizing and removing carbon 
based pollutants. They are very reactive, short lived ions produced by the action of sunlight of 
<310 nm wavelength on water molecules, and they remove most of the methane which is 
produced from natural and human systems. This process is discussed further in the chapter on 
methane.  

 

CHAPTER  4   Marine albedo engineering 
 

4.1   The idea of creating sea salt spray in the lower part of the atmosphere over the oceans (the 
marine boundary layer, up to around 500m), to increase the optical thickness and lifetime of marine 
stratocumulus cloud has been around for a while, and has recently become topical. It has recently 
been modeled at the Hadley Centre and seems to be powerful enough technique to offset much of 
the current anthropogenic warming, reducing the sea surface temperature, which is the 
fundamental driving force of the earth’s heat engine. The change in surface albedo between the 
dark ocean surface and the enhanced cloud is quite significant, and the idea has the advantage of 
being easily targeted at specific locations (e.g. endangered coral reefs, tropical cyclone formation 
areas, Arctic areas where permafrost is in danger of melting), has nontoxic byproducts (salt water) 
and is readily reversible (the clouds have a lifetime of around a week). 

 

4.2   The process can be easily be seen on satellite photographs, where the exhausts plumes of 
commercial ships, containing particles of black carbon and sulphur dioxide, leave long trails of 
artificially created clouds, similar to aviation contrails, behind them, where weather conditions are 
suitable.  

 

4.3   Large areas of the world’s oceans are suitable for cloud enhancement, but like all powerful 
climate engineering tools, the implementation could alter local climates, in particular the position of 
the Intertropical Convergence Zone (ITCZ) and associated rainfall, or lack of it. 

 

4.4   Unfortunately, the current proponents Latham and Salter are proposing to disseminate the 
spray from of a fleet of unmanned, satellite controlled wind powered boats propelled by a novel 
form of sail; the flettner rotor, which creates three new and unusual technical problems, and 
reduces the credibility of the idea. 

 

4.5   However the spray could be produced from standard ocean going vessels, solving two of the 
difficulties at a stroke, and leaving only the engineering problem of producing large volumes of a 
very fine aerosol of (filtered) seawater, between one and ten micrometers in diameter, and 
disseminating it into the marine boundary layer. I am no engineer, but I think the right people, with 
the right funding, could provide a useable solution for initial field trials within a year or two. 
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4.6   From my understanding of the rate of climate change, and of the possible proposals currently 
being discussed, I think that this is the most important single aspect of geoengineering that needs 
funded professional research and development.  We can model the process until the cows come 
home, but until we start adding salt water aerosol to clouds in the marine boundary layer, we won’t 
know how much will reach the cloud base, and what effect it will have. 

 

4.7   Larger particles (or cloud condensation nuclei, CCN) are known to cause larger raindrops, 
which rain out and reduce cloud cover, and there is the possibility that large numbers of very small 
CCN will increase the number and surface area of water droplets, causing rapid evaporation and 
loss of cloud cover. CCN may coalesce to form larger drops. The number of pre-existing CCN, 
temperature, water vapour content, wind speed, rates of updraught and entrainment are all 
important factors and can only modelled approximately. 

 

4.8   Some understanding of these processes might be gained from experimental set-ups on land, 
but fortunately, there are large areas of empty ocean to experiment on, and results can easily be 
verified by remote sensing, once we have developed suitable machinery for producing a very fine 
aerosol spray.  

 

4.9   The above comments are a distillation of my studies over the last few years, a review of the 
work of more experienced scientists. The next sections explore what I think will be the new and 
important issues, which follow from the realization that we may have a summertime ice free Arctic 
Ocean between 2013 (the projection of the most radical Arctic expert) to 2030 (the projection of the 
most conservative Arctic expert). As most climate scientists work from projections of the models 
used in the IPCC Fourth Assessment Report, which envisage a proportion of summer ice 
remaining in the Arctic Ocean until at least 2100, and are not aware of the fast changing reality of 
the northern high latitudes, the following comments are likely to be original, and certainly well in 
advance of current thinking by mainstream climate scientists. 

 

 
CHAPTER  5   Preventing release of methane to the atmosphere from Arctic regions 
 

5.1   The immediate danger appears to be the rapid thawing of seabed sediments in the shallow 
(up to 200m deep) Russian continental shelves, under the Barents, White, Kara, Laptev, and East 
Siberian seas, where the warm waters from the Gulf Stream/North Atlantic drift are increasingly 
being driven by the increased strength of the prevailing westerly winds and the funnelling effect of 
the disposition of the continental land masses of Greenland, Scandinavia and the North Asian 
continent.  

 

5.2   Stratospheric injections of aerosols in the northern hemisphere, as discussed above, will 
reduce the overall SSTs in the tropical and sub-tropical Atlantic, reduce the heat brought north by 
the ocean currents, and reduce the incoming solar radiation in the Arctic region. 

 

5.3   Increasing marine stratocumulus cloud cover (also discussed above) in the southern, tropical 
and northern Atlantic will also decrease oceanic heat transport into the area, and in the summer, 
could reduce direct incoming solar radiation in the region. 

 

5.4   The Arctic is a special case in that it receives no solar radiation in winter, and clouds (and air 
pollution from North America and Asia) create an insulative layer, trapping heat.  Raining out 
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clouds in the autumn by injecting very large CCN may allow the Arctic to radiate more heat out to 
space in the winter. Seeding clouds for rain is currently is being used by countries including China, 
Australia and Thailand. 

 

5.5   The other option is to mine out the layers of frozen methane in the sediments before they 
thaw. Methane hydrates have been successfully mined at the Malik-38 well on the McKenzie Delta 
on the northern shores of Alaska, and the hydrocarbon exploration industry has considerable 
experience of dealing with methane hydrates, which can cause drilling problems, blocked pipes, 
explosions etc. At present the focus is on commercial exploitation, but given sufficient financial 
incentive, it would be technically possible to prospect for, mine and flare off vulnerable deposits. 
Unfortunately the bands of frozen methane are widespread, can be in thin layers or at low pore 
densities, and often form a seal over free gas, which might be released catastrophically if the 
structural integrity of the cap is weakened. However the engineering problems are a continuation of 
those currently employed in seabed and Arctic exploration and the hydrates show up well in 
seismic surveys and well log analysis. 

 

Chapter  6       Removing methane from the atmosphere 
 

6.1   In my personal opinion, even a rapid deployment of all the above techniques will be 
insufficient to prevent a dangerous (for global warming) increase in atmospheric concentrations of 
methane, given the wide distribution of methane in the Arctic, the hostile environment and the vast 
scale of the problem (The East Siberian shelf is the largest continental shelf on this planet). 

 

6.2   This leaves us with the option of removing or oxidizing the methane once it has reached the 
atmosphere. Scientists previously thought that any released methane would dissolve in seawater 
and be oxidized by methanotropic bacteria, but recent air samples over the East Siberian shelf, 
and observations of bubbles in the waters of the Gulf of Mexico suggest that significant amounts 
will get into the atmosphere. 

 

6.3   Some (possibly 25%) of current atmospheric methane is consumed by soil bacteria, and it has 
been suggested that genetic modification and culture could increase this, indicating a possible area 
for research. 

 

6.4   Most atmospheric methane (possibly 75%) is oxidized by the hydroxyl ion, or OH radical, and 
this is the key determinant of atmospheric concentrations. After a substantial rise in atmospheric 
levels of methane from pre-industrial levels, in the last few years, methane levels have been 
steady, indicating a rise in the OH atmospheric sink, compensating for increased anthropogenic 
emissions. OH radicals are produced by sunlight on water molecules in the air, and the proposed 
explanation was that a warmer atmosphere could hold more water vapour, and hence allow more 
OH production. Unfortunately levels of methane in the atmosphere started rising again in 2007, 
and we don’t know enough about the sinks and sources to know why.  

 

6.5   OH radicals also oxidize carbon monoxide (40%), organic compounds e.g. isoprene from 
forests and dimethyl sulphate from plankton (30%), as well as methane (15%), and ozone (O3), 
hydrogen (H2)and hydroperoxy radicals (HO2). 

 

6.6   It would seem easier to attempt to produce more OH radicals, rather than reduce atmospheric 
concentrations of the other chemical species which compete with methane, as we seem 
remarkable unable to reduce the amount of gases we produce from our activities. Also, several 
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geoengineering solutions such as reforestation and ocean fertilization would also increase the 
amount of airborne carbon compounds as byproducts of increased biological activity. 

 

6.7   The necessary ingredients would be water vapour and the high energy part of the solar 
spectrum (<310nm). OH radicals are very reactive and have a lifetime of less than a second, so 
would need to be produced within air masses with high concentrations of methane.  

 

6.8   As the oxidation of methane proceeds at a rate 100 to 1000 times slower than that of the 
other organic compounds mentioned above, research into a catalyst which speeded up the rate of 
oxidation of methane could also prove productive. 

 

6.9   It is also worth pointing out that, even if the threat of catastrophic releae of methane from the 
Arctic is averted, research into the removal of methane from the atmosphere would be worth 
pursuing, as it would reduce global warming, and could have financial benefits within a GHG 
trading scheme. 

 

 
CHAPTER 7      Conclusions and answers to terms of reference 
 

7.1   At present engineers have minimal input into geoengineering research (with the notable 
exception of Prof. Steven Salter.) Most work is done by established climate scientists and 
advanced students on an ad hoc basis. I know of no structured research or training, apart from one 
Ph D student at East Angia University, and funding is negligible. Many policymakers, and the 
established scientists working in quasi-political positions (IPCC, Defra and international 
counterparts), are unaware, or have insufficient evidence to act, regarding the possibility of global 
warming becoming uncontrollable, and the status of geoengineering was laughable, until the 
upsurge in media interest in 2008.  

 

7.2   If geoengineering is to be successful, engineers with various specialized skills must form an 
integral and essential part of multi disciplinary scientific teams, including earth scientists, 
modellers, atmospheric physicists and chemists, geologists, oceanographers, meteorologists, 
biologists, remote sensing specialists, and others.  

  

7.3   Engineers should be involved in the initial design of projects, providing limits to what is 
practicable or possible, and working on the building, calibrating, running, maintaining, monitoring 
and improving on the experimental testing of laboratory, field, regional, and full scale 
implementation of the above proposals. Engineers are also likely to be the best trained personnel 
to deal with project management, including cost estimates and budgeting, whereas generalist 
earth/climate scientists are likely to be best placed to advise of environmental costs and benefits, 
and the risks of non-action. 

 

7.4   Key areas will include; aerospace, remote sensing, aerosol and nanoparticle production, 
marine engineering, geological exploration and drilling, and general design of materials and 
structures. Work in the harsh Arctic environment, and remote oceanic regions, will likely be 
needed. 

 

7.5   Again I must stress that we still know little about the climate system, climate modelling is very 
complex, with considerable uncertainty over many basic parameters (including the influence of 
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clouds and aerosols) and still omits many key processes (ice sheet dynamics, for example) and the 
safest and fastest way to develop effective geoengineering solutions is to provide practical field 
trials, scaled up as soon as practicable. Engineers will play a key part in these experiments, but we 
do not have the time to train up a new generation of personnel to take this forward. We must use 
the existing skills base.  

 

7.6   Unfortunately, we are in the crisis management phase of geoengineering, which must be 
successful before a future generation of scientists and engineers can be trained up for the 
responsibility of ongoing management of the global climate. 

 

 

 

September 2008 
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Memorandum 12 
 

Submission from the Ground Forum 
 

 

1.0 The Ground Forum 

 

The Ground Forum brings together Learned Societies and Trade Associations representing most 
construction related geo-engineering disciplines.  The Learned Societies undertake the dissemination of 
information and oversee professional qualifications; while Trade Associations represent the commercial 
interests of both consultants and contractors in the sector.  The Ground Forum is therefore a single voice 
which draws together all construction related geo-engineering interests of both companies and individuals.  

 

 

2.0 Summary 

 

• For the purposes of this response, Geo-Engineering has been taken as synonymous with 
 Ground Engineering, which is the terminology used in: 
• Ground Forum’s submission to the Home Office (UKBA) Migration Advisory Committee,  
 and 

• the Register of Ground Engineering Professionals which is being developed by Members of 
 the Ground Forum for launch in 2009. 

 It is acknowledged that Ground Engineering is a specific sub-set of the broader subject of Geo-
Engineering.” 

 

• Geo-engineering literally underpins all man-made structures but the fact that it is usually hidden 
from view means that it is often overlooked and undervalued. 

 

• Geo-Engineering makes a huge positive contribution to climate change related actions via:- 
o efficient use of resources and reduction of greenhouse gas emissions 
o mitigation of the impacts of climate change 
o regeneration 

 

• The sector has not been well served by public funding for R&D and there is an urgent need for 
more independent, publically funded research that can be made available to the whole industry. 

 

• The basic educational requirement to be a geo-engineer is a first degree in geology or civil 
engineering followed by an MSc, usually in geotechnical engineering or engineering geology.  
The shortage of MSc graduates is a serious problem and the industry has experienced severe 
and growing skill shortages for the last 10 years.  The progressive withdrawal of NERC and 
EPSRC funding for post graduate MSc study has had a major impact. 

 

• Because of its largely hidden nature, both Government and other industry professionals 
undervalue the role and contribution of geo-engineering.  Consequently there is need for greater 
regulation to ensure that best use is made of geo-engineering skills and resources, and better 
recognition of the contribution it makes to the built environment. 

 

 

 

 



 

Page 61 of 146 

3.0 Definition 

 

 Ground Engineering is a specific sub-set of the broader discipline of Geo-Engineering, which 
encompasses all engineering activities associated with natural geological, hydrological and 
climatological systems.  Ground Engineering has three major, but related divisions   

• Geotechnical Engineering (a specialist branch of civil engineering); 
• Engineering Geology (the application of geology to ground engineering); 
• Geoenvironmental Engineering (the identification and remediation of contaminated land).  

 

 

4.0 The current and potential roles of engineering and engineers in geo-engineering solutions to 
climate change 

  

4.1 It is simplistic, but true, that everything rests on or in the ground and therefore geo-engineering 
literally underpins all man made structures.  Unlike other construction materials, however, the 
ground is variable between sites and its properties change according in response to climatic 
changes. The engineering properties of the ground therefore require specific investigation and must 
be designed for on a site by site basis. 

 

4.2 Geo-engineering professionals are required on a wider range of construction projects than any other 
construction profession.  They are involved with all civil (and military) engineering works and all 
buildings, and are also essential for works in the natural environment such as slope and cliff 
stabilisation, where professions such as architects are not required, and, at the other end of the 
scale, with many domestic subsidence claims.  This broad demand for ground engineering skills has 
been a major factor in the skills shortage affecting the industry (see paragraph 6). 

 

4.3 Geo-engineering involves the investigation of ground conditions (e.g. geology, geotechnical 
properties, ground water and previous land use) and predicting how the ground will respond to 
specific natural and engineering changes, thereby enabling safe design and construction of 
foundations and other ground related structures (eg dams, tunnels, flood defence embankments, 
etc).  The sector’s roles in combating climate change, therefore, are threefold:- 

 

• ensuring efficient use of resources and reduction of greenhouse gas emissions, including 
pursuance of the recently launched Strategy for Sustainable Construction 

• mitigation of the impact of climate change 
• regeneration of previously used sites. 

 

4.4 Examples of how Geo-Engineering roles (ground investigation, design and construction) contribute 
to solutions for each of these areas are given below. 

 

4.4.1 Solutions which make more efficient use of resources and thereby reduce production of greenhouse 
gas emissions:  

  

• Designs and construction techniques which reduce natural material usage 
• Foundations for wind farms and marine current/tidal turbines 
• Energy transmission, including undersea transmission of energy from wind farms and marine 

current/tidal turbines, pylons, and tunnels 
• Hydro-electric schemes 
• Carbon storage/sequestration (eg: installing pipelines to transfer captured carbon to suitable 

gas/oil fields). 
• Foundation design for nuclear power stations 
• Underground storage of nuclear waste 
• Design, construction and monitoring of reservoirs for water 
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• Heating from ground source heat pumps. (Note:  These commonly comprise of  horizontal and 
vertical trenches containing liquid filled tubes, which utilise the ambient ground temperature via 
a heat exchanger, to provide heat in winter or cooling in summer.)  

• Heating from ‘energy piles’. (Note:  These  also use ground source heat pumps but have tubes  
installed in the foundation piles of the building). 

• Deep geothermal energy (‘hot rocks’)  
• Re-use of existing piled foundations for subsequent developments on previously used sites 

(reduces concrete and steel use) 
• Evaluation of the carbon impact of available foundation systems;  
• Choice of foundation solution based on energy efficiency (based on above research) 
• Development of new carbon efficient foundation solutions 
• Landfill management and the identification, disposal, and treatment of waste  
• Use of recycled materials and by products of other processes, including recycled aggregate, 

glass and pulverised fly ash (pfa) 
 

4.4.2 Solutions which mitigate the impacts of climate change 

 

• Repair and redesign of rail and highway embankments which are being degraded because of 
changes in precipitation, increased temperatures, and changes in vegetation. 

• Coastal management. 
• Upgrading/raising of the Thames Barrier 
• Raising of embankments along the Thames to counter changes in sea level. 
• Control of inland flooding and flood relief schemes 
• Control of subsidence in domestic housing and other buildings. 
• Increased water storage (surface and underground reservoirs). 
• Design and monitoring of slope stability to reduce landslides and the effects of coastal erosion. 

 

4.4.3 Regeneration:  

 

• Identification, evaluation and remediation of contaminated land, thereby minimizing use of 
greenfield sites 

• Remediation and redevelopment of brownfield sites 
• Environmental impact studies and remediation/mitigation 
• Ground improvement to bring marginal land to a point where it can be used for the built 

environment 
• Improved transport and utilities – particularly those involving tunnelling 

 

 

5.0 National and international research activity, and research funding, relating to Geo-
engineering, and the relationship between, and interface with, this field and research 
conduced to reduce greenhouse gas emissions 

 

5.1 UK research activity in Geo-engineering is now almost exclusively conducted in universities 
following the (regrettable) demise of geotechnical research at the former Government research 
establishments – the Building Research Establishment (BRE) and the Transport Research 
Laboratory (TRL) 

  

5.2 In the past, these Government funded bodies provided an independent focus which industry could 
tap into and partner with to undertake research into improving practice, often practical and over a 
number of years. The bodies provided pools of researchers who developed expertise and were able 
to develop practical streams of both blue sky research and research into specific applied topics of 
direct relevance to industry. They had huge industry support, including practical and ‘in kind’ support 
and their geotechnical research was world renowned. 
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5.3 The research done by the BRE on the re-use of foundations13 is an excellent example of the need 
for public research.  The re-use of existing foundations has obvious sustainability benefits.  
However, to be acceptable to industry (and to clients in particular) an industry-wide standard 
developed by a reputable independent body was essential.   Furthermore, public funding for the 
research was indisputably necessary, since it would be unrealistic to expect geotechnical 
contractors/consultants to fund research that might ultimately reduce their work opportunities. 

 

5.4 These publically funded facilities gave industry a means of contributing for the benefit of industry as 
a whole and permitted research to be undertaken that had no commercial benefit or where the 
benefit was to the whole sector.   They were also a means for Government to put resources into 
independent R&D.  EPSRC research grants continue to be available, but these require projects to 
have specific objectives and outcomes which often impose unhelpful restrictions, (e.g.  the rejection 
of projects because they are linked to a single industrial partner and therefore are assumed to be for 
the commercial benefit only of that partner; or restrictions on the way the results are reported which 
make them difficult to disseminate. 

 

5.5 Although academics might argue otherwise, from the perspective of geo-engineering consultants 
and contractors, blue-sky research has virtually ceased because of the withdrawal of Government 
funding.  Research has undoubtedly been undertaken into the science of climate change, but geo-
engineering practitioners have received little guidance about how this might be translated into 
practical solutions.   There is a need for a much closer partnership between academia, industry and 
Government.  Leaving innovation to individual companies, usually in partnership with academics, 
makes it difficult to share knowledge that should be in the public domain and available to the whole 
sector. 

 

5.6 A significant proportion of funding of university research is geared around three year PhDs.  This 
results in a lack of continuity and limits the scale of the issue that can be addressed.    

 

  

6.0 The provision of university courses and other forms of training relevant to Geo-engineering 
in the UK 

 

6.1 Most professional Geo-engineers have first degrees in civil engineering, geology or one of the 
varieties of applied geology, and a Masters degree.  Geotechnical PhDs are seldom required 
outside academic institutions, whereas PhDs relevant to contaminated land are useful in industry. 

 

6.2 Civil engineering courses for students aspiring to become Chartered Engineers are now 4 year 
MEng degrees.  Both 3 year and 4 year degrees are available for geologists.   However, Geo-
engineering is a specialism and none of the 4 year courses are considered adequate for Geo-
engineering, because they do not focus on the specialist higher level skills. 

 

6.3 A recent survey by GF has shown that the availability of post graduate MSc courses for Geo-
engineers in the UK is acceptable but many are under threat because of a shortage of students.  At 
the same time, and for many years, industry has experienced a severe shortage of MSc graduates.  
This is generally attributed to:- 

 

• high levels of student debt that make further study financially unviable 
• progressive reduction of funding for MSc’s through EPSRC and NERC bursaries 
• the advent of 4 year MEng degrees that do not offer sufficient specialisation for geo-engineers, 

but make it less likely that graduates will undertake further study in order to obtain a second 
Masters degree 

                                            
13  Summarised in ‘Reuse of Foundations for Urban Sites:  A Best Practice Handbook’  BRE Books  2006 
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• the availability of employment (because of the existing skill shortages) for civil engineering 
graduates without a geo-engineering MSc – even though the industry is totally united in the 
belief that this is not satisfactory 

• the lack of substantial financial reward for those who obtain a geo-engineering MSc (i.e. in 
comparison to law or medicine where additional qualifications are perceived to lead to 
substantial financial benefit). 

 

6.4 Geo-engineers have been on the Government Shortage Occupation List for work permit purposes 
since 2005 and continue to be so under the new regime. This has been very beneficial and much 
appreciated by the industry.   In order to survive, the industry has also had to find alternative training 
solutions (in-house training; short courses, up-skilling etc).  Additionally, industry has increasingly 
felt that even apparently well qualified graduates lack basic skills and understanding of the 
fundamental principles that were once regarded as normal. 

 

6.5 Margins in Geo-engineering, as in the rest of construction, are low and training budgets compete 
with budgets for research and innovation, improvements in health and safety, and the myriad of third 
party accreditation schemes for quality assurance, investors in people, environmental management, 
etc. which are expected from quality companies and demanded by clients. 

 

6.6 There is a perception in the industry that offering financial support to allow staff to undertake post 
graduate MSc study does not necessarily result in more MSc qualified staff.  Although a new 
graduate can be bound to remain with the sponsoring company for a short period, companies who 
chose to put their ‘sponsorship’ money into higher salaries and staff benefits are able to attract staff 
from those companies that sponsor study.   Small companies (many consultancies have less than 4 
geo-engineers) anyway find the cost of sponsorship to be prohibitive. 

 

7.0 The status of Geo-engineering technologies in government, industry and academia 

 

 We find some ambiguity in the word ‘status’ and therefore offer two observations:- 

 

7.1 The perception of Geo-engineering technologies in government, industry and academia:  Generally 
the output of Geo-engineering is below ground and hidden from view, and therefore taken for 
granted, not only by the general public but also by clients and other construction professionals such 
as architects and structural engineers. 

 

7.1.1 Much of past Government support for Geo-engineering (e.g. research funding and degree funding) 
has been progressively reduced and withdrawn, indicating a lack of understanding about the 
fundamental contribution made by geo-engineering and a failure to appreciate that its specialised 
nature requires MSc qualifications. 

 

7.1.2 The status of engineering in the UK is not helped by the fact that the term ‘engineer’ can be, and is, 
used by everyone from car mechanics to designers of nuclear power stations.  The problem for 
Geo-engineering is even more difficult because personnel are split between geology, civil 
engineering, structural engineering and even chemistry.  A system of licensing, similar to that in the 
USA would greatly enhance the profession.  A voluntary registration system will be introduced for 
Ground Engineering Professionals in the next 12 months.  Government support for this initiative, 
particularly in the planning system and Building Regulations, would be helpful. 

 

7.1.3 Early involvement of Geo-engineers in the project team can result in value engineering that 
substantially reduces the risks and often the cost of the geotechnical elements – but such early 
involvement rarely happens.  The geo-engineering sector faces serious and on-going difficulty to 
convince other (non geo) engineers of the need for proper ground investigation before the project 
begins.  Problems due to unexpected ground conditions are the largest single source of cost over-
runs, and designs based on insufficient knowledge of soil conditions must necessarily be 



 

Page 65 of 146 

conservative, and therefore more expensive.  Despite this, structural engineers in particular, 
frequently fail to appreciate the value of proper site investigation and commission least cost  

 

 investigations, often to inadequate specifications.  In Scotland, structural engineers are now 
required to sign-off building designs, including design of the foundations of which they may have no 
specialist expertise; this is potentially dangerous. 

 

7.1.4 Geo-engineering is often considered a minority interest in university civil engineering departments.  
Many Geo-engineering MSc courses are run with only one or two permanent staff members, and all 
are under pressure to be financially viable.   Although a few universities have direct and successful 
links with particular companies for R&D purposes, this the exception rather than the rule. 

 

7.1.5 In the past, the UK has led the world in geo-engineering expertise.  As a result the UK enjoyed a 
large pool of experts and was able to export knowledge and consultancy services throughout the 
world.  However, it has been estimated that 50% of UK geotechnical engineers could retire in the 
next 10 years.  Skill shortages due to a lack of new entrants, deficiencies in the knowledge base of 
new graduates (see Para 6.4 above) and a shortage of MSc graduates (see Para 6.3 above) mean 
that this knowledge and expertise is being lost, with concomitant knock on effects for the reputation 
and export earning potential of the sector.  There is an urgent need to re-establish and to nurture 
geo-engineering expertise; most professional bodies within the secotr hae initiatives to promote their 
professions in schools and universities, however these often rely on volunteers and are therefore in 
need of significant extra resources. 

 

 

7.2 Current status of Geo-engineering technologies: 

 

7.2.1 Within the Geo-engineering industry there is a constant drive towards greater efficiency and cost 
effectiveness.  In recent years this has included:- 

• Considerable and continuing improvements in instrumentation and monitoring data (e.g. 
ground movement, material behaviour, construction processes); 

• The development of new technologies such as ground source heat pumps, energy piles, 
marine and tidal energy generation;  

• Materials development including the increased use of polymers, geo-textiles, and recycled or 
recovered materials. 

 

7.2.2 There is much that Government could do to improve the use and effectiveness of geo-engineering:- 

• Government failure to resolve the issues surrounding Soil Guideline Values (as put forward in 
the ‘Way Forward Report’  (Defra, Clan 6/06) is holding back the ability of the industry to move 
forward confidently in the area of the remediation and development of contaminated land. 

• The autonomy of Area Planning Officers and Environment Agency Officers (who have 
regulatory powers) creates inconsistencies and a confusion about requirements and standards 
that cannot be clarified or overridden by reference to a central authority. 

• A requirement for adequate site investigation should be mandatory for detailed planning 
approval. 

• Support for the Register of Ground Engineers, once it is launched, will support the 
identification of ‘Ground Engineering’ as a specialist discipline, improve the visibility of the 
profession, and help to ensure that ground engineering is carried out by those qualified to do 
so. 

• Better funding, via the British Standards Institution, for the development of standards in this 
sector. 
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8.0 Geo-engineering and engaging young people in the engineering profession 

 

8.1 There is a particular difficulty for Geo-engineering in that people must first be recruited to civil 
engineering and then to Geo-engineering.  Despite this, larger companies are working regularly with 
local schools to interest more school children in civil engineering and in earth science in particular.   
However, the majority of the effort comes from volunteers and skills shortages put pressure on the 
amount of voluntary activity that can be expected from industry. 

 

8.2 The Ground Forum itself sponsors ‘ICE InSite’, a magazine published three times a year and sent, 
free of charge, to all secondary schools and colleges in order to promote careers in civil 
engineering.  Articles about ground engineering are contributed regularly. 

 

8.3 The Ground Forum notes with enthusiasm some excellent television programmes that will 
undoubtedly help to popularise and promote civil engineering, including the Geo-engineering sector. 

 

9.0 The role of engineers in informing policy-makers and the public regarding the potential 
costs, benefits and research status of different geo-engineering schemes. 

 

9.1 The Ground Forum and it Members inform policy makers of Geo-engineering issues through the 
Construction Industry Council (CIC) and direct communication with government via the 
Parliamentary & Scientific Committee and through responses to consultation documents. 

 

9.2 It is probably true to say that the Construction Industry as a whole does not sufficiently promote 
successful projects to the public and the objections of protestors and those that oppose planning 
applications often give a negative image.  The Olympics provide an opportunity to promote the 
industry and its role in regeneration and energy efficiency.  This is not yet being seized with 
sufficient vigour and sadly, even when if it is, the role of Geo-engineering is unlikely to feature 
strongly. 

 

October 2008 
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Memorandum 13 

 
Submission from John C.D. Nissen 

Summary: 
 

• Gravity of situation – global warming poses a threat to the survival of human 
civilisation 

• State of denial – few scientists are prepared to admit that there is an issue of 
survival  

• Role of geoengineering – it has the capability to save the day  
• Different types of geoengineering – reflecting sunlight and sequestration 
• Saving the Arctic sea ice – reflecting sunlight using stratospheric aerosols and 

reflecting sunlight through tropospheric cloud brightening are most promising 
• Removing CO2 from the atmosphere – biochar has great potential 
• Geoengineering discipline – understand the climate science 
• Research and deployment – need for an engineering mentality and leadership 
• Response from government – nobody alert to the dangers 
• Conclusion – experimental trials of geoengineering with stratospheric aerosols and 

cloud brightening are urgently needed 
 
1.  Gravity of the situation 
 
1.  The earth’s climate system shows signs of tipping into a new super-hot state (over 6ºC 
warming), with barren lands, sterile seas, mass extinctions, a huge rise in sea level and 
almost inevitably the collapse of human civilisation.  Over the past century, the earth’s 
energy balance has been disturbed by a growing pulse of anthropogenic greenhouse 
gases in the atmosphere, now more than sufficient to tip the system. Even if one could halt 
all CO2 emissions overnight, the acceleration of global warming towards the super-hot 
state would continue.   
 
2. On top of this, there are growing positive feedbacks on global warming, acting both 
directly and indirectly:   

• global warming melts snow and ice, allowing greater absorption of sunlight, with the 
effect of increasing global warming directly; 

• global warming melts permafrost and frozen bogs, releasing CO2 and methane to 
increase global warming indirectly;  

• global warming warms the oceans, reducing their CO2 absorption capability, thus 
increasing CO2 lifetime in the atmosphere, to increase global warming indirectly; 

 
3. But global warming is not the only problem.  If one could halt it overnight, the growing 
CO2 levels would eventually lead to sterile seas through ocean acidification, already 
considered a serious problem for shell-forming creatures. 
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2.  State of denial 
 
4. What is not generally appreciated among non-scientists is the seriousness of the 
situation with global warming.  Scientists themselves do not want to believe what they are 
seeing, and certainly don’t want to make others feel as scared as they may feel 
themselves.  They shelter behind a cosy but false consensus, such as set up by the 
Intergovernmental Panel on Climate Change, which ignored the strong positive feedback 
in the climate system, especially the feedback resulting from Arctic sea ice retreat, thus 
giving us absurdly optimistic forecasts [1].  The real possibility of the Arctic Ocean 
becoming ice free in summer 2013, or sooner, is still not accepted by the Hadley Centre.  
Thus the sources of advice for the government are not stressing how immediate the 
danger is, nor how absolutely catastrophic it would be if we do not successfully counter the 
threat over the next few years.  Martin Parry, ex-chair of the Intergovernmental Panel on 
Climate Change, has said that “survival is not the issue”, but that’s exactly what it is.  
 
3.  Role of geoengineering 
 
5. We define geoengineering as engineering on a large scale intended to: 

• halt or reverse the rise in levels of greenhouse gases in the atmosphere; 
• halt or reverse the effects of excess greenhouse gases in the atmosphere: global 

warming, increased climate variability, sea level rise, and ocean acidification. 
 
6. The immediate goal of geoengineering must be to halt the summer retreat of Arctic sea 
ice, since this cannot be done by emissions reductions alone.  The long term goal must be 
to stabilise the climate and counter ocean acidification.  Fortunately at least one 
geoengineering technique has the capability of success for both goals, and at remarkably 
low cost. 
 
4.  Different types of geoengineering 
 
7. There are two principle types of geoengineering: 

• solar radiation management (SRM) for cooling;  
• sequestration methods, including carbon capture and storage (CCS), for removing 

CO2 from the atmosphere. 
 
8. Solar radiation management involves techniques to reflect solar energy back into space, 
typically using fine particles or aerosols in the atmosphere, but it can include techniques 
such as painting roofs and covering deserts with reflective material.  
 
9.  Sequestration generally involves absorbing CO2 from the atmosphere by 
photosynthesis of plants or marine creatures and then burying the carbon.  This kind of 
geoengineering can embrace agricultural practice, bioengineering, genetic engineering, 
chemical engineering, constructional engineering and marine engineering to achieve 
particular goals.   
Thus geoengineering covers an enormously wide range of disciplines.   
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5.  Saving the Arctic sea ice 
 
10. The halting the summer retreat of Arctic sea ice can be addressed by solar radiation 
management, but also some other techniques.  There is so much at stake (including our 
own survival) that I believe we should pull out all the stops to restore the sea ice.  We 
should try anything that: 

• can be scaled up to have a significant positive impact; 
• can be scaled up within two or three years; 
• has a low chance of significant negative impact; 
• can be stopped before any unexpected negative impact becomes significant. 

  
11. So main candidates include: 

1) creating stratospheric clouds - using precursor injection to generate aerosols; 
2) creating contrails - using an additive to aircraft fuel; 
3) brightening of marine clouds over the North Sea to cool the surface water entering 

the Arctic Ocean. 
  
12. These all involve solar radiation management. They are all remarkably cheap to 
deploy, and one might only need a few million pounds to start significant experimental 
trials.  The eventual cost for the stratospheric cloud technique has been estimated as of 
the order of $1 billion per annum to counter the full effects of global warming over the next 
few decades. 
 
13. Other possibilities for saving the sea ice include: 

4) covering of sea ice and adjacent land with reflective material; 
5) covering of ice and adjacent land with fresh snow to increase reflection; 
6) prevention or removal of shrub growth in Siberia; 
7) creation of thicker sea ice, using ice breakers; 
8) prevention of break-up of ice, and its transport into open water; 
9)  covering of sea and meltwater with floating reflective material; 
10)  removal of meltwater; 
11)  cooling of the sea water by increase thermal radiation into space. 

  
14. However, these other possibilities all have practical problems, mainly of being scaled 
up quickly enough to have a significant impact in saving the Arctic sea ice. 
 
15. Concerning the main three candidates, the creation of stratospheric aerosol clouds (to 
simulate the global cooling effect over several years of a large volcanic eruption such as 
that of Mount Pinatubo) has the greatest backing among the geoengineering community, 
and should be a top priority for immediate experimental trials.  A seminal paper on this 
subject by Ken Caldeira et al. [2] is included in the recent Royal Society Phil Trans special 
issue on geoengineering.  The scientific aspects are well considered, and much modelling 
has been done.  However no experimental work has been done (e.g. on obtaining an ideal 
droplet size), and this is needed as a matter of extreme urgency. 
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16. The creation of contrails can be regarded as simply reversing what has been done by 
removal of certain constituents (“impurities”) of aviation fuel in order to reduce atmospheric 
pollution.  For example, sulphur compounds could be reintroduced into the fuel tanks of 
fighter aircraft, which would produce a contrail diffusing to a haze.  This would have a 
known net cooling effect (significantly greater for daytime flights).  This technique could 
supplement the abovementioned solar radiation management from aerosol clouds in the 
stratosphere. 
 
17. The brightening of marine clouds is the subject of paper by John Latham et al. in the 
Royal Society special issue.  Some early experimentation in the formation of the spray is 
urgently required.  Once this has been mastered, it could be deployed immediately by 
ordinary ships plying the North Atlantic to start cooling that part of the Gulf Stream entering 
the Arctic Ocean off the west coast of Norway.  This would slow the melting of sea ice in 
summer, and speed the reformation of sea ice in winter.  A significant amount of heat is 
transported into the Arctic via the Gulf Stream.  This transport is implicated in the positive 
feedback on GW as the mean annual sea ice extent reduces. 
 
6.  Removing CO2 from the atmosphere 
 
18. This is just a brief note, to say that Biochar techniques have remarkable potential for 
application in agriculture all over the world, to the benefit of farmers as well as the 
environment.  Research and deployment should be supported by the government. 
 
7.  Geoengineering discipline 
 
19.  As you will see from section 4, geoengineering covers an enormously wide range of 
disciplines.  It is not clear that geoengineering should be treated as a discipline in its own 
right.  Anyhow it is early days – there are very few people who would call themselves geo-
engineers.  What is important is that every engineer should understand the climate science 
that makes geoengineering essential. 
 
8.  Research and deployment 
 
20.  Up till now, nearly all work on the climate has been done by academic scientists, who 
will want to continue research and modelling.  There is a desperate lack of engineers, and 
an engineering mentality, to take the geoengineering possibilities and turn them into 
practicalities.  And there is an absolute lack of leadership from the government.  This has 
to change, and change dramatically, considering the gravity of the situation we are in (see 
section 1). 
 
9.  Response from the government 
 
21.  Letters have been sent to ministers by myself, on behalf of stratospheric aerosol 
engineering, and by Stephen Salter, on behalf of cloud brightening.  In every case the 
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letters have been answered by officials from DEFRA who refuse to pass on the letters to 
politicians, despite the gravity of the situation we have described.  These officials have 
raised many objections to our proposals, which we have been able to counter in every 
case.  Yet still they refuse to accept the situation we describe, and the urgency for 
experimental trials of the geoengineering techniques we espouse.  Not to use 
geoengineering, when it could rescue the world from the effects of global warming, is 
surely both stupid and irresponsible. 
 
10.  Conclusion 
 
22.  The most pressing need is for experimental trials of stratospheric aerosols, and cloud 
brightening techniques.  Between them, these geoengineering techniques could save the 
Arctic sea ice, and thereby prevent a chain reaction of events leading to Armageddon.  
The same techniques could also be used to halt global warming and avoid the 
considerable costs of adaptation which have been widely anticipated (and thought 
inevitable). 
 
Yours sincerely, 
 
John Nissen 
 
Chiswick, London 
 
 
References: 
 
[1] IPCC Fourth Assessment Report: Climate Change Science 
http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-spm.pdf  
 
“Sea ice is projected to shrink in both the Arctic and Antarctic under all SRES scenarios. In some projections, 
Arctic late-summer sea ice disappears almost entirely by the latter part of the 21st century. {10.3}” 

 

[2] Ken Caldeira et al., RoySocPhilTrans, 2008, theme issue “Geoscale engineering”, see 
http://journals.royalsociety.org/content/84j11614488142u8  
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Memorandum 14 
 

Submission from the National Oceanography Centre, Southampton 
 
 
The National Oceanography Centre, Southampton, (NOCS) welcomes the opportunity to 
respond to the Engineering Case Study, ‘Geo-Engineering.’  
 
Summary 
 

• Geo-engineering offers the possibility to contribute to endeavours to counteract 
global climate change. However the evidence to suggest it is likely to provide a 
sustainable, long-term solution is not yet available.   

 

• The costs and side-effects of the various geo-engineering schemes proposed have 
not so far been adequately researched. 

 

• Modelling the consequences of geo-engineering must be informed by in situ 
observations, monitoring and experiments and these must involve a wide selection 
of the scientific disciplines. 

 

• Geo-engineering offers great scope for engagement with young people. 
 

• Engineers, together with scientists, have a significant role to play in informing 
policy. 

 

• The international legal framework does not yet exist to regulate the deployment of 
large scale geo-engineering activities and again this must be developed with the 
advice of the scientific and engineering experts. 

1.0 The current and potential roles of engineering and engineers in geo-engineering 
solutions to climate change; 

1.1 Whilst geo-engineering might assist in counteracting global climate change, the 
evidence to suggest it is likely to provide a sustainable, long-term solution is not yet 
available.   
 
1.2 In order to determine the effectiveness of geo-engineering, research is required, as are 
pilot projects and a much better understanding of the costs and difficulties that may be 
encountered – especially of concern are ‘surprises’ – the unexpected consequences of 
what might seem a relatively harmless intervention in the Earth system, such as adding 
iron to the oceans to stimulate plankton production. 
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1.3 There could be innovative geo-engineering solutions to excess carbon production that 
are as-yet unrealised – the prize is so valuable that it is worth exploring the options.  
 
1.4 Engineers and scientists have an essential role to play in understanding the stability of 
captured carbon reservoirs, and identifying any side-effects that could be very difficult to 
rectify. For example, a leaking reservoir could affect the acidity of adjacent waters and 
have a harmful effect on marine life.  
 
1.5 Modelling the consequences of geo-engineering such as iron fertilisation or geological 
carbon storage has to be informed by real-world observations, monitoring and process 
experiments.  
 
1.6 Engineering solutions that are not informed by collaboration with other scientists will 
probably lead to incorrect conclusions. For example a few years ago it was suggested that 
excess carbon could simply be pumped into the deep ocean – in engineering terms a 
workable and not too expensive solution. Fortunately marine biologists became aware of 
the proposal and were able to point out that this approach would lead to widescale 
destruction of deep-ocean ecosystems which would be hard to reverse.  
 

2.0 National and international research activity, and research funding, related to 
geo-engineering, and the relationship between, and interface with, this field and 
research conducted to reduce greenhouse gas emissions 

2.1 See submission from NERC 

3.0 The provision of university courses and other forms of training relevant to geo-
engineering in the UK 

3.1 Geo-engineering is not taught as a separate subject at NOCS, but is covered briefly 
within earth sciences taught undergraduate and Masters courses. 

4.0 The status of geo-engineering technologies in government, industry and 
academia;  

4.1 There is a cautious approach to geo-engineering in the academic community. There is 
optimism that a geo-engineering approach can deliver some much-needed answers to 
problems faced by the planet, but a concern that geo-engineering could be used as a 
‘sticking plaster’ to avoid difficult decisions.  

4.2 Unless a holistic perspective is taken geo-engineering could potentially result in 
solutions that are technically feasible and affordable, but have undesirable side-effects e.g. 
by making the oceans more acidic or accidentally triggering an unexpected ecosystem 
response. It is essential that engineers liaise with other disciplines to avoid even bigger 
problems, but there are relatively few places in academia where this approach occurs.  

4.3 There is a perception that multi- and interdisciplinary science does not fare well under 
existing science funding schemes. The peer review process tends not to favour research 
that crosses boundaries, and the career prospects of researchers who dare cross 
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boundaries have historically not been as good as for those who stay firmly in their field. 
This situation needs to be addressed if a closer working relationship between engineers 
and scientists is to evolve.  

5.0 Geo-engineering and engaging young people in the engineering profession;  

5.1 Geo-engineering is an inspiring subject for young people, offering hope that damage to 
the Earth can be repaired, and offering in the very long term the prospect of ‘terra-forming’ 
other worlds so that they may be inhabitable by our descendants. Against that hope is the 
suspicion of the young that engineering solutions might be used to delay or prevent much-
needed changes in societal behaviour – why stop polluting if you can just suck-up the 
gases?  

5.2 On the positive side this offers an excellent area for engagement that involves science, 
technology, ethics, economics, politics and the understanding of the role of the engineer in 
society. 

5.3 In our experience of outreach and education activities, climate change certainly 
engages the interest of young people, and although we have no evidence, it is possible 
that geo-engineering aspects might attract a young person into embarking on a science or 
engineering career to help make a difference. However engineering is perceived as a hard 
subject, requiring a high level of numeracy. 

5.4 One issue in working with idealistic young people is that it is clear to them that the 
companies producing fossil fuel are likely to be the same companies that could engage in 
geo-engineering activities, in part because carbon dioxide injection into depleted reservoirs 
may also enhance oil or gas recovery. This raises significant ethical issues for young 
people, who are suspicious of the motives of large energy companies.  

6.0 The role of engineers in informing policy-makers and the public regarding the 
potential costs, benefits and research status of different geo-engineering schemes.  

6.1 Engineers, engineering learned societies and professional bodies, informed by the 
scientific community, together have a key role in informing policy-makers and the public 
regarding the potential costs, benefits and research status of different geo-engineering 
schemes. 
 
6.2 There is a pressing need to develop geo-engineering solutions to the problem of 
anthropogenic greenhouse gas production. Carbon capture and storage shows great 
promise, building upon proven technology developed in the oil and gas production sector 
for enhanced reservoir recovery.  More recently Norwegian company Statoil has 
successfully demonstrated that carbon dioxide can be injected and stored in subsea 
geological formations. Engineers are gaining a realistic basis to determine the actual costs 
of injecting carbon dioxide into suitable geological formations, and ensuring that it stays 
there. 
 
6.3 Engineers can use the data obtained from the operational nature of fossil-fuel, 
renewable and nuclear energy generation to provide the basis for realistic comparisons of 
their cost and effectiveness with geo-engineering options. This will enable the relative 
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expense and risk of the two options - reducing emissions and masking their effects - to be 
properly evaluated. 
 
6.4 Engineers working in collaboration with scientists are in an excellent position to alert 
policy makers of areas of concern regarding possible geo-engineering solutions, e.g. the 
possible risks of iron fertilisation in the oceans, or of adding carbon dioxide to deep ocean 
ecosystems. 
 
6.5 Large scale geo-engineering will have consequences for the global community. Policy 
instruments will need to be developed to address ethical, legal and compensatory 
frameworks. International consensus will be necessary to develop geo-engineering 
solutions that take place in international waters or in geological structures that cross 
borders. 
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Memorandum 15 
 

Submission from Research Councils UK (RCUK) 

 
Bulleted summary 
 

• Geo-engineering is seen by some as having the potential to counteract global 
climate change; however, the feasibility of different conceptual options has yet to be 
rigorously examined, and it will be important to guard against unintended effects on 
the environment. 

• The further development of geo-engineering ideas will require a combination of 
engineering, environmental and socio-economic expertise 

• Whilst sophisticated model-based simulations are essential for feasibility 
assessments, there may be important differences between model climate behaviour 
and that of the real world at both regional and Earth system scales 

• NERC and EPSRC support a wide range of research that is relevant to geo-
engineering, particularly in the areas of climate dynamics and CCS (carbon capture 
and storage).   New activities will explicitly explore the potential for geo-engineering 
development. 

 
Introduction 
 
1. Research Councils UK is a strategic partnership set up to champion research supported 
by the seven UK Research Councils. RCUK was established in 2002 to enable the 
Councils to work together more effectively to enhance the overall impact and effectiveness 
of their research, training and innovation activities, contributing to the delivery of the 
Government’s objectives for science and innovation. Further details are available at 
www.rcuk.ac.uk. 
 

2.   This evidence is submitted by Research Councils UK (RCUK) on behalf of the Natural 
Environment Research Council (NERC) and the Engineering and Physical Sciences 
Research Council (EPSRC).  It does not include or necessarily reflect the views of the 
Science and Innovation Group in the Department for Innovation, Universities and Skills. It 
was prepared in consultation with the Biotechnology and Biological Sciences Research 
Council (BBSRC) and the Economic and Social Research Council (ESRC).  Separate 
written and oral evidence has been provided by RCUK and EPSRC to the Committee’s 
main inquiry into engineering, and in relation to other case studies.   
 

3.   Both NERC and EPSRC fund and carry out impartial research and training in 
environmental, physical and engineering sciences within their own remits, through support 
to universities and, in the case of NERC, also to its Research and Collaborative Centres.  
Details are available at www.nerc.ac.uk and www.epsrc.ac.uk.  Additional material arising 
from NERC discussions with its research community is provided at Annex A.   A separate 
submission to this Case Study is being made by the Tyndall Centre.  
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What is geo-engineering? 
 

4.   Geo-engineering is a term that has been used in different ways.   A relatively wide 
definition, consistent with its etymological roots, is that geo-engineering involves the large-
scale manipulation of environmental systems in order to make global changes for human 
benefit.  Here we use geo-engineering in the climate change context, as an intervention to 
mediate global warming due to increasing atmospheric concentrations of greenhouse 
gases.  It is considered distinct from mitigation (emission reduction) and is not intended to 
encompass all geological and soil-related technologies, such as carbon capture and 
storage (CCS), where capture is directly from a power station to prevent emission (i.e. 
mitigation) - a research topic that is supported by NERC and EPSRC (see Tables 1 & 2). 
 

5.   Many different ideas have been suggested as to how geo-engineering might 
counteract undesirable climate change, either in addition to, or as an alternative to, 
reductions in fossil fuel combustion.  The main intended outcomes are in two groups: i) 
direct reduction in the radiant energy reaching the Earth’s surface; and ii) slowing (and 
potentially reversing) the human-driven increase of greenhouse gases, principally carbon 
dioxide, in the atmosphere.   
 

6.  The mechanisms to achieve these outcomes may involve either physical, chemical or 
biological interventions, and can be conceptually straightforward; for example, shading or 
reflecting sunlight, stimulating plant growth in the ocean, or removing carbon dioxide from 
the air.  However, the large-scale nature of the proposed interventions, involving up to 2% 
of the Earth’s solar energy budget, can result in complex and far-reaching consequences, 
that may be unintended and unpredictable.   That is because of the close linkage between 
climate processes and other dynamic components of the Earth’s natural and managed 
environment, including food and water resources.  
 
The current and potential roles of engineering and engineers in geo-engineering 
solutions to climate change 
 

7.   The word engineering can itself be used broadly (“to arrange or bring something 
about”; e.g., social engineering) or more specifically, as a physically-based scientific 
discipline relating to the practical problems of design, construction and maintenance of 
devices relating to materials and energy.  Engineering as a scientific activity is frequently 
sub-categorised according to historical skill domains and training (electrical, mechanical 
and chemical), or on a more functional basis (e.g. aerospace, marine, civil), or in terms of 
applications (e.g. control-, nano- and materials engineering).   
 

8.  Geo-engineering could involve all of the above facets of engineering.  It also potentially 
makes use of a very wide range of natural sciences and other technologies – the former 
including geology, geochemistry, soil science, atmospheric science, terrestrial ecology, 
hydrology, oceanography, meteorology and climatology; the latter including biotechnology, 
remote sensing and modelling – in addition to political science and economics.  A 
partnership approach between engineers and others with relevant expertise is therefore 
essential for the development of viable geo-engineering options. 
 

9.   The engineering profession is collectively well-experienced in addressing practical 
challenges through a combination of theoretical advances, practical know-how and 
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system-based planning and analyses.  After the basic feasibility of a novel approach has 
been demonstrated, efficiency improvements can be developed, usually in a competitive, 
commercially-driven framework. In the climate change context, geo-engineering is a 
nascent industry that is essentially hypothetical: whilst many ideas have been raised, few 
(if any) have been subject to rigorous feasibility analyses, cost-benefit calculations or 
proof-of-concept demonstrations.   
 

10.   A major role of engineering and engineers is therefore to assist in the critical 
assessment of existing and novel geo-engineering ‘solutions’14 to climate change.  This 
exercise is already underway at various levels (e.g. through discussion-based initiatives by 
the Royal Society and the Institute of Mechanical Engineers) and will be further promoted 
by EPSRC.   Whilst such evaluations will necessarily need to address the direct 
practicability of different options, they will also need to consider their other environmental 
implications and geo-political acceptability.  The following criteria summarise the current 
status of national and international thinking on such issues: 
 

• The proposed geo-engineering option must provide a measurable benefit that 
unambiguously outweighs the impacts arising from the full lifetime energy costs, 
carbon emissions and other adverse environmental consequences involved in 
establishing, maintaining and decommissioning the relevant technologies. 

• The net benefit must be achieved relatively rapidly, with careful phasing of scale-up; 
otherwise initial adverse climate impacts – arising from large-scale device 
manufacture, new infrastructure or other set-up energy costs – may significantly 
increase the likelihood that natural thresholds between different climatic states (tipping-
points) will be reached.   

• The magnitude of the manipulation should be controllable, with the ability to switch off 
the effect relatively easily in the event of significant unforeseen adverse 
consequences.   

• There must be public trust, long-term political commitment and international 
agreement on the acceptability of geo-engineering activities that are  i) rewarded 
through international carbon-trading schemes, and/or ii) may have adverse, as well as 
positive, effects on globally-shared resources. 

 

11.   Table 1 provides summary information on key engineering, environmental and socio-
economic issues for an illustrative range of proposed geo-engineering options.   
 

National and international research activity, and research funding, related to geo-
engineering, and the relationship between, and interface with, this field and 
research conducted to reduce greenhouse gas emissions 
 

12.   Information on relevant research currently funded by NERC and EPSRC (and 
sometimes involving other Research Councils) is summarised in Table 2.  Known future 
projects and programmes, currently in the planning stage, are also shown. 
 

13.   Relevance to geo-engineering is assessed in Table 2 as either low, medium or high.   
Whilst no ‘high’ category is used for current work, EPSRC has planned activities that are 

                                            
14 The quotation marks indicate that geo-engineering cannot be assumed to provide a solution.  
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explicitly directed at geo-engineering development.  Note that research areas that are not 
here considered as geo-engineering include re-forestation per se15 and emission 
reduction, the latter achieved through renewable energy generation, biofuels and CCS.    
 

14.  The closest link between geo-engineering and emission reduction (mitigation) is 
between the proposed air capture of carbon dioxide (option 9, Table 1) and CCS.  Both 
initially involve energy-demanding techniques to remove the CO2, and subsequently 
require its safe long-term storage.   Whilst chemical removal processes are currently 
favoured for CCS, biological processes may be possible (e.g. involving oil-producing 
algae).  Thus genetic engineering may have a role to play at the interface between geo-
engineering and CCS. 
 

UK provision of university courses and other forms of training relevant to geo-
engineering  
 

15.  We are unaware of any UK university courses or other forms of training that 
exclusively focus on geo-engineering.  There are, however, several engineering and 
environmental science courses (e.g. the NERC-funded Earth System Science summer 
school) that consider the topic within a wider context, and hence provide relevant training. 
 

16.  EPSRC’s wider approach to training is described in the RCUK’s main submission to 
the Engineering inquiry.  Current Engineeering Doctorate Centres of relevance to 
environmental engineering (and thus geo-engineering) include: 

• EngD in Environmental Technology, Universities of Surrey and Brunel 
• EngD in Environmental Engineering Science, University College London. 
 
 

The status of geo-engineering technologies in government, industry and academia 
 

17.   The status and importance of geo-engineering is undoubtedly increasing – but from a 
low base, due to the relatively small number of groups directly engaged. 
 
Geo-engineering and engaging young people in the engineering profession 
 

18.   EPSRC’s public engagement approach is described in the RCUK’s main submission 
to the Engineering inquiry.   
 

19.   NERC uses a wide variety of public events (e.g. Royal Society summer science 
exhibition) and other means of communication (website and publications) to introduce 
environmental science, including its technological and engineering aspects, to young 
people. NERC’s research and collaborative centres do much science in society work in 
this area. For example, the National Oceanography Centre, Southampton (NOCS) is able 
to demonstrate the contribution of engineering to some very exciting science such as 
Autosub Under Ice (see http://www.noc.soton.ac.uk/aui/aui.html). Information technology, 
equipment development and model-based testing are all of fundamental importance to 
                                            
15 Re-forestation has previously been regarded as a geo-engineering option (e.g.by US National Academy of 
Sciences, 1992 “Policy implications of greenhouse warming: mitigation, adaptation and the science base”) 
and would be needed for some carbon sequestration schemes 
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NERC, with Technologies being one of NERC’s seven strategic science themes (see 
http://www.nerc.ac.uk/about/strategy/contents.asp).  
 

20.   We are aware of other initiatives (e.g.  by the Institution of Mechanical Engineers) to 
use climate change as a topic to increase secondary school interest in science, 
technology, engineering and mathematics, and engage with these on a partnership basis 
where appropriate. 
 
The role of engineers in informing policy-makers and the public regarding the 
potential costs, benefits and research status of different geo-engineering schemes. 
 

21.   Both NERC and EPSRC give high importance to knowledge exchange, encouraging 
their communities to engage with a wide audience.  On the policy side, bilateral meetings 
and other information-sharing exercises are regularly held between the Research Councils 
and government departments, including Defra.   EPSRC and NERC both attend the Defra 
Scientific Advisory Committee. The EPSRC submission to the IUSSC’s Engineering in 
Government case study specifically addresses the need to engage engineers (of all kinds) 
with policy-makers.   
 

22.   The 5th Assessment Report of the Intergovernmental Panel on Climate Change 
(IPCC)16 is likely to provide an opportunity for the UK research community to assist in 
establishing international consensus on the viability of geo-engineering options.  
 
 
Table 1.   Summary information on key issues for some geo-engineering options that have been proposed 
to counteract climate change.  Options 1 - 5 involve decrease in received radiant energy; 6 – 9, removal of 
CO2 from the atmosphere.  Additional detail in Launder & Thompson17 and Vaughan & Lenton18 

Geo-engineering 
option 

Engineering issues  Environmental issues Socio-economic issues 

1.  Global shading in 
space (using mirrors, 
discs or reflective mesh) 

Need for novel 
materials; design of 
delivery vehicles; 
problem of energy-
intensive start-up; 
opportunity for energy to 
be collected in space? 

Actions not easily 
reversible, hence high 
reliance on models to 
predict climate impacts – 
these suggest regional 
changes and overall 
decrease in precipitation;  
problem of space debris.  

Assessment of cost-
effectiveness; public/ 
political acceptability 
likely to be low (losers as 
well as winners)  

2.  Increased aerosols in 
upper atmosphere (using 
sulphur compounds) 

Design of delivery 
vehicles and dispersion 
mechanisms; supply of 
sulphate; energy costs  

Uncertainty in climatic 
effects - models suggest 
regional changes and 
overall decrease in 
precipitation; risk of ozone 
depletion and acid rain 

Assessment of cost-
effectiveness; public/ 
political acceptability 
likely to be low (losers as 
well as winners) 

3.  Increased cloud 
albedo in lower 
atmosphere (e.g. using 
seawater spray) 

Design and auto- 
operation of spraying 
devices; satellite-based 
verification of effect  

Would effect be large 
enough? Need to model 
and monitor chemical 
impacts 

Changes likely in 
regional weather 
patterns, with reduced 
rainfall downwind  

                                            
16 IPCC’s 4th Assessment Report (2007) considered that “geo-engineering options ... remain largely 
speculative and unproven, with the risk of unknown side effects”. 
17 B Launder & M Thompson (eds) “Geoscale engineering to avert dangerous climate change” Phil Trans 
Roy Soc A (2008) http://publishing.royalsociety.org/index.cfm?page=1814 
18 N E Vaughan & T M Lenton. A review of geoengineering (in prep). 
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4.  Increasing land 
surface albedo by 
physical means (paint in 
urban areas, plastic 
surface on deserts) 

Production, deployment 
and maintenance of 
surface covering – large 
area required for global 
effect 

Potential for urban areas; 
less feasible for natural 
surfaces.  Loss of desert 
dust would affect ocean 
productivity 

Public acceptability of 
changes to visual 
landscape; assessment 
of cost-effectiveness 

5.  Increasing land 
surface albedo by 
biological means 
(changing vegetation) 

Changing crop and/or 
grassland albedo, 
without affecting yield 
(via GM?) 

Impacts on biodiversity, 
productivity, hydrological 
cycle and regional 
weather; scale of change 
needed for global effect 

Public acceptability of 
changes; assessment of 
cost-effectiveness; 
regional losers  

6.  Enhanced carbon 
sequestration on land 
through charcoal burial in 
soil 

Obtaining bulk charcoal; 
scale of (re-)forestation 
required to achieve 
globally-significant effect  

Uncertain timescale and 
magnitude of soil storage 
capacity; need for major 
land use/ land cover 
changes; soil fertility 
effects 

Limited duration of effect 
(< 50 yr?); impacts on 
food production; once 
started has to be 
maintained 

7.  Increasing open 
ocean productivity 
through micro- or macro-
nutrient addition 

Obtaining and delivering 
nutrients, such as iron 
or urea 

Uncertain timescale and 
magnitude of carbon 
sequestration; ecosystem 
effects; possible release  
of climate-reactive gases  

UN moratorium on such 
work (by Convention on 
Biodiversity); once started 
has to be maintained 

8.  Increasing ocean 
productivity and surface 
cooling through increased 
mixing (ocean pipes) 

Design, deployment and 
maintenance of mixing 
devices 

Likely to be small or zero 
net effect on carbon 
budget (CO2 from deep 
water released); cooling 
trivial on global scale? 

Assessment of cost-
effectiveness; 
interference of mixing 
devices with shipping 
and fishing 

9.  Air capture of carbon 
dioxide 
 

Development of efficient 
devices to remove CO2 
from (ambient) air; long 
term storage; links to 
CCS 

Ensuring safe long term 
storage of captured 
carbon; assessment of 
energetic cost-
effectiveness 

Assessment of economic 
cost-effectiveness 

 
Table 2     Summary of current and planned research by NERC, EPSRC and other Research Councils 
considered relevant to geo-engineering.  Relevance rating: X, low; XX, medium; XXX, high.   Annual cost 
estimates (where given) are averaged over programme lifetime and may not accurately represent current 
spend. Note that figures are for the entire activity, not just the component relevant to geo-engineering. Again, 
source-based carbon capture and storage (CCS) is not here regarded as geo-engineering (see paragraphs 
4, 13 and 14, and option 9, Table 1).   
 

CURRENT WORK (September 2008) 

Activity Rele-
vance 

Duration; 
annual 

cost 

Main links to 
geo-

engineering 

Support arrangements RC(s) 
providing 
support 

Research Councils Energy Programme: 
www.epsrc.ac.uk/ResearchFunding/Programmes/Energy/Funding/default.htm 

• UK Energy Research 
Centre 

 

• Carbon management and 
renewables: carbon 
capture and storage  

 

X 

 

 

XX 

2004-09 

£2.6m pa 

 

2005-10 

£3.0m pa 

Energy systems 
and modelling 

 

CCS including 
potential for carbon 
sequestration by 
soils 

Consortium (10 institutions) 
led by Imperial College 

 

Current CCS grants include 
consortia, smaller projects 
and capacity building 
activities 

EPSRC,  
NERC,  ESRC 

 

NERC, EPSRC 
BBSRC 

Other programmes and projects 
Tyndall Centre for Climate 
Change Research  
Themes include constructing 

XX 2006-09  
(Phase 2) 
£2.0m pa 

Overview; policy 
implications 

Consortium of 6 core 
partners, led by UEA 

NERC, EPSRC 
ESRC 
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energy futures; integrated 
modelling; engineering cities; 
informing international climate 
change policy 

(total) 

Living with Environmental 
Change (LWEC) 
Details in development 

X 2008 - 18 Mitigation and 
adaptation; socio-
economics  

Networking and enhanced 
collaborations 

NERC, ESRC, 
EPSRC, 
BBSRC, MRC &
AHRC 

British Geological Survey (BGS)  
Themes include climate 
change, energy, land use and 
development, marine 
geoscience 

XX Ongoing  
 

CCS, land use, 
element cycling 

NERC Centre NERC 

Oceans 2025  
Themes include marine 
biogeochemical cycling; next 
generation ocean prediction  

XX 2007-12  
£24.0m pa 
(total) 
 

Ocean carbon 
uptake/release; 
acidification risks 
from CCS 

Coordinated programme at 
7 NERC-supported marine 
centres, including NOCS, 
PML and POL 

NERC 

National Centre for Atmospheric 
Science (NCAS)  
Themes include climate science 
and climate change; weather, 
atmospheric composition, and 
technologies 

XX Ongoing 
£9m pa 

Regional and global 
atmospheric 
behaviour; climate 
predictions using 
state-of-the-art high 
resolution models; 
cloud physics; 
aerosol behaviour 
and properties 

NERC Collaborative 
Centre involving 7 centres 
and facilities 

NERC 

Centre for Ecology and 
Hydrology (CEH) 
Themes include land/ climate 
feedbacks and biogeochemical 
cycling 

XX Ongoing 
£2-3m pa 

Land surface 
modelling and 
linkage to Earth 
System Models to 
predict impacts.   

Core programme of NERC 
Research Centre 

NERC 

Quantifying and Understanding 
the Earth System (QUEST) 

XX 2003-09 
£3.8m pa 
 

Modelling climate 
impacts 

70 grant and fellowship 
awards; Core Team at 
Bristol 

NERC 

Aerosol properties, processes 
and influences on the Earth’s 
climate (APPRAISE) 

XX 2005-11 
£1.1m pa 
 

Atmospheric 
dynamics and 
albedo 

Directed programme:          
7 awards at 5 institutions 

NERC 

Surface ocean – lower 
atmosphere study (UK SOLAS) 

X 2003-10 
£1.5m pa 

Ocean carbon 
uptake/release; 
atmospheric 
chemistry 

Directed programme:         
28 awards at 14 institutions 
 

NERC 

Sustainable agriculture and 
land use 

X Ongoing Land-based carbon 
sequestration 

Support via Rothamsted 
Research, other Centres 
and HEI awards 

BBSRC 

PLANS FOR FUTURE WORK (September 2008) 

Activity Rele-
vance 

Duration; 
cost 

Main links to 
geo-

engineering 

Support arrangements RC(s) 
providing 
support 

National strategy for Earth 
system modelling 

XX tba Modelling climate 
impacts 

Capacity building/start-up 
initiative 

NERC 

CCS: capture, transport, 
storage, whole systems and 
sustainability of carbon capture 
and storage 

XX tba CCS Wide ranging activities 
including consortia support, 
capacity building and start-
up initiatives. Some E.ON 
co-support 

EPSRC, 
NERC, 
ESRC 

Ocean acidification X tba Ocean carbon 
uptake/release; 
CCS 

Large-scale research 
programme 

NERC 

UK  contribution to VOCALS 
(VAMOS Ocean-Cloud-
Atmosphere-Land Study) 

XX ~£2m pa Cloud seeding; 
cloud formation 
(via sulphate 

Consortium NERC 
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aerosol) and their 
albedo effect 

Geo-engineering IDEAS 
Factory 

XXX ~£3m total Focus on geo-
engineering 

tbc EPSRC 

Doctoral training in CCS XX ~£5m total CCS 10 students pa for 5 yr EPSRC 
 
 

Annex A.    Additional scientific background provided by NERC 
 

In preparing its contribution to this submission, NERC held discussions with its 
environmental research centres, including the National Centre for Atmospheric Sciences 
(NCAS), the National Oceanography Centre Southampton (NOCS), Plymouth Marine 
Laboratory (PML), the British Geological Survey (BGS), the UK Energy Research Centre 
(UKERC) and the Centre for Ecology and Hydrology (CEH).  Additional comments arising 
from or endorsed by those discussions are provided here. 
 

i) The feasibility of geo-engineering warrants attention on the basis that such an approach 
might ‘buy time’ or provide a future safety net.  However, geo-engineering alone is unlikely 
to provide a sustainable, long-term solution to climate change.  That is because the scale 
of geo-engineering interventions would need to be increased year-by-year to keep up with 
increased emissions (currently rising at more than 3% pa), and that ocean acidification 
would continue unabated if no measures are taken to limit the increase in atmospheric 
carbon dioxide. 
 

ii) Furthermore, there are concerns that over-optimistic reliance on geo-engineering might 
prove to be chimeric and diversionary.  Thus attention given to ‘technological fixes’ could 
attract resources and effort away from more fundamental ways of tackling the problem of 
global warming, through a rapid transition to a low-carbon economy.   
 

iii) In paragraph 9 of the main text, four (bulleted) criteria are given for the evaluation of 
geo-engineering options. The first of these – the unambiguous demonstration of net 
benefit – is likely to be highly demanding, with major investments needed to scale-up from 
proof-of-concept to pilot trials and full deployment.  The use of state-of-the-art climate 
models, including a range of biogeochemical feedback processes, is clearly necessary for 
‘safe’ global-scale testing, to quantify potential benefits and assess the risk of undesirable 
impacts.  A secure assessment of the full impact of geo-engineering solutions requires a 
comprehensive Earth System Model. Such models (which must include for example the 
land surface, atmospheric chemistry) are still in their infancy but are in active development 
within NERC (in collaboration with other bodies such as the UKMO). Currently such 
models do not adequately represent regional climate and its variability.  High resolution 
regional models will be needed to complement field trials, to verify that intended effects did 
not arise for other reasons. It is a priority research area to improve and assess these 
models. But model behaviour can never fully replicate real-world behaviour; at full scale-
up, it would be prudent to expect the unexpected.  Hence the importance of the third 
criteria – that the manipulation is controllable, and can be easily stopped if net benefits are 
not achieved.  
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iv) The final bullet in paragraph 9 provides the overall bottom line: ‘global planning 
permission’ will undoubtedly be needed for schemes of sufficient scale to be climatically 
effective.  As yet, the ethical and legal frameworks for purposeful climatic manipulation do 
not exist, and their development is unlikely to be straightforward.    
 
October 2008 
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Memorandum 16  
 

Submission from John Gorman, Chartered Engineer 
 

 
Geoengineering for Zero Sea Level Rise 

 
1) Sea level will probably rise more quickly and much more than the IPCC estimate of 40 
centimetres by 2100. 

 

2) The implications for London are obvious. 

 

3) No reduction in CO2 emissions can avoid or significantly reduce sea level rise this century. 

 

4) The only way to control sea level rise is screening of solar radiation (geoengineering). 

 

5) There is very little geoengineering research because it is not "politically correct" in the climate 
academic community. 

 

6) There are very practical well-defined research projects in geoengineering that need funding. 

 

7) If shown to be technically feasible there are very practical proposals for implementation. 

 

 

 

 

 

 

The following sections 1 to 7 expand the corresponding bullet points above. 

 

References have not been included in this paper. Most can be found in my poster /paper for the 
American Geophysical Union 2007 at http://www.naturaljointmobility.info/agu.htm  
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1) Sea Level Rise. 

 
1.1 In most of the world there is not yet much negative effect of global warming.  The danger lies in the 
Arctic and Antarctic where the temperature rise is about 10 times as great as that at the equator.  Currently it is 3 to 4° 
compared with the global average figure of 0.7° (British Antarctic Survey position statement and IPCC.) The result is 
very significant summer melting of Greenland and the Antarctic Peninsula  (which protrude outside the Arctic and 
Antarctic Circle respectively.) This summer melting is far greater than has occurred at any time since the end the last ice 
age.  (British Antarctic Survey) 
 

1.2 Common sense and many anecdotal reports suggest that this will eventually result in the loss 
of much of these two ice sheets.  (Not the main body of Antarctica where there is at present no 
summer melting.) This would result in a sea level rise of about 16 metres.  The question is how 
quickly this could occur. This is obviously difficult to estimate. The predicted sea level rise in the 
IPCC report from March 2007 is 40 centimetres by 2100.  This was widely publicised as was the 
fact that this figure had been reduced from that in the previous report. 

 

1.3 Where does this figure of 40 centimetres come from? 

 

In a nutshell it is the actual rise in the decade to 2003 multiplied by 10 for the 10 decades to 2100.  
(Which would give 31 centimetres +7 so 40 is slightly greater.)  

 This raises two questions: 

1) The average rise in the previous three decades was 1.4 centimetres per decade.  This rose to 
3.1 in the decade to 2003.  Is there any reason to believe that subsequent decades in the 
century will stay at four centimetres per decade?  Isn’t it far more likely that there will be a 
rapid escalation as temperatures rise? 

 

2) These are still small rises resulting from an increase in the same mechanisms, such as 
surface water runoff in summer, which are occurring today. Can we have any confidence 
that much more dramatic events will not occur such as rapid glacial acceleration following 
ice shelf breakaway?  These are mentioned in the IPCC report but no allowance is made for 
them in the “executive summary figure” of 40 centimetres. 

 

1.4 Many such possibilities are considered in the report (chapter five IPCC2007) and the 
difficulty in prediction is frequently mentioned.  This difficulty in prediction is exemplified by the 
loss of Arctic Sea ice in summer. The IPCC median prediction was only a 22 per cent loss by 2100 
in the report published in March 2007.  This figure was actually equalled in the summer of 2007!  
Many are now predicting total loss of Arctic summer sea ice as early as 2013 - more than century 
earlier than the IPCC prediction.  This loss of reflectivity (albedo) in the whole of the Arctic Ocean 
is obviously of enormous importance to the survival of the Greenland ice sheet. 

 

1.5 It seems irresponsible of the IPCC to allow such credence to be given to the figure of 40 
centimetres.  It would have been far better to say "we cannot predict sea level rise."  The New 
Scientist suggested in the issue of 10th March 2007 that there was political pressure to stop any 
alarmist comment or figure being included. (See page 9 -Copy of leader page) 

 

1.6 The truth is that, with the summer melting that is occurring in Greenland and the Antarctic 
Peninsula, and the loss of the Arctic Sea ice we haven't a clue how much or how quickly sea level 
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will rise.  If it is a slow and progressive rise, but quicker than we plan or build for, then the 
problems will always arise with a combination of high tide and exceptional storm as demonstrated 
in Burma recently.  The same combination resulted in the flooding of New Orleans, of the English 
east coast in 1953 and very nearly of Rotterdam and London only last summer.  The flood defences 
in Rotterdam would have been overwhelmed by another 6 inches of storm surge. 

 

1.7 When you look at the man-millennia that went into the evaluation of sea level rise worldwide 
from 1960 to 2003 it seems to be a bad case of "not seeing the wood for the trees" to allow the 
results to be extrapolated to 2100. 

 

2) London 
 
2.1 It seems unnecessary to point out how susceptible London is to any sea level rise, which is not 
predicted or which occurs more quickly than new sea defences can be erected. 

 

2.2 Sea level rise could be almost instantaneous.  The Nobel laureate economist Thomas 
Schelling, in his lecture to the World Bank, mentions one particular ice shelf in Western Antarctica 
but there are many such examples.  Because this ice shelf is resting on the bottom of the ocean it 
will result in sea level rise if it breaks away as is happening to so many bits of ice shelf in both 
Antarctica and the Arctic. 

 

2.3 In the lecture, Thomas Schelling also points out the danger in looking at the probability of 
such events.  He suggests that the catastrophic nature means that we should prevent them if we 
possibly can and not apply economic cost benefit analysis. 

 

 

 
3) Emissions Reduction. 
 
3.1 It is important to realise that no reduction in CO2 emissions can stop sea level rise.  If all CO2 
emissions were stopped today we would still have a global warming problem in 100 and even 500 
years (Caldera et al.  Recent paper) and Greenland would almost certainly be green.  In fact most 
economists and those in business and politics see it as obvious that emissions will continue to rise 
for most of this century.  The expected worldwide economic development (plus 500% by 2050 -- 
Reith lecture 2007) just can't be stopped. 

 

3.2 Even if a large emissions reduction could be achieved, the CO2 already in the atmosphere will 
last more than a century and its net heating effect will persist. Temperatures will therefore continue 
to rise. This could only be avoided if the CO2 concentration could be reduced now to pre-industrial 
levels, which is obviously impossible. 

 

3.3 In addition large-scale removal of CO2 from the atmosphere cannot help quickly because the 
technology simply doesn't exist yet.  
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3.4 If emissions continue to rise, as seems inevitable, the escalating CO2 concentration will have 
to be controlled by CO2 removal and storage.(CRS)  This massive volume technology will have to 
be developed but this is not the subject of this paper. 

 
4) Geoengineering. 
 

4.1 The only tools that we have available to limit sea level rise come into the category of 
geoengineering.  There are several ideas that could be implemented quickly.  Among these is my 
suggestion of a stratospheric sunscreen created by an aircraft fuel additive.  (I now find that this was 
first suggested by a Russian called Budyeko in 1980) but there are several others including the well 
researched proposal for Ocean cloud enhancement from Stephen Salter, Professor of Engineering at 
Edinburgh. 

 

4.2 Almost all of these geoengineering ideas aim at reflecting a proportion of the sunlight hitting 
the earth.  Several ideas, including my own, are specifically aimed at the Arctic in order to stop sea 
level rise.  Most rely on the "experiments" already done by nature in the form of volcanic eruptions.  
There have been 13 large volcanic eruptions in the last 250 years, which have given us invaluable 
information on the global cooling that can be achieved. 

 

4.3 None of these ideas are yet sufficiently well researched for immediate implementation but 
some of the ideas, including my own, could be implemented within one or two years.  There are 
scientific voices claiming catastrophic consequences of such implementation but it is difficult to 
envisage consequences as catastrophic as allowing significant and unpredictable sea level rise. 

 

4.4 If the possibility of net loss from Arctic and Antarctic ice sheets can be eliminated by local 
geoengineering, then it should be possible to keep the total rise in sea level to zero. 

 

4.5 About half of the rise in the last decade (about 3 centimetres total) is attributable to ocean 
expansion on warming and the ocean cloud enhancement proposal from Professor Salter could stop 
further warming of the sea water if researched, developed and implemented. 

 

5) Politics 
5.1 Why aren’t we hearing these suggestions from the climate experts who should be putting 
them forward?   

 
5.2 Any suggestion of geoengineering is very political among climate academics. Roger Pielke, 
an academic specialising in science policy summed up the situation very well saying: 

"some scientists think that scientists should not discuss the prospects for geoengineering because it 
will distract from other approaches to dealing with greenhouse gas emissions. Thus, decisions about 
what research to conduct and what is appropriate to discuss is shaped by the political preferences of 
scientists. This won't be news to scholars of science in society, but it should be troubling because it 
is unfortunately characteristic of the climate science community (who)-----try to tilt the political 
playing field by altering what they allow their colleagues to work on or discuss in public. The 
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climate debate has too much of this behavior already." 

  

5.3 Anyone who looks at the debate quickly comes to the same conclusion.  Oliver Morton, news 
editor of Nature, investigated geoengineering last year and wrote "-- -- the climate community 
views geoengineering with deep suspicion or outright hostility".  He also saw that " climate 
scientists have shown new willingness to study (geoengineering) although many will do so -- -- -- to 
show that all such paths are dead-end streets." 

 

5.4 Even the Nobel laureate (for his work on CFCs and the ozone layer) Paul Crutzen couldn't get 
his geoengineering paper published without the intervention of Ralph Cicerone, the President of the 
American Academy of Sciences who wrote "many in the climate academic community have 
opposed the publication of Crutzen's work---- for reasons that are not---- scientific." 

 

5.5 Against this background there will need to be a strong political will to get proper, fully 
funded, research and development for several geoengineering schemes.  Then there will need to be 
international political agreement on implementation. 

 

6) Geoengineering Research Projects. 
 
6.1 There is a tendency, particularly among climate academics, to speak of geoengineering as a 
last resort to be used "if disaster strikes".  I have to describe this as a completely unrealistic attitude 
to the problem that is developing in Greenland and western Antarctica.  The problem is obvious and 
won't go away.  We should therefore set about correcting it now. 

 

6.2 There are geoengineering schemes, like mirrors in space, which might be interesting in the 
22nd century, but at this moment stratospheric aerosols must be top of the list.  From the 13 large 
volcanic eruptions since 1750, particularly from Mount Pinatubo in 1991, we already have masses 
of experimental data. 
 
6.3 Most of the research and evaluation papers concentrate on the quantities and the atmospheric 
and climatic effects of stratospheric aerosols.  There are various suggestions for distribution but 
most of these are not detailed.  If it could be shown that aircraft fuel additives could distribute 
aerosols without the need to develop any new equipment this would have enormous advantages in 
allowing experimental distribution to be done inexpensively and very soon. 

 

6.4 An Actual Research Project. 
 

6.4.1 I have recently proposed the following research project to Qinetiq (the former Royal Aircraft 
Establishment) but there is at present no available funding. 

 

 6.4.2 Experiments using only static engine test rigs would go a long way to proving the practicality 
of the system at limited cost.  The two chemicals suggested are di-methyl sulphide to produce 
sulphur dioxide and tetra ethyl silicate to produce silica. ( I have already done some preliminary 
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experiments.)  

 

6.4.3 Most of the research on stratospheric aerosols concentrates on sulphur dioxide which 
produces an aerosol of sulphuric acid droplets.  This is because it is sulphur dioxide that is produced 
from a volcanic eruption and gives us most of the data that we have on the cooling effects.  There 
are various disadvantages to sulphur dioxide in its chemical activity and because of these it is worth 
investigating the silicon dioxide (silica) alternative.  It might have far less chemical effect on the 
ozone.  The particles might be crystalline platelets which would float for much longer in the 
atmosphere.  The particles might be much more reflective requiring far less material to be injected.  
It might be possible to choose particle size and therefore to select the wavelength of light which is 
preferentially reflected. (An extra ultraviolet sunscreen!)  

 

6.4.4 If there is reason to believe that the turbine will be affected by the use of tetra ethyl silicate 
even in small concentrations then it would be nice to investigate the possibilities of injecting the 
fuel/additive mixture into an afterburner.  It would be a pity to give up on the possibilities of silica 
particles and it is likely that initial atmospheric experiments would be done with military jets.  
Fighters using afterburners are well-known for using up the maximum amount of fuel in the 
minimum time and getting to the highest attitude. 

 

6.5 Other Deserving Projects. 
6.5.1 With a developing emergency of the global warming kind it is sensible to develop any 
feasible project in parallel so that sensible choices can be made at a later stage.  One obvious 
candidate is the well researched proposal by Professor Salter of Edinburgh University to spray sea 
water into the lower clouds to enhance the reflectivity of ocean clouds and cool the oceans. 

 

6.5.2 This project would be least feasible in the freezing conditions of the Arctic and is therefore 
particularly compatible with the proposed use of stratospheric aerosols in the Arctic and Antarctic. 

 

7) Implementation. 

 

7.1 It does seem sensible to have an application in mind in order to justify the preliminary 
experiments. 

 

7.2 Even among those proposing stratospheric aerosols there is scepticism as to whether aircraft 
fuel additives could be a distribution system.  The doubts expressed include: 

1) Aeroplanes don't fly high enough in the stratosphere. 

2) Aerosols will fall out of the atmosphere too quickly. 

3) Sulphur dioxide, which becomes sulphuric acid, will damage the ozone layer. 

4) Acid rain. 

5) Ozone layer damage will be particularly high in winter.  (Recent Simone Tilmes paper) 

6) Aerosols will tend to cause high latitude warming in winter because of reflection of outgoing 
radiation during the longer nights relative to daytime. 
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7) Damage to the jet engine. 

7.3 The most likely first application of a stratospheric aerosol sunscreen is that proposed by 
Gregory Benfold, a planetary atmospheric scientist at the University of California.  The title was 
"Saving the Arctic". 

 

7.4 Combined with the aircraft distribution system, the proposal would be to spread the aerosol 
by aircraft flying between 40 and 60,000 ft. from the time of first Arctic daylight (April 
approximately) until late July approximately. 

 

7.5 I believe that this would “slip” neatly between the various disadvantages mentioned in the 
following way: 

 

7.5.1 Doubts 1 and 2.  Ideally for very long stratospheric life, aerosols need to be injected at about 
80,000 ft. If they are only injected at 50,000 ft. they will fall out of the atmosphere in about three 
months.  (Ken Caldera's lecture available on U tube).  In this case that is exactly what we want so 
that they would fall out by the end of the Arctic summer and would not be present during the winter 
-- solving 6.  The aerosols will probably also be more effective, weight for weight, in the Arctic 
since there is no night during the summer when the night-time blanketing effect has to be subtracted 
from the daytime screening. 

 

7.5.2 Most of the arguments that aerosols will damage the ozone layer assume that the aerosols are 
injected high in the stratosphere for long life.  In this case most of the injection would not reach the 
ozone layer.  In addition the aerosols would no longer be present in winter when the effect is 
greatest.  (The damage to the ozone layer is not directly caused by the aerosols but by the aerosol 
droplets or particles forming nuclei on which the remaining CFCs have their chemical effect on the 
ozone.  The level of CFCs in the atmosphere is dropping steadily now that controls are in place.) 

 

7.5.3 The problem of acid rain, 4 above, has always been a bit of a red herring because the quantity 
of sulphur dioxide needed is only of the order of one per cent of that produced by industrial 
processes worldwide.  It could however be eliminated if the silica particle version was used.   

 

7.6 It seems very likely that implementation of this type would succeed in "saving the Arctic".  In 
particular the target would be to eliminate significant melting of the Greenland ice sheet or sudden 
loss of parts of it. The same principle could then be applied to Antarctica. 

 

7.7 The target should be zero sea level rise.  If this could be achieved the saving in costs of 
construction, relocating populations and flood disasters would be absolutely enormous. 
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Memorandum 17 
 

Submission from John Latham 
 
 

MMM Division, NCAR, Boulder, P.O. Box 3000, Boulder, CO., 80307-3000, USA 

SEAES, University of Manchester, PO Box 88, Manchester M60 1QD, UK 

 

 
(John Latham is Emeritus Professor of Physics, University of Manchester, and Senior Research Associate, 

National Centre for Atmospheric Research (NCAR), Boulder, Colorado, USA 

He would welcome the opportunity to appear before the Committee) 

 

 

1. Summary 
 

• There exists a clear consensus in the geo-engineering community that although it is 
strongly hoped that it will never be necessary to deploy any of the climate mitigation, 
temperature stabilisation schemes on which we are working, it is irresponsible not to 
examine and test the ones considered to be of significant promise, to the point at which 
they could be rapidly made operational, if viable. 

 

• A crucial requirement of geo-engineering research is that all significant ramifications 
associated with the deployment of the techniques be fully examined, especially ones that 
could have adverse consequences: such as rainfall reduction in agricultural regions where 
water is already in short supply. 

 

• The geo-engineering idea colleagues and I are investigating is to increase, in a controlled 
way, the reflectivity for incoming sunlight of low-level, shallow oceanic clouds, thus 
producing a cooling sufficient to balance global warming. 

  

• This technique, together with assessments of it from modelling and observational work are 
summarised below. The provisional conclusion – subject to satisfactory resolution of 
specific problems – is that it could hold the Earth’s temperature constant as CO2 levels 
continue to rise, for at least several decades. 

 

• Preliminary indications emanating from a state-of-the-art fully-coupled atmosphere/ocean 
global climate model are that significant restoration of Arctic ice is achievable via our cloud 
seeding scheme. This model is also being used to assess the ramifications associated with 
the possible deployment of this technique.  

 

• Hadley Centre scientists have recently assessed some ramifications of cloud albedo 
enhancement using a somewhat simpler model, but since their levels and areal seeding 
coverage are significantly different from those we have proposed to utilise, their results 
cannot be regarded as applicable, with accuracy, to our scheme. 
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• Modelling is of great importance in quantifying and assessing geo-engineering schemes. 
However, it would be short-sighted and counter-productive to exclude observational and 
field studies from a programme of geo-engineering research.  

 
 

2. Outline of our Global Temperature Stabilisation Scheme. 

 
(Please note that in the interests of communicating as clearly as possible with readers who are not 
climate experts I have tried to write the following notes without using specialised terminology. This 
introduces a “looseness of expression” which I believe does not destroy the sense of the 
information I am trying to convey. JL) 

 

1. Atmospheric clouds exercise a significant influence on climate. They can inhibit the passage 
through the atmosphere of both incoming, short-wave, solar radiation, some of which is reflected 
back into space from cloud-tops, and they intercept long-wave radiation  

flowing outwards from the Earth’s surface: a global cooling, and warming respectively. On balance, 
clouds produce a cooling effect, which we propose (Latham, 1990, 2000: Bower et al. 2006, 
Latham et al. 2008) to accentuate by increasing the reflectivity of the shallow, low-level, marine 
stratocumulus clouds that cover about a quarter of the oceanic surface. These clouds 
characteristically reflect between 30% and 70% of the sunlight that falls upon them. They therefore 
produce significant global cooling. A further 10% increase in reflectivity – which we hope to achieve 
via cloud seeding - would produce an additional cooling to roughly balance the warming resulting 
from atmospheric CO2 doubling. 

 

2. The reflectivity increase would be achieved by seeding these clouds with seawater particles 
sprayed from unmanned, wind-powered, satellite-guided Flettner-rotor vessels (Salter et al. 2008) 
sailing underneath the clouds. These particles would be about one micrometer in diameter at 
creation  and would shrink as about half of them are carried by turbulence up into the clouds, 
where they act as centres for new droplet formation, thereby increasing the cloud droplet number 
concentration and thus the cloud reflectivity (and possibly longevity). In this way the clouds would 
reflect more sunlight back into space, possibly for a longer time, and so planetary cooling occurs.  

 

3. The physics behind this scheme is that an increase in droplet number concentration (with 
concomitant reduction in average droplet size) causes the cloud reflectivity to increase because 
the overall droplet surface area is enhanced. It can also increase cloud longevity (tantamount to 
increasing cloudiness) because the coalescence of cloud droplets to form drizzle – which often 
initiates cloud dissipation – is impeded, since the droplets are smaller.  

 

4. Simple calculations indicate that a doubling of the natural droplet concentration  in all suitable 
marine stratiform clouds (which corresponds to a reflectivity increase of about 12%) would  - 
roughly - produce a cooling sufficient to balance the warming associated with CO2 doubling. If the 
seawater droplets have a diameter of about 0.8 micrometres  the global seawater volumetric spray-
rate required to produce the required doubling of the droplet number concentration in all suitable 
clouds is about 30 cubic metres per second, this modest figure resulting from the small size of the 
seeding particles.   

 

5. Major technological components of our geo-engineering scheme are discussed in detail in Salter 
et al., 2008. 
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6. Ship-tracks are bright streaks crossing photographs of marine stratocumulus clouds observed 
from satellites, resulting from the release into the clouds of droplet-forming particles in the 
exhausts of ships sailing beneath them. They can be adduced as evidence supporting our 
contention that the seeding of clouds can enhance their reflectivity. 

 

3. Global climate modelling computations 
 

7. The calculations mentioned above were simplistic, and although they were useful in providing 
first estimates of the viability and requirements of our scheme, a definitive  quantitative assessment 
of it requires high-quality global climate modelling. Two separate models were utilized for this work: 
(1) the HadGAM numerical model, which is the atmospheric component of the Hadley Centre 
Global Model, based on the Meteorological Office Unified Model (UM), version 6.1: and (2) a 
developmental version of the NCAR Community Atmosphere Model (CAM).  

 

8. Both models reveal that the imposed increase in cloud droplet number concentration resulting 
from seeding causes an overall significant global cooling. The largest effects are apparent in the 
three regions of persistent marine stratocumulus off the west coasts of Africa and North & South 
America, which together cover about 3% of the global surface. Lower but appreciable amounts of 
cooling were found throughout much more extensive regions of the southern oceans. The five-year 
mean globally averaged cooling resulting from marine low-level cloud seeding, with the cloud 
droplet number concentration approximately quadrupled, produced a cooling sufficient to balance 
the warming resulting from a quadrupling of the atmospheric CO2 concentration in the case of the 
UK model, and a doubling in the case of the NCAR model. If such levels of cooling could be 
produced in practice by the proposed cloud seeding technique, the Earth’s temperature could be 
held constant for many decades. It follows that the areal fraction of suitable cloud-cover seeded, in 
order to maintain global temperature stabilization, could, for much of this period, be appreciably 
lower than unity, rendering less daunting the practical problem of achieving adequate geographical 
dispersal of disseminated CCN. Thus there exists, in principle, latitude to: (a) avoid seeding in 
regions where deleterious effects (such as rainfall reduction over adjacent land) are predicted; (b) 
seed preferentially in unpolluted regions, where the reflectivity-changes for a fixed increase in 
droplet number concentration are a maximum.  

 

9. The computations showed strong seasonal variations in the global distribution of cooling, with a 
maximum in the Southern Hemisphere summer. This finding underlines the desirability of a high 
degree of mobility in the seawater aerosol dissemination system.   

 

4. Discussion 
 

10. Further work is required on technological issues and the complexities of marine stratocumulus 
clouds. Most importantly, perhaps, we need to make a detailed assessment of ramifications 
associated with the possible deployment of our geo-engineering scheme - for which there would be 
no justification unless these effects were found to be acceptable.  

 

11. Deployment of our scheme would result in global changes in the distributions and magnitudes 
of ocean currents, temperature, rainfall, etc. Even if it were possible to seed clouds relatively 
evenly over the Earth's oceans, these effects would not be eliminated. Also, the technique would 
still alter the land-ocean temperature contrast, since the initial cooling would be only over the 
oceans. In addition, we would be attempting to neutralise the warming effect of vertically distributed 
greenhouse gases with a surface-based cooling effect, which could have consequences such as 
changes in static stability which would need careful evaluation. Thus it is vital to engage in a prior 
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assessment of the ramifications mentioned above, which might involve currently unforeseen 
feedback processes.  This work requires requires a fully coupled ocean/atmosphere climate 
system model. Such a model has been utilised over the past few months, at NCAR. Results to date 
are only provisional, but one feature that seems increasingly to be valid is that seeding of marine 
stratocumulus clouds with seawater particles can cause significant global cooling, which is a 
maximum in the Arctic regions, causing significant restoration of ice cover.  

 

12. It follows from the preceding discussion that although two separate sets of global climate 
computations agree in concluding that this cloud seeding scheme is in principle powerful enough to 
be important in global temperature stabilization, there are defined gaps in our knowledge which 
force us to conclude that we cannot state categorically at this stage whether the scheme is capable 
of producing significant global cooling. However, if resolution of these extant issues makes little 
change to our modelling results, we may conclude that our scheme could stabilize the Earth’s 
average temperature beyond the point at which the atmospheric CO2 concentration reached 550 
ppm (the CO2-doubling limit) but probably not beyond the 1000 ppm value. The amount of time for 
which the Earth’s average temperature could be stabilised depends, of course, on the rate at which 
the CO2 concentration increases. Simple calculations show that if it continued to increase at the 
current level, and if the maximum amount of cooling that the scheme could produce is as predicted 
by the models, the Earth’s average temperature could be held constant for between about 50 and 
100 years. At the beginning of this period the required global seawater spray rate – if all suitable 
clouds were seeded - would be about 0.15 m3 s-1 initially, increasing each year to a final value of 
approximately 25 m3 s-1. 

 

13. Recent experimental work involving data from the MODIS and CERES satellites led to a study 
by Quaas and Feichter (2008) of the quantitative viability of our global temperature stabilization 
technique. They concluded that enhancement (via seeding) of the droplet number concentration in 
marine boundary-layer clouds to a uniform value of 400 cm-3 over the world oceans (from 60°S-
60°N) would produce a global cooling close to that required to balance the warming resulting from 
CO2-doubling. They also found that the sensitivity of cloud droplet number concentration to a 
change in aerosol concentration is virtually always positive, with larger sensitivities over the 
oceans. These experimental results are clearly supportive of our proposed geo-engineering idea, 
as is the work of Oreopoulos and Platnick (2008), which also involves MODIS satellite 
measurements. 

 

14. Further encouraging support for the quantitative validity of our scheme is provided by the field 
research of Roberts et al. (2008) in which the enhancement of reflectivity was measured on a 
cloud-by-cloud basis, and linked to increasing aerosol concentrations by using multiple, 
autonomous, unmanned aerial vehicles to simultaneously observe the cloud microphysics, vertical 
aerosol distribution and associated solar radiative fluxes. In the presence of long-range transport of 
dust and anthropogenic pollution the trade cumuli have higher droplet concentrations, and are on 
average brighter, the observations indicating a high sensitivity of cooling by trade cumuli to 
increases in cloud droplet concentrations. The results obtained are in reasonable agreement with 
our modelling. 

 

15. Our view regarding priorities for work in the near future is that we should focus attention on 
outstanding unresolved issues (scientific and technological) outlined earlier. The major focus 
should be on assessment of ramifications associated with the proposed seeding scheme. At the 
same time we should develop plans for executing a limited-area field experiment in which selected 
clouds are inoculated with seawater aerosol, and airborne, ship-borne and satellite measurements 
are made to establish, quantitatively, the concomitant microphysical and radiative differences 
between seeded and unseeded adjacent clouds: thus, hopefully, to determine whether or not this 
temperature-stabilization scheme is viable. Such further field observational assessment of our 
technique is of major importance.  
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16. A positive feature of our proposed technique is revealed by comparing the power required to 
produce and disseminate the seawater particles with that associated with the additional reflection 
of incoming sunlight. A simple calculation shows that the ratio of reflected power to required 
dissemination power is about 10 million. This extremely high “efficiency” is largely a consequence 
of the fact that the energy required to increase the seawater droplet surface area by four or five 
orders of magnitude – from that existing on entry to the clouds to that possessed by the cloud 
droplets when reflecting sunlight from cloud-top – is provided by nature.  

 

18. Further advantages of this scheme, if satisfactorily deployed, are that: (1) the amount of cooling 
could be controlled – by measuring cloud reflectivity from satellites and turning disseminators on or 
off (or up and down) remotely as required: (2) if any unforeseen adverse effect occurred, the entire 
system could be switched off instantaneously, with cloud properties returning to normal within a 
few days: (3) it is relatively benign ecologically, the only raw materials required being wind and 
seawater: (4) there exists flexibility to choose where local cooling occurs, since not all suitable 
clouds need be seeded. This flexibility might help subdue or eliminate adverse ramifications of the 
deployment of our scheme. 
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6. Recommendations 
 

• That in view of the potentially serious ramifications of unbridled climate change, and the 
increasing urgency of this problem, the UK government should provide adequate funding 
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for the pursuance of research into geo-engineering ideas which hold significant promise of 
holding the Earth’s average temperature constant for some decades, in the face of 
increasing atmospheric CO2 concentrations. This would provide time for the development 
of clean energy sources to replace fossil fuels. It is not suggested that such schemes be 
deployed, but that the research be pursued to the point at which the technique be deemed 
to be either unworkable or feasible, in the latter case with all scientific and technological 
aspects resolved, and all possible ramifications of the adoption of such a scheme identified 
and quantified. The costs of such a proposition are trivial in comparison with those of the 
likely damage accompanying unrestrained temperature increase – a view unanimously 
expressed by the participants in the climate-change workshop, involving economists, 
scientists  and geo-engineers, held at Harvard University in November, 2007.  

 

• That a committee be appointed to oversee the planning of a research programme in geo-
engineering, and disbursement of the governmental funding provided for it.  

 

• That though DEFRA and the Hadley Centre would be major contributors to the proposed 
committee and geo-engineering research, there should be funded contributions also from 
UK universities and other research institutions. 

 

• That although climate modelling would play a very important role in the programme of work, 
it should not be the only component of the effort. Observational research is of great 
importance, as is field research and technological development. Without these latter 
components a reliable assessment of geo-engineering ideas would not be achievable, in 
my view. 

 

October 2008 
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Memorandum 18 
 

Submission from Dr Ken Caldeira, Department of Global Ecology, 
Carnegie Institution 

 
 
The current and potential roles of engineering and engineers in geo-engineering solutions 
to climate change: 
 

[1] We need a climate engineering research and development plan. The widespread desire for the 
"good life" afforded by economic growth and development places us increasingly at risk of 
profound and widespread climate damage. Much of the developing world seeks to emulate the coal-
powered development of China and India, while those of us in the developed world seek ways to 
kick-start our relatively moribund, fossil-fueled economies. We may hope or even expect that we 
will collectively agree to delay some of this economic growth and development and invest instead 
in costlier energy systems that don't threaten Earth's climate. Nevertheless, prudence demands that 
we consider what we might do if cuts in carbon dioxide emissions prove too little or too late to 
avoid unacceptable climate damage.  

[2] Only fools find joy in the prospect of climate engineering. It's also foolish to think that risk of 
significant climate damage can be denied or wished away. Perhaps we can depend on the 
transcendent human capacity for self-sacrifice when faced with unprecedented, shared, long-term 
risk, and therefore can depend on future reductions in greenhouse gas emissions. But just in case, 
we'd better have a plan. 

[3] Existing studies of climate engineering demonstrate that some geo-engineering schemes may 
have the potential to diminish climate risk. Research into science, technology, and socio-political 
systems is needed to determine whether such risk reduction could be realized. If so, research will be 
needed to develop these risk reduction strategies. 

National and international research activity, and research funding, related to geo-
engineering, and the relationship between, and interface with, this field and research 
conducted to reduce greenhouse gas emissions; 

[4] A climate engineering research plan should be built around important questions rather than 
preconceived answers. It should anticipate and embrace innovation and recognize that a portfolio of 
divergent but defensible paths is most likely to reveal a successful path forward; we should be wary 
of assuming that we've already thought of the most promising approaches or the most important 
unintended consequences.  

[5] A climate engineering research plan must include both scientific and engineering components.  

[6] Science is needed to address critical questions, among them: How effective would various 
climate engineering proposals be at achieving their climate goals? What unintended outcomes might 
result? How might these unintended outcomes affect both human and natural systems?  

[7] Engineering is needed both to build deployable systems and to keep the science focused on 
what's technically feasible.  
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[8] Initially, emphasis should be placed on science over engineering. But if the science continues to 
indicate that climate engineering has the potential to diminish climate risk, increasing emphasis 
should be placed on building the systems and field-testing them so they'll be ready as an option.  

[9] Because there are important societal decisions to be made regarding climate 
engineering, open public communication is necessary at all stages of research--closed 
scientific meetings on climate engineering must become a thing of the past.  
 
[10] Climate engineering research programs should be internationalized and scientific 
discussion and results shared openly by all. 
 
[11] Climate engineering (i.e., geoengineering) research should be centered in the 
university environment. Initially, until options are better evaluated and clarified, it is better 
to have many small projects rather than a small number of large projects. 
 
[12] Much of the fundamental climate and chemical science associated with geo-
engineering (i.e., climate engineering) is intertwined with the science of environmental 
consequences of greenhouse gases. Thus, many of the same institutions and researchers 
engage in science related to greenhouse gases could be engaged in climate engineering 
research. 
 
[13] Policy related studies (i.e., issues of governance, social acceptance, etc) are closely 
intertwined with policies related to greenhouse gas reduction. Thus, many of the same 
institutions and researchers engage in policy-related studies related to greenhouse gas 
emissions reduction could be engaged in policy-relevant human dimensions studies 
related to climate engineering. 
 
The provision of university courses and other forms of training relevant to geo-engineering 
in the UK; 
 
[14] Climate engineering (i.e., geoengineering) research should be centered in the 
university environment because this way research dollars will provide the maximum 
educational benefit.  
 
[15] Climate engineering research and training involves both the science of global change 
(i.e., atmospheric physics and chemistry, carbon-cycle science, marine sciences) and the 
engineering of possible deployment systems. Thus, it would make sense to spread 
research and training funds across a wide array of academic disciplines. Much of the 
research and training would likely be interdisciplinary in character. 
 
The status of geo-engineering technologies in government, industry and academia; 
 
[16] Geoengineering technologies are largely in the conceptual stage across all sectors. 
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Geo-engineering and engaging young people in the engineering profession; and 
 
[17] Climate engineering represents a new way to attract young people to address our 
climate challenges. 
 
[18] Climate engineering research, in many cases, could be conducted by the same 
institutions and researchers focusing on approaches to reduce greenhouse gas emissions. 
This will give students the opportunity to examine and evaluate a broad range of 
approaches to addressing the climate challenge. 
 
The role of engineers in informing policy-makers and the public regarding the potential 
costs, benefits and research status of different geo-engineering schemes. 
 
[19] Scientific research and engineering development should be divorced from moral 
posturing and policy prescription. As scientists and engineers, we can say what is and 
what can be.  
 
[20] Armed with this information, scientists and engineers can join, as citizens, with their 
fellow citizens and policy makers to discuss what ought to be done. 
 
 
October 2008 
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Memorandum 19 
 

Submission from Professor James Griffiths and Professor Iain Stewart 
 

Summary 
• Geo-engineering has the potential to help provide solutions to climate change issues through: carbon 

sequestration; modelling past changes in climate; identifying and exploiting alternative sources of 
energy; seeking ‘low carbon’ resources; sustainable groundwater; underground construction;  reuse 
of construction materials; reuse of foundations; reducing construction costs; evaluating changes in 
design life; assessing increased risk from natural hazards; nuclear waste disposal 

• Geo-engineering research tends to lack support as it falls between to the responsibilities of NERC 
and EPSRC 

• There are relevant university courses but there is a lack of suitably experienced staff in academe 
• ‘Engineering’ continues to have an image problem as the label has been inappropriately applied to 

non-graduate professions, and is deemed to be a hard subject at secondary school level. This reduces 
the number of young people wishing to apply for undergraduate programmes in any course labelled 
‘engineering.’  

• Even when the top universities produce quality graduates, as engineering cannot compete financially 
with banking, insurance and the law, the best graduates do not always enter the profession. 

• To inform policy makers and the public it will be necessary to make use of scientists and engineers 
that are working at the interface between geoscience and geotechnical engineering. These 
scientists/engineers should have experience in communicating difficult concepts to a non-specialist 
audience. 

1. Current and potential roles of engineering and engineers in geo-engineering in climate change solutions 
1.1 Geo-engineering is taken to include the following disciplines: engineering geology, environmental 

geology, engineering geomorphology, geotechnical engineering, ground engineering, hydrogeology, 
natural hazard and risk assessment. 

1.2 An excellent source of information on the relationship between all facets of geology and climate 
changes can be found on the British Geological Survey website: 

 
http://www.bgs.ac.uk/education/climate_change/home.html 

 
The main areas where geo-engineering has a vital role to play are as follows: 
 

1.3  Carbon sequestration ( see EU article on subject  at : http://www.euractiv.com/en/climate-
change/uncertainty-co2-capture-fossil-future/article-172834): identification and quantitative 
evaluation of potential sites where CO2 might be buried, and use of deep-drilling engineering 
technologies developed by the hydrocarbons industry to implement a sequestration programme;  

1.4 Modelling past climate change events in the geological record to evaluate potential consequences in 
the contemporary environment. This partly involves the Deep Sea Ocean Drilling programme that 
allows long sedimentary records to be compiled particularly from the Holocene. However, it also 
involves examining the onshore stratigraphic record from more ancient sediments to enable a fuller 
picture of the way the earth behaves during periods of rapid climate change and what affect these 
changes had on the fossil record. 

1.5 Identification and exploitation of alternative energy sources, notably: geothermal ‘hot rocks’; wind 
farms; wave and tidal power; solar energy; nuclear; hydroelectric; and groundwater heat pumps. All 
these will need to be located at suitable sites that have to be investigated by engineering geologists 
and the foundations designed by geotechnical engineers.  

1.6 Seeking resources that will provide alternative low carbon production energy such as: suitable ‘hot 
rocks’; suitable quality hydrocarbons; gas hydrates; uranium (see:  
http://ec.europa.eu/environment/integration/research/newsalert/pdf/109na4.pdf); etc. Exploration for 
these resources will involve extensive use of remote sensing, geochemical and geophysical surveys, 
on-site drilling, assaying the resource, designing and monitoring the extraction, environmental 
impact, planning the after-use.  
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1.7 Identifying, developing, maintaining and monitoring effective sources of sustainable groundwater. 
1.8 Researching into and supporting increased use of energy efficient underground construction 
1.9 Researching into and supporting the reuse of construction materials to reduce energy use 
1.10 Researching into and supporting the reuse of building foundations to reduce material wastage and 

energy use. 
1.11 Developing more cost-effective means of ground investigation to reduce the costs of construction. 
1.12 Researching into the effects climate change will have on a developments design life 
1.13 Providing the basis for anticipating and dealing with changes in potential risks associated with 

climate change, e.g. increases in the rate of coastal erosion, increased landslide occurrence, increased 
incidence of coastal and river flooding, melting of the permafrost, groundwater rise etc.  

1.14 If nuclear energy generation is going to increase, then geo-engineering will be critical in ensuring 
suitable waste disposal sites are located, designed, constructed, and monitored.  

2. Research activity in geo-engineering relating to research into reducing greenhouse gas emissions 
2.1 NERC are the primary research council supporting climate change research. Naturally their main 

concern is collecting data and monitoring, climate modelling, and assessing the environmental 
consequences.  

2.2 Most climate change research in the field of ‘geo-engineering’ which is supported by NERC is 
undertaken by the British Geological Survey 

2.3 Griffiths & Culshaw, (2004 - DOI: 10.1144/1470-9236/04-056) reviewed the 296 research projects 
funded by NERC 2001-2004 and found only six lay in the field of engineering geology or 
hydrogeology, none of which related to geo-engineering and climate change.  The same paper 
established that at that time the EPSRC grant portfolio was worth £1855 million and £13.7 million 
was spent on ground engineering research, of which Cambridge received £2.9 million and Imperial 
College, London, £1.7 million.   

2.4 The EPSRC funded projects research website does not identify those specifically related to ‘climate 
change’. However, there are projects on wind power, waste minimisation etc which will are all 
relevant to the climate change debate. 

2.5 There is a concern that ‘geo-engineering’ falls between the responsibility of two research councils 
and suffers from a lack of research funding as a result. More joint EPSRC-NERC initiatives would 
help deal with this problem   

3. Provision of university courses & training relevant to geo-engineering in the UK 
3.1 There are two  excellent sources of information on the provision of relevant university courses: the 

February 2008 issue of Ground Engineering, i.e. the special issue on Geoenvironmental Engineering 
that also lists the relevant UK masters degree courses; and the Geological Society of London website 
that list all the universities that offer degrees in geoscience in the U.K, and specifically identifies 
those that are accredited: 

   http://www.geolsoc.org.uk/gsl/education/highered/page271.html 

3.2 Training opportunities can be identified through the relevant professional organisations: British 
Geotechnical Association (a specialist group of the Institution of Civil Engineers); Geological 
Society of London; Association of Geotechnical Specialists; Institute of Materials, Minerals and 
Mining; Chartered Institution of Water and Environmental Management;  etc       

4. Status of geo-engineering technologies in government, industry and academia 
4.1 There is a general issue that as of September 2008 civil engineers, ground engineers, and geologists of 

all types still appear on the National Shortage Occupations List. This illustrates the skills shortage 
problem that has to be faced if we are going to review the status of geo-engineers. Until this is 
overcome there will be limited opportunity for geo-engineering to get beyond just dealing with its 
mainstream activities (essentially ground engineering). This will essentially put a stop to any 
development work investigating the applications of geo-engineering technologies in dealing with 
climate change.  

4.2 The Geological Society membership indicates that over 3,000 of its members have an interest in 
engineering geology; however, less than 1% of these are to be found in academia. Therefore there is 
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little research activity in academia because: there are very few with the relevant interest; and geo-
engineering falls in the gap between the Natural Science and the Engineering research councils 
therefore there are few opportunities to win awards to support research in this area. 

4.3 Much of the industrial geo-engineering work lies in the practical aspects of foundation design for 
alternative energy structures, waste disposal, recycling, regeneration, coastal protection etc. Industry 
will only really incorporate geo-engineering into the climate change agenda once a clear profit line 
starts to emerge. The hydrocarbons industry is starting to take this forward with their investment in 
alternative energy. As yet geo-engineering does not have the same income stream or the public 
profile as that of the big oil and gas multinational companies. 

5. Geo-engineering and engaging young people in the engineering profession 
5.1 The best source of information on the efforts being made to engage young people in the engineering 

profession is the Royal Academy of Engineering: http://www.raeng.org.uk/education/default.htm 
5.2 Similar initiatives can be found underway in all the professional bodies, e.g.: 

http://www.ice.org.uk/education/homepage/index.asp 
  http://www.geolsoc.org.uk/gsl/education 

http://www.ciwem.org/education/ 
http://www.iom3.org/content/education-training 

5.3 It is apparent that engineering has an ‘image’ problem which puts off many prospective students. 
The A/Ls required are in maths and science, deemed by students to be ‘difficult’; the term ‘engineer’ 
has been widely appropriated for use by a range of occupations that are not graduate level; and even 
where there is knowledge of what an engineering graduate does, it is not seen as sufficiently 
glamorous or well-paid particularly given the length of time needed to reach chartered status.  

5.4 Possibly of even greater concern is that the best graduates from the most prestigious engineering 
courses, and indeed many from geosciences degrees, take up positions with financial services 
institutions rather than enter the engineering profession. This is because engineering graduates are 
numerate and literate, and hence make very attractive employees for all parts of the financial services 
industry and the legal profession. Given that the financial rewards from ‘The City’ are far greater 
than from an engineering career, this loss of engineering graduates is not surprising, but nonetheless 
the result is that engineering practice and research is losing its ablest minds. 

6. The role of engineers in informing policy makers and public regarding the potential costs, benefits and 
research status of different geo-engineering schemes 

6.1 Engineers per se are not necessarily the best people to inform policy makers and the public, we need 
to involve the individuals who are working at the interface between engineering, geology, 
geomorphology, and environmental science, both from academe and industry.  

6.2 We must make better use of scientists and engineers who have experience in communicating difficult 
concepts to a non-specialist audience. 

6.3 We need to develop more specialists in the analysis of environmental economics in order to establish 
the potential costs and benefits of geo-engineering research and projects  

 
October 2008 
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Memorandum 20 
 

Submission from Mr D E Hutchinson, Civil Engineer, 
Network Rail (Channel Tunnel Rail Link) Limited 

 
 
1. Summary 
 

• This submission concentrates on the contribution of geo-engineering to the operation 
and maintenance of the UK’s railway infrastructure. 

• It briefly indicates how geo-engineering in the railway industry helps reduce the affect of 
climate change on the operation of the railway and helps reduce carbon emissions from 
the railway and from transport in general.  

 
2. Introduction 

2.1 This document has been drafted for submission to the UK Parliament’s Innovation, 
Universities, Science and Skills Committee for their third case history in their inquiry into 
engineering.  It has been written to supplement the submission by the Ground Forum, but from 
the viewpoint of a major owner of geo-engineered structures in the UK.  However, the opinions 
expressed in the document are those of the author and not necessarily those of Network Rail 
Infrastructure Limited, or Network Rail (Channel Tunnel Rail Link) Limited.  

2.2 Railways are an efficient and environmentally friendly way of moving people and goods 
from place to place.  A significant portion of the railway infrastructure, by value, and by 
volume, lies in geo-engineered structures.  These include embankments, cuttings, track 
formation, tunnels, retaining walls, drainage systems, sea defences and the foundations to 
bridges, viaducts, stations and line side structures. 

 

2.3 The majority of the UK’s railway geo-engineered structures were built over 100 years 
ago, and many of them over 150 year ago, well before the formalisation of the science, some 
would say art, of soil mechanics and geotechnical engineering.  These geo-engineered 
structures were built to different specifications, using different techniques and in some case 
different materials, from those that would be used today.  These structures are now reaching 
the end of the 120 year design lives that such structures would nowadays be normally 
designed for.  Yet there is no plan to replace these old geo-engineered structures; they are 
being worked harder than ever, carrying ever greater numbers of passenger and freight trains.  
The cost of their replacement would be truly astronomic, and the consequential disruption 
totally unacceptable to the public.  So now more than ever before they need nurturing and 
maintaining by professional engineers, technicians and construction workers skilled in 
geotechnical analysis, design and construction techniques, so that they can continue to serve 
for another 100 years or more. 

 
3. The current and potential roles of engineering and engineers in geo-engineering 

solutions to climate change 
 
3.1 Without an efficient and effective national, and international, railway system the use of 
fossil fuels in the UK would undoubtedly rise.  Electricity, rather than fossil fuel, is used to 
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power the majority of the UK railway systems, whereas all other major transport systems use 
mostly fossil fuel.  Electricity, of course, can and is being generated by renewable energy 
sources.  Geo-engineering skills are essential to the maintenance of the aging infrastructure 
and to maintaining and enhancing the reliability and hence the attractiveness of the existing 
railway networks to passengers and freight.  In particular geotechnical engineers will be 
required to find solutions to the deterioration caused by the expected future extremes of 
weather caused by climate change.  These include flooding causing embankment erosion, 
excessive rainfall leading to landslips, and long periods of dry weather causing soil shrinkage 
and subsidence.  Geo-engineering is also an essential part of the maintenance and repair of 
more recently built railway infrastructure, for example the remediation of the recent fire 
damage to the north bore of the Channel Tunnel. 
 

3.2 The construction of new national and international railways will reduce the demand for 
other forms of travel, including national and international air travel, and hence reduce the 
production of greenhouse gases.  Geotechnical engineers are essential members of the 
railway design and construction teams and provide geo-engineered solutions to minimise land 
take, minimise disturbance and adverse environmental impact, minimise the need to move soil 
and rock during construction works, and to take positive measures to enhance the 
environment around the new railways, while still providing value for money.  The design and 
construction of the High Speed 1 railway provides an excellent UK case history of the input of 
geotechnical engineers to the successful completion, on time and on budget, of the first main 
line railway to be constructed in the UK for over 100years.   

 
4 National and international research activity, and research funding, related to geo-

engineering, and the relationship between, and interface with, this field and 
research conducted to reduce greenhouse gas emissions 

 

4.1 Network Rail is a leader in the rail industry, which uses a wide range of engineering 
disciplines, just one of which is geo-engineering.  The company has limited funds for geo-
engineering research activity of its own, but it does actively support a number of academic 
initiatives by supplying information to outside research organisations and by providing them 
with access to the railway infrastructure.   

4.2 Network Rail is a partner in the BIONICS project at Newcastle University which aims to 
establish a database of high-quality embankment performance data to enable future research 
into the interaction of climate, vegetation and engineering on the behaviour of infrastructure 
earthworks.  Network Rail is a stakeholder in the CRANIUM project which is developing new 
methodologies for analysing uncertainty and making robust risk-based decisions for 
infrastructure design and management in the face of climate change funded by the 
Engineering and Physical Sciences Research Council as part of the initiative on building 
knowledge for a changing climate.  Network Rail (CTRL) Ltd, who operate and maintain the 
High Speed Railway, are collaborating with both Southampton and Birmingham Universities in 
their research in to track, track ballast and track sub-ballast design using modern geotechnical 
principles.  

4.3 In addition to formal research undertaken to improve the knowledge base in geo-
engineering, much is learnt by the observation of the performance of real structures, of which 
Network Rail is one of the largest owners in the UK.  The dissemination of that information to 
the wider geo-engineering profession helps both academics and practicing professionals to 
develop ever more efficient geo-engineering solutions.  Network Rail geotechnical engineering 
staff are active contributors to the profession, publishing technical papers to technical 
conferences and in the technical press, as well as providing news items for technical journals, 
and speaking at technical conferences and professional meetings.   
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4.4 Most research in geotechnical engineering, such as that above, is directed to the more 
efficient use of land or the more efficient use of soil, rock and other geo-engineering materials, 
including the use of waste materials from the railway and other industries.  The smaller the 
volume of material that needs to be moved around to maintain old railways or to build new 
railways the smaller the volumes of greenhouse gases created during construction operations.  
The fewer disruptions to trains caused by failures of geo-engineered infrastructure the more 
reliable the railways and the more used they will become.  

 
5 The status of geo-engineering technologies in government, industry and 

academia 
 
5.1 Historically in Network Rail geo-engineering has generally been managed by non-
specialist civil engineers.  Over the last 10 years Network Rail has increasingly realised the 
need to retain a specialist geotechnical capability within the civil engineering departments of 
each of its 5 territories if the railway is to become more reliable, more cost effective to run and 
more attractive to its customers.  The status of the geotechnical engineering departments 
within Network Rail is on a par with those for structures (bridges) and for buildings (such as 
stations), and civil engineering is on a par with the other engineering disciplines such as 
signalling, track, electrical power supply. 

 
6 Geo-engineering and engaging young people in the engineering profession 
 
6.1 Network Rail recruits engineering graduates from a range of disciplines into the railway 
industry.  Network Rail runs civil engineering training schemes which leads to chartered 
membership of the Institution of Civil Engineers, which is the natural ‘home profession’ for 
many geo-engineers.  Once chartered, a graduate would be encouraged to consider 
specialising in geotechnical engineering, as one of a range of special or general disciplines 
within the civil engineering profession.  

 
7 The role of engineers in informing policy-makers and the public regarding the 

potential costs, benefits and research status of different geo-engineering 
schemes. 

 
7.1 For Network Rail the Office of Rail Regulation (ORR), and its board appointed by the 
Secretary of State, is the key organisation that it must inform regarding the way that Network 
Rail manages the railway network and the way in which it meets the needs of its users. The 
ORR makes recommendations to the government for funding for railway maintenance and for 
enhancements promoted by Network Rail.  Geotechnical engineers are actively engaged in 
those areas of the proposed schemes which require their expertise.    

 

D E Hutchinson  MA(cantab) MSc LLB CEng MICE MHKIE 

NR(CTRL) Civil Engineer,  

Chairman Loss Prevention Working Group, Association of Geotechnical and 
Geoenvironmental Specialists (member organisation of the Ground Forum) 

 

October 2008 
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Memorandum 21 
 

Submission from the Engineering Professors’ Council 
 
Summary 
 
• The Engineering Professors’ Council represents the interests of engineering in higher 

education. It has over 1600 members in virtually all of the UK universities that teach 
engineering.  They are all either professors or Heads of departments.   

• It has as its mission the promotion of excellence in engineering higher education teaching 
and research.   

• It includes academics with interest in teaching and research in geo engineering. 
• This evidence refers to the geo engineering in the construction, extractive and environmental 

(including water resources) industries.   It focuses on teaching and research undertaken at 
universities.  

• The recommendations are to:- 

 Recognise the contribution that geo engineers will make to the impact of climate change 
on the built environment, and to developing innovative solutions to make use of the 
ground for CO2 storage and as source of energy. 

 Ensure that there is adequate research funding into geo engineering related challenges 
such as those associated with the effects of extreme events such as subsidence damage 
due to ground movements, failures of natural and made slopes, and changes to the 
ground water regime; the impact of rising ground water levels on subsurface structures 
such as tunnels, basements and structural foundations; and the impact of rising sea 
levels on flood and sea defences.   

 Ensure that there is adequate funding for specialist advanced programmes to combat the 
skills shortages and gaps in geo engineering to ensure that the government, which is a 
major beneficiary of much of geo engineering work because it is related to the 
infrastructure that underpins the economy, provides core funding for education it 
ensures that innovative solutions are developed and exploited for the benefit of the 
public sector and that knowledge can be exported 

 

1. Introduction 
1.1. Geo engineering has various meanings that includes the large scale engineering options 

which aim to remove CO2 directly from the air, for example, through ocean fertilisation, 
the use of the ground as a means of storing CO2, the abstraction of fossil fuels, the use of 
ground as a construction material and the use of groundwater as a resource.   

1.2. This evidence for the case study into geo engineering refers to engineering that is 
concerned with the impacts of climate change on the ground in the construction, extractive 
and environmental (including water resources) industries.   It focuses on teaching and 
research undertaken at universities. 

2. The current and potential roles of engineering and engineers in geo-engineering 
solutions to climate change;  

2.1. Geo engineers are professional engineers who are concerned with the impacts of climate 
change on the ground in their work in the construction, extractive and environmental 
(including water resources) industries.   These include the effects of extreme events such as 
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subsidence damage due to ground movements, failures of natural and made slopes, and 
changes to the ground water regime; the impact of rising ground water levels on subsurface 
structures such as tunnels, basements and structural foundations; and the impact of rising 
sea levels on flood and sea defences.   

2.2. Geo engineers will be engaged in adapting existing geo structures such as foundations, 
tunnels, retaining walls and slopes to the impact of rising ground water levels and extreme 
events; applying mitigation measures to reduce or eliminate the impact of these effects; 
and developing innovative solutions to ground related problems associated with the built 
and natural environment.  

2.3. They will also be involved in producing innovative uses of the ground as a source of 
energy, a means of carbon capture and storage, and assisting in bridging the gap between 
the current fossil fuel economy and the future hydrogen economy.   

2.4. Note that geo engineers, according to the Home Office UK Border Agency (2008) [1], are 
responsible for:- 

• Design, supervision and interpretation of ground investigations; 
• Mineral exploration and extraction; 
• Design and supervision of construction of geotechnical structures including 

foundations, slopes, excavations, tunnels, and retaining walls; 
• Design of ground improvement schemes; 
• Monitoring the performance of geotechnical structures; 
• Regenerating brownfield sites including identification of contamination and 

recommending, designing and supervising appropriate treatment; 
• Regeneration to identify contamination and recommend, design and supervise 

appropriate treatment; 
• Contamination studies that involve solid, liquid and hazardous waste including 

identification, disposal, treatment and reuse; 
• Landfill design; 
• Underground storage of hazardous materials including nuclear waste and carbon 

dioxide; 
• Development of geothermal energy systems; 
• Stability of mineral workings including underground and open cast mines; 
• Investigation of subsidence and recommending and designing mitigation measures; 
• Coastal and river stability; 
• Properties of the groundwater including its chemical properties and pattern of flow; 
• Causes and effects of ground water pollution; 
• Causes and effects of construction processes on the ground water; 
• Investigating of the impact of changes to groundwater flow due to the construction of 

the reservoir; 
• Studies of the geological structures in the vicinity of the reservoir leading to the 

appropriate location of the dam and the scope of the design of the foundation of the 
dam. 

3. National and international research activity, and research funding, related to geo-
engineering, and the relationship between, and interface with, this field and research 
conducted to reduce greenhouse gas emissions; 

3.1. There are a number of consortia funded by Research Councils, Government Departments 
and industry that bring together geo engineers working in universities, research and 
development institutions, and industry to create multidisciplinary teams to investigate the 
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effects of climate change on the ground and means of reducing greenhouse gases.  These 
include:-  

• The Tyndall Centre [2] which is the national UK centre for trans-disciplinary research 
on climate change which brings together scientists, economists, engineers and social 
scientists to develop sustainable responses to climate change. Research themes that 
involve geo engineers include examining ways to adapt to unavoidable climate change 
and providing the basis for flexible adaptation to, and efficient mitigation of changing 
environmental conditions around coastlines. 

• CLIFFS [3] is an EPSRC-funded network based at Loughborough University that 
brings together academics, research and development agencies, stakeholders, 
consultants and climate specialists to improve forecasting of slope instability in the 
context of progressive climate change. 

• EPSRC have created a £3.2 million portfolio of collaborative research projects, 
Building Knowledge for a Changing Climate [4], to investigate the impacts of climate 
change on the built environment, transport and utilities.  Research projects cover areas 
ranging from risk management to the impact of climate change on energy supplies, land 
use and historic buildings.  The major ground engineering project in this portfolio is the 
BIONICS [5] (Biological and Engineering Impacts of Climate Change on Slopes) 
project at Newcastle University which is a unique facility consisting of a full-scale, 
instrumented soil embankment, planted with a variety of flora with controlled heating 
and rainfall at its surface. This replicates road and rail embankments found throughout 
the UK.   

• The Scottish Centre for Carbon Storage [6] is a centre of excellence for research and 
development in carbon capture and storage looking to containment solutions to 
complement emissions reduction strategies.  

• The UKCCSC [7] is a consortium of engineering, technological, natural, 
environmental, social and economic scientists from the British Geological Survey and 
universities that are investigating the reduction of UK CO2 emissions by decoupling 
economic growth from energy use and pollution; rapidly expanding the UK research 
capacity in carbon capture and storage, assisting in enabling the continued use of the 
UK's coal reserves; investigating  fossil fuel gasification as a bridge to the hydrogen 
economy; assisting in bridging the gap between the present day fossil fuel economy and 
the future hydrogen economy; and making an overall assessment of lifecycle costs and 
emissions of fossil fuel supply options.  

3.2. These collaborative projects are mainly about the consequences of climate change on the 
environment.  There is little research into mitigation and adaption especially in the 
construction industry. 

3.3. The UK is the only developed country in the world that does not have a dedicated 
construction research and development funding stream [8].  Therefore there is not a 
dedicated stream related to the impact of climate change on construction and the reduction 
of greenhouse gases within that sector.  Further geo engineers within the construction 
industry operate within a framework of Building Regulations, codes and standards.  These 
ensure that their work meets minimum standards and follows best practice.  There is no 
longer a mechanism that directly supports the development of this framework which 
includes a framework to deal with the impacts of climate change and the reduction of 
greenhouse gases.   

3.4. This was not always the case.  The Government co-funded the Construction Research and 
Innovation Programme for about £23 million per annum until 2002 for materials testing, 
development of codes and standards, general guidance, network groups, work 
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underpinning changes to the Building Regulations, and the development of sustainability 
assessment tools.   

3.5. The current annual public funding of research for the construction industry is less than £10 
million [8] (Select Committee for Construction Matters, 2008).  Additional annual funds 
include:- 

• £32 million for academic-led research from Engineering and Physical Sciences 
Research Council; 

• £5 million for research underpinning the Building Regulations from Department for 
Communities and Local Government; 

• £8 million towards asset management issues from the Highways Agency; 
• £4 million into flood management from the Environment Agency; 
• £4.5 million from the Carbon Trust; and 
• Funds available through European Research Framework Programmes. 

3.6. This £63 million of government funding for the whole of the construction industry 
compares unfavourably with the £206 million in France, and £750 million in Japan.   

3.7. The lack of government funding means that there is no longer sufficient monitoring of the 
performance of new geo products and processes to understand their behaviour, there is 
little funding to share best practice especially from overseas and there is a limited 
engagement in the development of European standards.  The National Platform for the 
Built Environment was launched in 2005 to mirror the European Platform but without 
adequate seed funding.  These examples demonstrate the impact the lack of core funding 
can have on a sector.   

3.8. Research into geo engineering in the construction sector has to compete for the limited 
funds for that sector.  Hence research into adaption and mitigation in the geo engineering 
sector is limited. 

3.9. We recommend that:- 
3.9.1. The government creates a dedicated funding stream for construction related research that 

includes research into developing innovative solutions to ground related issues arising 
from climate change and provides data to enhance the framework for the mitigation of the 
impact of climate change on geo engineering structures. 

4. The provision of university courses and other forms of training relevant to geo-
engineering in the UK; 

4.1. Geo engineers provide professional services within the construction, extractive and 
environmental industries. In order to act as professional engineers they have to complete a 
degree programme.  These degree programmes can be accredited by one of the 
professional institutions that represent the interests of the members (e.g. ICE, CIWEM, 
Geol Soc, IMMM).  Hence geo engineers can be chartered engineers, chartered geologists 
or chartered environmental scientists.   

4.2. Geo engineering covers a variety of careers [1]:- 

• A geoenvironmental engineer is someone who deals with environmental aspects of the 
ground. 

• A geotechnical engineer is someone who deals with engineering the ground in the 
construction industry. 

• A geological advisor is someone who deals with geological aspects of the ground. 
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• A geological analyst - a term used to describe a geoscientist who specialises in 
geological aspects.  

• A geologist / hydrogeologist describe anyone working in the field of geology or 
hydrogeology.  

• A geology / reservoir engineer is someone who specialises in geological aspects of 
reservoir engineering.  

• A geophysical specialist is someone who specialises in the use of geophysics as an 
exploration tool especially in mineral exploration.  

• A geoscientist is someone who is involved in analysing the chemical aspects of the 
ground.  

• An engineering geologist is someone who deals with engineering the ground who has 
specialist geological knowledge.  

• And a contaminated land specialist is someone who deals with environmental aspects of 
contaminated ground.  

4.3. Thus there are a number of pathways to becoming a professional geo engineer but in the 
majority of cases it starts with a bachelor degree in civil engineering, mining engineering, 
highway engineering, geology, engineering geology, earth sciences, environmental 
sciences, physics or maths.  There are two universities offering dedicated programmes in 
engineering geology or applied geology.  There are seventy three HEIs offering accredited 
undergraduate programmes in civil engineering which will include the core subject of 
geotechnical engineering.  There are thirty nine universities offering undergraduate courses 
in geosciences including geology of which twenty one are accredited by Geological 
Society. 

4.4. Geo engineering is a specialist area, an area that deals with uncertainty.  The ground is 
spatially variable both in type and properties which means that geo engineers have to have 
underlying knowledge in a range of disciplines in order to tackle the challenges created by 
construction activity, climate change, mineral extraction, and ground water regimes.  This 
specialist knowledge is either developed in advance courses in higher education or in work 
based education.   

4.5. Thus most geo engineers have to extend their education to complete either an MEng (in 
civil engineering) or an MSc/PhD in soil mechanics, rock mechanics, geotechnical 
engineering, engineering geology, geophysics, hydrogeology, or other ground related 
discipline.    

4.6. A key concern of the industry is the decline in the number of specialist advanced 
programmes, a decline in the number of places on these advanced programmes and the 
lack of funding for these programmes.  For example, EPSRC has recently announced that it 
will no longer fund traditional MSc programmes.   This has led to a skills gap which is has 
been made worse by the skills shortage.  Hence the inclusion of geo engineers on the 
Home Office Key Worker List [1]. 

4.7. This skills issue is a particular problem in the construction industry.  The Select Committee 
on Construction Matters in its 2007-08 [8] report states that the high level of fragmentation 
and reliance on sub-contracting, combined with the project-based and itinerant nature of 
most work, the low profit margins and cyclical demand, create a strong disincentive for 
firms to invest in people.  It is clear, however, that the professional services sector makes a 
significant contribution to the industry which produces some 70% of the manufactured 
wealth of the UK, and is responsible for some £3.5billion worth of exports per annum.  
Hence there is a strong business case for investment in skills.  Geo engineering represents 
about 13% of all the professional engineering services in the construction industry [9].  

4.8. We recommend that:- 
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4.8.1. The government produce adequate funding for specialist advanced programmes in geo 
engineering that meet the challenges of the geo engineering industries.  This will help 
resolve the skills gap and skills shortages.  The government is a major beneficiary of much 
of geo engineering work therefore by providing core funding for education it ensures that 
innovative solutions are developed and exploited for the benefit of the public sector and 
that knowledge can be exported. 
 

5. The status of geo-engineering technologies in government, industry and academia; 
5.1. Geo engineers have to deal with a complex particulate material that has the largest range of 

properties of any material.  Geo failures can be catastrophic (e.g. landslides, earthquakes) 
affecting communities and the built environment.  Geo materials are essential to the built 
environment and a prime source of energy.  There have been significant developments in 
predicting the behaviour of ground through the development of constitutive models based 
on quality tests and field observations, and the application of those models in sophisticated 
programmes.  Much of this has developed in research institutions and universities with 
government funding.  Indeed public sector funding of geo engineering research has been 
essential to develop the underlying science which is iterative by nature.   

5.2. There is a critical need, especially with the impact of climate change, to monitor the 
performance of geotechnical structures given that knowledge is needed to develop codes 
and standards and improve our understanding of the behaviour of these structures.   

5.3. Industry has led the way in developing innovative processes in dealing with geo materials 
whether it be improved methods of extracting energy in situ from fossil fuels, developing 
more efficient methods of extracting fossil fuels, making use of the ground as a source of 
energy, improvements in construction processes and more effective and efficient geo 
structures.   

5.4. We recommend that:- 
5.4.1. The government provides adequate research funding to continue the successful 

development of innovate solutions to ground related problems.  This is especially 
important as solutions will be needed to adapt existing geo engineering structures to 
mitigate the effects of climate change.  

6. Geo-engineering and engaging young people in the engineering profession 
6.1. Engineers and scientists working in geo engineering are engaged in promoting geo 

engineering through company schemes, articles in NCE Insite magazine, RAEng 
Ambassador Scheme, Professional Institutions’ career events, EPSRC Public 
Understanding Projects, and ConstructionSkills Constructionarium.   

7. The role of engineers in informing policy-makers and the public regarding the 
potential costs, benefits and research status of different geo-engineering schemes.  

7.1. All structures are built on, in or with ground:- the largest structures in the world involve 
the ground (e.g. dams, surface and subsurface mines); road and rail networks rely on earth 
structures (e.g. embankments, tunnels, cuttings) to function; communication, energy and 
water networks are constructed underground; and the major building materials of concrete, 
steel and bricks evolve from the ground.  All geo engineering activity impacts in some way 
on ground water; and climate change will have an impact on the ground water.  All 
primary resources and fossil fuels are derived from the ground. 

7.2. Geo engineers make a significant contribution to the construction industry which 
contributes 8.7% (2006) of the UK economy’s gross value-added (GVA) which, in 2006, 
was worth over £100 billion [8].  This is more than twice the GVA produced by the 
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energy, automotive and aerospace sectors combined.  It generates some £10 billion of 
exports each year which includes some £3.8 million from the professional services.    

7.3. The construction industry is a ‘manufacturing’ industry in that it designs, builds and 
maintains a product (e.g. bridges, tall buildings).  However, its products cannot be exported 
(its skills and knowledge in design and construction can), all of its products contain an 
element of originality especially in the area of geo engineering.  These products create the 
built environment which represents some 70% of UK manufactured wealth.   

7.4. Fossil fuels account for some 90% of the UK’s energy supply (UK Energy Sector 
Indicators, 2007) [10].  It is expected that geo engineers will assist in the continued use of 
the UK's coal reserves; investigate fossil fuel gasification as a bridge to the hydrogen 
economy; assist in bridging the gap between the present day fossil fuel economy and the 
future hydrogen economy; and make an overall assessment of lifecycle costs and emissions 
of fossil fuel supply options 

7.5. Therefore it is expected that geo engineers would be represented in a number of 
government departments and be part of the decision making process.  This is not the case. 

7.6. We recommend that:- 
7.7. The government appoints engineers with practical experience to advise departments on all 

geo engineering related matters.  This includes the development of policy and the 
implementation of that policy. 

8. Conclusions 
8.1. The EPC welcomes the Select Committee’s Inquiry and considers both that it is timely and 

that it deals with issues of high importance for the future of the UK.  As a body 
representing the interests of practitioners in Higher Education including those that 
undertake research and teaching into geo engineering, we would like to make the following 
RECOMMENDATIONS and thus urge the Government to: 

8.1.1. Recognise the contribution that geo engineers will make to the impact of climate change on 
the built environment, and to developing innovative solutions to make use of the ground 
for CO2 storage and as source of energy. 

8.1.2. Ensure that there is adequate research funding into geo engineering related challenges. 

8.1.3. Ensure that there is adequate funding for specialist advanced programmes to combat the 
skills shortages and gaps in geo engineering 

8.2. We would be delighted to meet the Select Committee and discuss the issues involved at 
greater length. 
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Memorandum 22 
 

Submission from the Institution of Mechanical Engineers 
 
The Institution of Mechanical Engineers (IMechE) is a professional body representing 
80,000 professional engineers, working in all sectors of industry. The following evidence is 
in submission to the Innovation, Universities and Skills Select Committee geo-engineering 
engineering case study. The evidence is structured in response to some, but not all, of the 
case study’s terms of reference. 

1. The current and potential roles of engineering and engineers in geo-engineering 
solutions to climate change 

1.1. As greenhouse gas emissions continue to rise and deforestation shows no sign of 
halting, geo-engineering is emerging as a potential third branch of humankinds’ response 
to climate change. Alongside the more common mitigation and adaptation approaches, 
geo-engineering has the potential to avert the effects of climate change. 
 
1.2. However, geo-engineering is an area of activity that has to-date received little serious 
attention from the engineering profession. Typically, the majority of the concepts, ideas 
and schemes thus far suggested have been proposed by the scientific community; 
professional engineers have rarely engaged in assessment of their engineering feasibility. 
In the Institution’s view this has largely been due to the international political community’s 
focus on finding ways to reduce the amount of carbon dioxide emitted.  
 
1.3. As a discipline, geo-engineering is still very much in its infancy. Much of the theory 
behind geo-engineering is based on the principles of mechanical engineering; professional 
engineers are critical to the conversion of geo-engineering concepts and ideas into 
practical working devices and machines. Reflecting this possibility, the Institution has 
recently begun to address the subject area. Initially this will be aimed at raising awareness 
within the profession of the potential future engagement of mechanical engineers in geo-
engineering. It is anticipated that the Institution will increase its activities in this area in the 
coming years and that the emphasis will shift with time to the dissemination of technical 
knowledge and best practice. 

2. The provision of university courses and other forms of training relevant to geo-
engineering in the UK 

2.1. We are unaware of any specific geo-engineering courses in the UK.   

3. Geo-engineering and engaging young people in the engineering profession 

3.1. One of IMechE’s key objectives is to inspire and nurture the next generation of 
professionally qualified engineers. To this end, in common with other engineering  
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Institutions, we organise a number of outreach activities across the country that use 
practical and technical based approaches to stimulate a continued interest in engineering. 
Indeed, we find many young engineers are motivated to address contemporary 
environmental challenges, particularly in the areas of global warming and sustainability. 
Geo-engineering solutions are one such challenge that therefore offers an opportunity to 
engage young people in the profession. 
 

3.2. In recognition of the potential of geo-engineering to inspire young engineers, the 
Institution has been working with its Young Members Executive Board to develop an 
international competition based on teams of young engineers making initial technical 
assessments of the feasibility and sustainability of potential geo-engineering solutions. The 
competition will be open to a wide range of young engineers and take place from 
November ‘08 to March ‘09.  It will culminate in a public final to be held at IMechE 
headquarters in London. Outcomes from the competition are intended to catalyse debate 
around geo-engineering solutions to global warming. 

4. The role of engineers in informing policy-makers and the public regarding the 
potential costs, benefits and research status of different geo-engineering schemes  

4. Professional engineers are critical to the conversion of geo-engineering concepts and 
ideas into practical working devices and machines. Proposed schemes will require initial 
assessment of their technical feasibility from the engineering perspective. Some may 
require the development of new innovative techniques both for their manufacture and 
operation. In the process of making these initial assessments it will be necessary for 
engineers to report on the availability of the required techniques, materials, manufacturing 
and construction processes as well as identify the risks associated with manufacture, 
installation, operation, maintenance and decommissioning, together with the costs and 
benefits.  Whereas some information may be commercially sensitive, the engineering 
profession will need to inform policy-makers and the public of the potential costs, benefits 
and research status of geoengineering schemes. 
 
 
October 2008 
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Memorandum 23 
 

Submission from the Engineering Group of the Geological Society of London  
 

Engineering Geology 

"Engineering Geology is the science devoted to the investigation, study and solution of the engineering and 
environmental problems which may arise as the result of the interaction between geology and the works and 
activities of man as well as to the prediction and of the development of measures for prevention or 
remediation of geological hazards." (IAEG statutes, 1992).  

 

Summary  

• An understanding of the ground is fundamental to nearly all engineering projects and to ensuring 
safety against natural geohazards (landslides, karst collapse, subsidence and heave).  

• Engineering Geologists are at the forefront of understanding the ‘ground model’ and hence the 
assessment of a range of activities that impact on, or are affected by, climate change.  

• A reliable ground model is needed for projects for the use of renewable energy including wave, tide 
and wind, for landfill sites, carbon storage schemes and nuclear power stations and for assessing 
the risk from geohazards.   

• The ground models is a key element in remediation of contaminated land and the use of brownfield 
sites.  

• Engineering Geologists are prominent in optimising use of natural resources and maximising the 
use of alternative materials, including reuse of ‘waste products’, for example as fill for embankments 
(road, rail and flood defences) and aggregates for concrete.    

• Engineering Geology is experiencing a severe skills shortage which is due to a combination of 
shortage of students and closure of geology departments and MSc courses, largely as result of due 
removal of government funding.  

 

The Engineering Group of the Geological Society of London (EGGS) 

1. The Engineering Group is a specialist group of the Geological Society, founded in 1807. Since its 
formation in 1964 the Group has been the main focus in the UK for geologists concerned with the study 
and practice of geology within the engineering industry. The Group’s currently has some  2,500 
members, more than a quarter of the Society’s membership.  

2. The Group is the UK Chapter of the International Association of Engineering Geology (IAEG) and 
represents the Geological Society on the Ground Forum and The Hazards Forum. It is member of the 
Geotechnical Training Co-ordination Committee and has firm links with an number of associated 
organisations.  

 

The Role of the Engineering Geologist  
3. The role of the Engineering Geologist is broadly the establishment of the ground model and the 

prediction of the changes that will affect the model as a result of proposed man made activities or likely 
natural occurrences. Engineering Geologists commonly carry out desk studies, devise and supervise 
ground investigations, interpret the results, write reports detailing the existing ground and groundwater 
conditions, produce designs and advise during the life of the project. These projects include 
construction on a green or brownfield site, landfill, offshore works, remediation of contaminated land, or 
stability of existing or proposed man-made or natural slopes.  

 

I. The current and potential roles of engineering geologists in geo-engineering 
solutions to climate change  

4. Virtually all construction or engineering impacts on the earth in some way. The behaviour of the ground 
is therefore fundamental to most, if not all, engineering endeavours. Unlike man-made materials soils 
and rocks vary in the their physical and chemical properties in both time and space, as a result of their 
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intrinsic nature (constituent particles and mode of formation) and their long history of chemical and 
physical change. The effects of the proposed man-induced changes must be superimposed on this 
already complex model.  

5. Engineering Geology involves the investigation of ground conditions based on knowledge of the 
geological setting, the land use history, inspection of the ground surface for signs and effects of 
geological, geomorphological or anthropomorphic activity. An intrusive investigation is then required to 
confirm and refine the model and to obtain design parameters. If these investigations are appropriately 
conceived and managed then this will reduce the risk of unforeseen ground conditions and enhance the 
sustainability, reduce waste and CO2 emissions and be protected from the effects of climate change.  

 
Future Structural Stability 
6. The Engineering Geologist identifies natural and man-made geohazards such as landslides, karstic 

ground and subsidence and hence, assesses the effects of potential climate changes on the behaviour 
of the ground. This knowledge is used to inform planners, developers and the public and to advise on 
mitigation and avoidance measures. For example, high rainfall increases the risk of landslides, 
embankment failures, erosion, heave in clays and ground collapse due to sink holes and caves which 
can lead to destruction and death. Lower rainfall and higher temperatures causes ground shrinkage due 
to drying of clay while increased abstraction of ground water in times of drought may cause ground 
lowering, resulting in subsidence and hence  damage to buildings and infrastructure. Construction 
materials must remain stable throughout the life of the project.     

7. Specific activities associated with climate change that require Engineering Geology input include:  
• Assessment and repair of rail, road and marine infrastructure  
• Design, maintenance and enlarging (raising) of flood relief structures  
• Coastal management  
• Design and monitoring of slope stability to reduce landslide risk   
• Site assessments and design for new reservoirs and dams and continued efficiency and safety of 

existing structures  
   
Efficient Use of Natural Resources including Land 
8. The Engineering Geologist is at the forefront of the use of materials in construction such as:  

• Identification and characterisation of natural resources and planning their exploitation  
• Identification of suitable local resources to reduce haulage  
• Optimising earthworks design, including reinforced earth and ground improvement to reduce the 

volume of imported materials  
• Use of alternative materials such as crushed glass, shredded tyres, pulverised fuel ash (PFA), 

furnace bottom waste, tyre bales, crushed concrete, construction waste and spoil from quarries and 
mines  

• Reuse of old foundations   
• Carbon storage and sequestration  
• Assessment of the carbon footprint   

 

9. The Engineering Geologist is a key professional in the rehabilitation of brownfield sites, thereby 
reducing the need for the use of greenfield sites. Key activities include:  
• Land quality assessment by desk study, walk over and investigation.  
• Establishing a ground model and identifying pollutants, linkages and receptors for predicting the 

risks arising from contamination.  
• Assessing the risk of groundwater becoming contaminated and spreading contamination   
• Producing options for remediation or containment and appropriate design and implementation   

 

Renewable and Alternative Energy Sources  
10. Site assessment, investigation and design for:  
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• Foundations and earthworks for wind turbines, tidal, wave, hydro and other alternative sources of 
energy, including site characterisation for nuclear power stations.  

• Investigation for shallow and deep ground source heat pumps  
• Development of deep seated ‘hot rocks’ geothermal energy sources  
• Design and management of landfill sites including methane collection as a source of energy.    

 

II. National and international research activity, and research funding relating to 
geo-engineering, and the relationship between, and interface with, this field 
and research conducted to reduce greenhouse gas emissions  

11. The research work that that formed the basis for the discipline of Engineering Geology was largely 
carried out in the 1960s to the 1990s at universities and government funded research establishments 
such as the British Geological Survey (BGS), CIRIA, the Building Research Establishment (BRE) and 
the Transport Research Laboratory (TRL then the TRRL). The UK was at the forefront of Engineering 
Geology and the MSc courses at Imperial College and the universities of Leeds, Durham and Newcastle 
attracted students from all over the world. Undergraduate options were offered at some universities and 
the then Portsmouth Polytechnic (now the University of Portsmouth) introduced the first (and only) 
undergraduate Engineering Geology course. Pioneering research was done into the behaviour of soils 
and rocks and of methods of testing. Literature from that time forms the basis for the industry to this 
day, including the publications of the aforementioned institutions and of the Geological Society 
(Engineering Group Special Publications and the Quarterly Journal of Engineering Geology and 
Hydrogeology (QJEGH)).  

12. The situation is somewhat different today. Geotechnical work at the BRE has ceased while TRL and 
BGS operate largely as commercial consultancies with research in a more minor role where external 
funding is available. Research at universities is mainly for PhD programmes and on a very much 
smaller scale. There have been developments in investigative techniques but few recent advances in 
the understanding of the behaviour of soil and rocks.  

 

III. The provision of university courses and other forms of training relevant to geo-
engineering in the UK  

13. The traditional route for training Engineering Geologists is a three year undergraduate degree in 
Geology and an MSc in Engineering Geology, soil mechanics or rock mechanics. Today both 3 year 
and 4 year degrees are available for geologists but, with the exception of the undergraduate 
programmes at the University of Portsmouth, Engineering Geologists still require an MSc. A PhD is not 
necessary to practice Engineering Geology but in some circumstances can be an advantage.  

14. The Geological Society is licensed to confer the titles of Chartered Geologist (CGeol), Chartered 
Scientist and EurGeol. With suitable support and training a graduate in geology can attain chartered 
status within about 5 years. It is intended that CGeol should be the professional standard.  

15. The Engineering Group provides a training guide for graduates in progressing to chartered status and 
for their continuing professional development thereafter. The Geological Society endorses selected 
CPD (Continuing Professional Development) courses.  

16. The Engineering Group publishes the Quarterly Journal (QJEGH) and a range of ‘Special Publications’. 
The Group runs working parties whose reports have formed a valuable range of publications on 
subjects such as weathering, clay minerals, and aggregates.  

17.  In recent years there has been a reduction in the number of MSc courses for Engineering Geologists 
and those remaining are under threat because of a shortage of students and of funded places. At the 
same time industry is experiencing a severe shortage of experienced professionals. Engineering 
Geologists are have been on the Government Shortage Occupation List for work permit purposes since 
2005.  

18. The industry has had to provide training for those recruited with less than the full range of skills 
required, and for further development of existing staff. Short courses are run by employers and by 
universities and commercial organisations. Industry has found that even well qualified graduates can 
lack basic skills in numeracy, problem solving, report writing and understanding of fundamental 
principles that were once taken as read. Within their training budgets companies also provide courses in 
health and safety, quality assurance and environmental management some many also support research 
and students at universities.   
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IV. The status of geo-engineering technologies in government, industry and 
academia  

Professional Status 

19. In common with other ground specialists, Engineering Geologists are active in the earliest stages of a 
project, far removed from prestigious opening ceremonies and their endeavours are buried and 
forgotten - provided they perform adequately. There have been many unsung Engineering Geologists 
on projects such as the Channel Tunnel, Jubilee Line Extension, the Greenwich Peninsula and the 2012 
Olympic site.  

20. Ground engineers suffer from a long standing difficulty in persuading clients and others within the 
engineering profession of the need for comprehensive and robust ground investigation. If anything this 
situation is worsening with more ‘fast track’ projects putting further pressure on the investigations which 
are relatively time consuming.    

21. It seems that Engineering Geology is still not well understood even within the construction industry. 
Furthermore, the importance of ground engineering is questioned despite the fact that the majority of 
construction claims are ground related (‘unforeseen conditions’). The potential for appropriate 
geological assessment to save time and money is overlooked. This is perhaps reflected in the removal 
of government funding from degree courses particularly the vital MSc courses.  

22. Foundation and slope designs are not regulated in the UK – except in Scotland where structural 
engineers are required to sign-off building designs, including the foundations, for which they almost 
certainly lack the expertise. The Engineering Group is contributing to the formation of a register of  
geological and engineering professions who are competent to advise on ground engineering. Support of 
government agencies such as the HA and EA in specifying membership of the register for certain roles 
will be critical to the success of the register and the support of infrastructure owners such as local 
authorities, Network Rail, London Underground, BAA and ABP will also be invaluable.  

23. There has been a steady decrease in the number of MSc courses in Engineering Geology in the UK. A 
number of geology departments have closed and in some universities Engineering Geology is taught in 
geography, civil engineering or other departments, removing it from its principles in pure geology.  

24. The industry faces a skills shortfall, especially in the mid-career range, but increasingly affected by the 
reducing number of students. The situation is likely to worsen in the next 10 years as senior 
professionals retire because a reduced number of graduates entered the profession during the 
recession years of the 1980s when opportunities were limited. In  addition, a demographic downturn in 
18 year olds is due in 2010 - 2011. The result is a need to recruit Engineering Geologists from 
overseas. Although this need is likely to continue for the foreseeable future, it can only be seen as a 
short term fix. Recruitment is currently being affected by a shortage of applied geologists in countries 
such as Australia and New Zealand which encourages their nationals to stay at home, or return home, 
and has seen companies from these countries recruiting from the UK.  

 

Status of Technology and Practice  
25. Engineering Geology practice has seen a number of technological advances in recent years including:  

• improved field and laboratory testing procedures, for example in data loggers and the transfer of 
digital data   

• development of more mobile and flexible drilling equipment, primarily driven by the rail industry 
• development of insitu testing such as Cone Penetrometer Testing, for example the piezo-, seismic- 

and contamination detection cones  
• downhole logging tools and other geophysical techniques  
• developments in instrumentation and remote data retrieval  
• electronic data bases and GIS for data storage, manipulation, interpretation and presentation  
• increased use quality drilling techniques, such as triple tube core barrels advanced bits and polymer 

mud;  
• use of geo-textiles, marginal materials and recycled or ‘waste’ materials  
• the use of satellite and land based remote sensing imagery, notably for asset management    

26. Areas in which Government can assist:  
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• Planning would be improved if Planning and Policy Guidance (PPG) was applied by equally by all 
local authorities to avoid inappropriate development which is prone to climate change-related 
geohazards such as flooding, landslides, subsidence and collapse (in karstic areas)  

• Resolution of the uncertainties surrounding Soil Guideline Values for contaminants, which are 
hampering progress in the industry   

• The autonomy of Area Planning Officers and Environment Agency Officers results in inconsistencies 
that cannot be referred to a central authority.  

• Area Planning Officers and Environment Agency Officers commonly refuse to provide clear 
requirements at the early stages of projects which results in wasted time and effort.   

• The industry as well as the nation would benefit from a mandatory requirement for an adequate site 
investigation as part of applications for detailed planning approval.  

• Support for the proposed Register of Ground Engineering Professionals to ensure that ground 
engineering is carried out by those with appropriate qualifications and experience.  

 

V. Geo-engineering and engaging young people in the engineering geology profession  
27. The Schools Outreach sub-committee of the Engineering Group is developing a series of 

presentations which tie into the current Welsh Joint Education Committee (WJEC) and Oxford 
Cambridge  and RSA Examinations (OCR) curricula for A and A2 level geology courses.  These 
presentations are aimed at presenting applied geoscience as an attractive higher education opportunity 
and an exciting career prospect.  The presentations are based on four key themes, slope stability, 
transport, water and mining and energy resources. Each theme is supported and illustrated by case 
studies.  

28. This programme will be extended to GCSE level  to reach students aged 14 to 19 years. The sub-
committee is planning to recruit young Engineering Geologists to make these presentations in 
schools, adding case studies based on their own academic and industrial experience as their career 
develops.  

29. One of the Group’s members had recently published articles about her work experiences in two 
magazines aimed at school children, NCEinsite and Rockwatch.  

30. In its work to promote Geology, Engineering Geology and Applied Geoscience as educational and 
career opportunities the Engineering Group is seeking to cooperate with other organizations including: 
BGS, Earth Science Education Unit, Earth Science Teachers Association, Institute of Materials Minerals 
and Mining, OCR, Science and Engineering Ambassadors Scheme (SETNET) branch of ICE 
Ambassadors in Schools, The Geologist's Association, WJEC and the Young Geoscientists Group of 
the Geological Society 

  

VI. The role of engineering geologists in informing policy-makers and the public 
regarding the potential costs, benefits and research status of different geo-
engineering schemes  

 

31. The Geological Society speaks for the geological profession on appropriate issues such as geothermal 
energy. The Engineering Group is represented on the Ground Forum which informs policy makers on 
geo-engineering issues through the Construction Industry Council (CIC) and government via the 
Parliamentary & Scientific Committee and responses to consultation documents.  

32. Despite increasing awareness of the need to do so, the construction industry probably still fails to 
advertise its successes outside its own media. Little is made of the significant achievement of projects 
such as the Channel Tunnel while rare ‘failures’, such as the excessive movement of the Millennium 
Bridge, are widely publicised, as are the activities of those opposed to new schemes. High profile 
projects such as the 2012 Olympic development, Crossrail, the Thames Tideway Tunnel and the 
Severn Barrage provide opportunities to promote the industry’s role in regeneration, energy efficiency 
and the strategy for dealing with climate change.  

 

October 2008 
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Memorandum 24 
 

Submission from the Royal Society 
 

1 Geoengineering of the climate covers a wide range of schemes and technologies. At present 
there is no single definition that is universally accepted, although it typically refers to any large 
scale intervention or manipulation of the earth’s climate system.  Schemes can be categorised 
in two forms: 

 

2 Blocking or filtering sunlight. For example, through dispersing sulphates in the atmosphere, 
cloud seeding, or space‐based mirrors.  

 

3 Removal of CO2 from the atmosphere. For example by promoting algae blooms to increase 
oceanic carbon uptake (by fertilisation with iron or urea, or through tubes circulating deep 
ocean water); capturing of CO2 directly from the air or at the point of emission (as in carbon 
capture and storage); promoting carbon sequestration by terrestrial biological processes such 
as forestation, avoided deforestation and changes in agricultural practices. 

 

4 Apart from point source carbon capture and storage, forestation and agriculture projects, most 
of the schemes are still conceptual and need considerable research and development to 
understand the effectiveness of these various technologies as well as the feasibility. It remains 
unknown whether any of these proposed schemes will ever offer any viable solution to climate 
change. Research will also be needed to understand and evaluate the potential wider 
environmental and social impacts of these technologies and the risk of unintended 
consequences. The diversity of issues and schemes will mean a wide range of expertise 
including scientists, engineers, social scientists and economists, across a number of disciplines, 
will be required.  

 

5 Potential options for large scale engineering of the climate are slowly gaining prominence, 
both in the media and in parts of Government. The motivation for developing these schemes is 
driven by concerns about the continuing rise in atmospheric concentrations of greenhouse 
gases and the inadequate global response to cutting emissions. Furthermore, commercial 
interests are promoting some of these projects, driven by the potential to develop credits in a 
carbon market.  

 

6 At this stage, with such a wide range of potential technologies and options, many of which are 
only concepts, too little is known to be prescriptive about the role of engineering in the 
development of geoengineering. This lack of knowledge about the potential of the various 
schemes means it is too early to make any assumptions about how they will interact with other 
responses to climate change.  

 

7 Regulation will be needed for each of these various technologies and, more immediately, of 
the research needed to develop them. Decisions on research and development must be 
informed by the best available science and engineering to minimise the risks of unwanted or 
unintended environmental and social impacts.  Uncertainties about the potential for these 
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impacts have already led some international bodies, such as the Convention on Biological 
Diversity, to raise concerns about the development of geoengineering technologies.  

 

8 In response to this lack of reliable information on the topic, the Royal Society will be launching 
a major study of large scale climate engineering in October/November 2008. The working 
group, which will include scientists and engineers, will investigate the potential, feasibility and 
drawbacks of suggested geoengineering techniques. Consideration will also be given to the 
kind of regulatory framework that will be needed for the development of these technologies. 

 
 
October 2008 
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Foreword 
 
There is overwhelming scientific evidence that climate change is happening and that human 
activity is the primary cause. Global temperature has risen by about 0.8°C since 1900 and much of 
this warming is due to the human-induced increase in greenhouse gases in the atmosphere. The 
signs of warming are widespread – from melting glaciers and Arctic sea ice, to the poleward shift in 
plant and animal ranges. 

 

If emissions of greenhouse gases continue unabated, global temperatures could rise by up to 
another 6°C by the end of the century. Rising temperatures will bring changes in weather patterns, 
higher sea levels and increased frequency and intensity of extreme weather. These changes 
would, in turn, have significant impacts on biodiversity, food and water supplies, human health, 
international security and the global economy. The effects will be felt everywhere, but the impacts 
are likely to be greatest in the poorest communities, who are least able to cope with the changes 
that climate change brings. 

 

Avoiding dangerous levels of climate change is the greatest environmental challenge facing the 
world today. In order to avoid widespread and significant impacts, we must make rapid and drastic 
cuts in global greenhouse-gas emissions. To keep global temperatures below 2°C above pre-
industrial levels – the limit for avoiding dangerous climate change proposed by the European Union 
– global emissions must peak within the next decade and decrease by more than 50% compared 
to 1990 levels by 2050. This is considered to be economically and technically feasible, but the 
challenge is great and it will require concerted urgent global action.  

 

Developing and deploying methods for emissions abatement, and adapting to unavoidable change, 
are the overwhelming priorities for tackling climate change. However, some have suggested that 
climate change could, in addition, be limited or ameliorated through large-scale manipulation of the 
global environment. Such geo-engineering approaches tend, however, to raise other environmental 
risks and often suffer from significant disadvantages such as high cost, limited practicality and lack 
of political acceptability. Thus geo-engineering approaches are not an alternative to reducing 
greenhouse-gas emissions, but they cannot be totally ignored either, when we may need all the 
weapons in our armoury to fight climate change. Some geo-engineering options could, for 
example, be used to ‘buy time’ to reduce greenhouse-gas emissions if the global community was 
unable to achieve quickly enough the emissions reductions required to avoid dangerous climate 
change. 

 

As a first step, it is important that we fully understand what the possible options are and what limits 
they may have. As a result, Defra has produced this preliminary assessment of some of the more 
high-profile geo-engineering options that have been proposed so far. This assessment 
incorporates numerous comments received from scientific experts and other interested parties, and 
aims to stimulate further comment and discussion. It also offers preliminary conclusions about the 
individual schemes assessed, but it is clear that further research and analysis will be needed 
before geo-engineering techniques can even be contemplated as a policy tool to limit the scale or 
effects of climate change. 

 

I am grateful to all those who have contributed to this paper and hope that it will encourage the 
research community to consider further work on assessing the feasibility of geo-engineering as an 
additional means for mitigating climate change. 
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Professor Robert Watson 
Chief Scientific Adviser 
 
 
 
 
Executive Summary 
 
Geo-engineering, defined here as intentional large-scale manipulation of the global 
environment, has been suggested as a means of mitigating the effects of anthropogenic 
greenhouse-gas (GHG) emissions on climate, without necessarily reducing emissions.  
The topic is currently attracting significant interest. However, to date there has been 
relatively little research into the feasibility and effects of such large-scale manipulations 
and there are wide-ranging concerns about their implementation. 
 
This Defra paper is intended to provide a preliminary assessment of a number of geo-
engineering options that have been proposed so far. It is informed by comments received 
from a range of scientific experts and interested parties. The paper is not intended to be 
exhaustive, rather it aims to provide an initial foundation to stimulate comment and 
discussion. It focuses on the high profile geo-engineering schemes, rather than attempting 
to discuss all possible options. 
 
These schemes are categorised under: 1. alteration of the Earth’s radiation balance; and 
2. removal and storage of atmospheric CO2. For each option, we include: a brief over-view 
of the scheme; an outline of current understanding of its potential effectiveness, impacts, 
technical feasibility and cost; and a preliminary assessment of its strengths, weaknesses, 
opportunities and threats. Given the limited information currently available for most geo-
engineering options, the paper does not provide any quantitative assessment or 
comparison of effectiveness, economic or societal cost/benefit, or associated bio-
geophysical risks. Whilst we recognize that socio-political issues may be crucial for 
delivery of geo-engineering options, this paper does not attempt to consider them. 
 
There are large uncertainties regarding the effectiveness, impacts, technical feasibility, 
cost and risks of all the geo-engineering schemes considered and it is premature to draw 
firm conclusions on the feasibility of implementing them. We make some preliminary 
conclusions about individual schemes, however, which reflect the views of the parties 
consulted. ‘Air capture’ schemes potentially have fewer detrimental side effects than other 
options, but their effectiveness in net CO2 capture is still uncertain.  Injection of aerosols 
into the stratosphere or troposphere, surface albedo modification, ocean iron fertilisation 
and ‘air capture’ schemes have the advantage that they could be implemented gradually 
and altered relatively easily. Options involving space shades/mirrors (high risk and an 
unlikely prospect in the near term) or injection of aerosols into the stratosphere or 
troposphere, have the disadvantage that rapid climate change could result if they were 
stopped abruptly. Ocean pipes and cultivation of marine algae were considered to have 
limited feasibility. Schemes that change the Earth’s radiation balance have the 
disadvantage that they do not counter ocean acidification or other negative effects of 
increasing CO2 concentrations. The climate system and ecological impacts of most, if not 
all of the schemes considered, are currently highly uncertain and as such they would be 
associated with high environmental risks.  
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Although the priorities for tackling climate change should continue to be overwhelmingly 
focussed on emissions abatement and adaptation to unavoidable change already 
underway, we consider some further research into the feasibility of using geo-engineering 
options could be merited. If research goes ahead, we have identified a number of desk, 
field, laboratory and climate model-based studies as priorities for the research community 
to consider. 
 
 
1. Introduction 
 
This paper has been prepared by the Climate, Energy and Ozone: Science and Analysis 
Division of the Department for Environment, Food and Rural Affairs, as a preliminary 
assessment of geo-engineering options to mitigate the effects of anthropogenic 
greenhouse-gas (GHG) emissions on climate. A draft document was sent to a number of 
scientific experts and a range of interested parties in the U.K. for input and critique in 
February 2008, with the aim of developing a more detailed understanding of the various 
options19. Wherever possible, the comments received have been incorporated into this 
revised document and are referenced with a letter and a number (e.g. [A1]), where the 
letter refers to the reviewer and the number refers to a specific comment made by that 
reviewer.  
 
2. Aims 
 

Geo-engineering, defined here as intentional large-scale manipulation of the global 
environment, has been suggested as a means of mitigating the effects of anthropogenic 
greenhouse-gas emissions on climate, without necessarily reducing emissions.  
 
This paper aims to provide a preliminary assessment of a number of the geo-engineering 
schemes that have been proposed. It discusses these schemes under two main headings: 
alteration of the Earth’s radiation balance; and removal and storage of atmospheric CO2. 
For each option, it provides: a brief over-view of the scheme; an outline of the current 
understanding of its potential effectiveness, impacts, technical feasibility and cost; and a 
preliminary assessment of its main strengths, weaknesses, opportunities and threats 
(SWOT). 
 
The paper is not intended to be exhaustive, rather it aims to provide an initial foundation 
from which to stimulate comment and discussion. In particular, it focuses on high profile 
geo-engineering schemes, rather than attempting to discuss all possible options. It does 
not discuss schemes that aim to capture and store carbon dioxide (CO2) from point 
sources such as power stations (which are conventionally known as ‘Carbon Capture and 
Storage’ (CCS) options) or schemes that aim to increase the length of time that carbon 
stored in non-atmospheric reservoirs is isolated from the atmosphere (such as the addition 
of ‘biochar’ to soils20,21 [G2, Q5] or the disposal of agricultural crop waste22 in the ocean 
[M30, Q6]), because these are not routinely considered ‘geo-engineering’. In addition, due 
to the limited information that is currently available for most geo-engineering options, the 

                                            
19 Note that the scientists and interested parties consulted may not be representative of wider communities because most of 
those consulted have a specific interest in geo-engineering [cf. C6]. 
20 Read, P., 2008, Biosphere carbon stock management: addressing the threat of abrupt climate change in the next few 
decades: an editorial essay, Climatic Change, 87, 305-320 
21 See: http://www.nature.com/nature/journal/v442/n7103/full/442624a.html#B3 for more information on this scheme. 
22 Metzger, R.A., Benford, G. and Hoffert, M.I., 2002, To bury or to burn: Optimum use of crop residues to reduce atmospheric 
CO2, Climatic Change, 54(3), 369-374. 
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paper does not attempt to provide a quantitative assessment or comparison of the 
effectiveness, economic or societal cost/benefit, or bio-geophysical risk associated with 
the options considered23. Finally, while recognizing that socio-political issues (such as 
public acceptance and international political co-operation) may be critical in delivering geo-
engineering options [e.g. M3, S7, U4, X10], the paper does not address these 
considerations in any detail. 
 
3. Background 
 
Geo-engineering to address climate change is currently a high profile issue, attracting 
significant scientific and media interest, and geo-engineering of the climate has been 
discussed for some time24. Despite this, there has been relatively little research into the 
effects, technical/economic feasibility, risks or societal implications of such large-scale 
manipulations. Defra has not, so far, undertaken any research into geo-engineering; its 
limited assessments of the topic have been informed by:  
 

• the IPCC’s Fourth Assessment Report (AR4), published in November 2007, which 
concluded that geo-engineering options are largely unproven and potentially high 
risk25;  

• Defra-funded science undertaken at the Met Office Hadley Centre; and 
• informal comment from the U.K. climate science community. 

 
There are many potential concerns about the implementation of geo-engineering schemes. 
They include the fact that our understanding of the Earth system is incomplete, making it 
impossible to understand fully the potential impacts of any geo-engineering scheme [e.g. 
E1, T1]. Also, geo-engineering schemes based on changing the Earth’s radiation balance 
do not counter the other negative effects of increasing CO2 concentrations, such as ocean 
acidification (which could have significant detrimental effects, including threats to marine 
productivity and biodiversity) [e.g. C5, M2, Q7, AB1, AG4]. If implemented, many geo-
engineering schemes would also need constant maintenance to retain their effect, which 
could be extremely expensive and/or impractical [e.g. M38]; and, in the event of funding for 
maintenance ceasing to be available, the environmental implications could increase 
significantly. It is also clear that the consideration of geo-engineering options could divert 
funding, public attention, and specialist engineering expertise away from other policies and 
projects, including those aimed at reducing  greenhouse-gas emissions [e.g. R1, S4, U2]; 
and that gaining public acceptance and international agreement on geo-engineering 
schemes could be difficult [e.g. S2, S6, X10, X11]. In some cases, it is unclear how 
funding for schemes could be generated, particularly where there are significant 
uncertainties around the extent of the mitigation effect or of other environmental 
consequences, or where it is unclear how the developer of a technology would be able to 
reap an economic benefit.  
 
Despite these concerns, many of the parties we have consulted feel that further research 
into the effectiveness, impacts, technical feasibility, cost and risks of geo-engineering 
options is warranted [D1, H3, J7, Q8, Z5, AE1, AG2]. These options could offer a means of 

                                            
23 A review paper in preparation by Nem Vaughan and Tim Lenton aims to provide a quantitative comparison of the 
effectiveness (e.g. W/m2 reduction in radiative forcing on a defined timescale) and economic cost of different geo-engineering 
options [F13]. 
24 For example, Kellogg W.W. and Schneider S.H., 1974, Climate Stabilization: For Better or for Worse?, Science, 186, 1163-
1172. 
25 The IPCC AR4 concluded that "geo-engineering options, such as ocean fertilisation to remove CO2 directly from the 
atmosphere, or blocking sunlight by bringing material into the upper atmosphere, remain largely speculative and unproven, 
and with the risk of unknown side-effects". It further stated that "reliable cost estimates for these options have not been 
published". 
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‘buying time’ to reduce greenhouse-gas emissions while avoiding dangerous climate 
change (on local to global scales) [e.g. D20, AB4, AG2], and it may thus be prudent to 
carry out further research into their feasibility. It is also worth mentioning that geo-
engineering schemes could have beneficial side effects26, such as increases in agricultural 
and forest productivity due to CO2 fertilisation (in the case of schemes that do not reduce 
atmospheric CO2 concentrations) and/or increases in diffuse radiation (in the case of 
schemes that modify the properties of the atmosphere) [V1], as well as detrimental side 
effects [cf. M2].  
 
The view that more research into geo-engineering is warranted is reflected by an increase 
in the number of workshops being held on the topic. For example, the Tyndall Centre co-
hosted a meeting on geo-engineering in Cambridge in January 2004 [Q2]. NASA Ames 
Research Center and the Carnegie Institution for Science also sponsored a workshop on 
the use of solar radiation management to mitigate climate change in November 200627. 
The Harvard University Center for the Environment sponsored a climate geo-engineering 
workshop at the American Academy of Arts and Science in November 200728. There was 
also a session on the topic at the Fall Meeting of the American Geophysical Union in 
December 2007. In terms of future activity, we understand that the Tyndall Centre is 
planning a meeting in summer 2008 on Earth System Engineering [Q2] and aims to 
engage the engineering community with this issue. A meeting on geo-engineering is also 
planned for Autumn 2008 in Germany. In addition, the Royal Society is considering the 
matter and has now published a special issue of Philosophical Transactions of the Royal 
Society A, on geo-engineering29. A group (including Paul Valdes, Dan Lunt and Andy 
Ridgwell) has also been established at Bristol University to evaluate geo-engineering 
options [J7]. However, with a few exceptions which are indicated in this report, Defra does 
not regard geo-engineering as a priority for public funding for research. 
 
4. Geo-engineering approaches 
 
A number of geo-engineering options for mitigating the effects of anthropogenic 
greenhouse-gas emissions on climate have been proposed. In this paper, we consider a 
number of proposals, under two main headings: (i) alteration of the Earth’s radiation 
balance, which involves either reducing the amount of sunlight that reaches the Earth 
using space shades/mirrors, or increasing the proportion of incident sunlight that is 
reflected back into space using stratospheric aerosols, tropospheric aerosols or changes 
in the land/ocean surface; and (ii) removal and storage of atmospheric CO2, which 
involves capturing CO2 from the atmosphere through ocean fertilisation (using iron addition 
or ocean pipes), marine-algae cultivation, electrochemically-induced increases in ocean 
alkalinity or ‘air capture’ schemes (such as ‘synthetic trees’).   
 

                                            
26 This was noted by the IPCC AR4. 
27 Workshop report available at: http://event.arc.nasa.gov/main/home/reports/SolarRadiationCP.pdf 
28 Many of the participants at this meeting felt that understanding geo-engineering options warrants a significantly greater 
research effort, particularly in view of the fact that significant anthropogenic climate change has already taken place, and the 
limited progress that has been made so far in reducing greenhouse-gas emissions. A number of key concerns were also 
acknowledged by participants, however, including the risk that implementing geo-engineering schemes could curtail efforts 
by governments and industry to reduce greenhouse-gas emissions, and the fact that there are many unknown variables (for 
example, effectiveness, technical feasibility, cost) and risks associated with these approaches. See: Kintisch, E., 2007, 
“Scientists say continued warming warrants closer look at drastic fixes”, Science, 318, 1054-1055. 
29 Launder, B. and Thompson, J.M.T. (eds), Geoscale engineering to avert dangerous climate change, Theme Issue of Phil. 
Trans. R. Soc. Lond. A.  Published online 1st September 2008. Available here: 
http://publishing.royalsociety.org/index.cfm?page=1814 
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4.i. Alteration of the Earth’s radiation balance 
Schemes that involve modifying the Earth’s radiation balance aim to offset the effects of 
increasing greenhouse-gas concentrations on climate30 by reducing the amount of solar 
radiation that reaches the edge of the Earth’s atmosphere, or by reducing the fraction of 
incoming solar radiation that is absorbed by the atmosphere and/or surface (i.e. increasing 
the Earth’s albedo). These schemes would not prevent other effects of increasing 
atmospheric CO2 concentrations, such as ocean acidification [e.g. Q7, AG4] and plants 
becoming more productive (in certain conditions), which could have significant feedback-
effects on climate.  
 
A number of studies have explored the effectiveness and impacts of schemes that aim to 
alter the radiation balance of the Earth. In particular, climate models have been used to 
explore the effects of ‘dimming’ the Sun [A10, AC1], which gives an indication of the 
effects of schemes that would reduce the amount of solar radiation reaching the Earth’s 
surface (such as space shades or stratospheric aerosols). These experiments confirm that 
it would, in theory, be possible to modify the Earth’s radiation balance to offset completely 
the effects of increasing greenhouse-gas concentrations on global annual average 
temperature31. However, even if this were possible in practice, these schemes could still 
be associated with significant climate changes because: (a) the temporal and spatial 
distributions of the forcing effects of greenhouse gases on climate differ from those of 
sunlight; and (b) elevated CO2 has effects on the climate system that are not reduced by 
the geo-engineering schemes (such as increasing the water-use efficiency of terrestrial 
plants). Some modelling work indicates that the climatic changes associated with the 
schemes would be small (relative to the unperturbed world)13 [C21, Q16], but other studies 
have found more significant changes, including decreases in precipitation over vegetated 
land surfaces (particularly in the tropics), a decrease in the meridional temperature 
gradient, a decrease in Arctic sea ice extent, and a decrease in the amplitude of the El 
Niño/Southern Oscillation (ENSO)32,33,34. 
 
Modelling work has shown that temperature would respond rapidly if these options were 
implemented quickly15 [A6, B9], so there may be little harm in delaying their deployment 
until ‘dangerous’ climate change is imminent. If they were stopped abruptly, however, 
either due to failure or policy decisions, rapid climate change could result because the 
‘masking’ effect of geo-engineering would be removed35 [B1, B9, F9, AB3]. Such rapid 
climate change could have severe impacts on both human and environmental systems15.  
 

4.i.a. Space shades / mirrors 

There are a number of proposals that aim to mitigate climate change by reducing the 
amount of solar radiation reaching the Earth’s atmosphere using space shades or mirrors. 
                                            
30 Greenhouse gases increase atmospheric and surface temperatures by decreasing the amount of outgoing long-wave 
radiation that leaves the atmosphere. 
31 Govindasamy, B. and Caldeira, K., 2000, Geoengineering Earth’s Radiation Balance to Mitigate CO2-Induced Climate Change, 
Geophysical Research Letters, 27, 2141-2144 
32 Govindasamy, B., Caldeira, K. and Duffy, P.B., 2003, Geoengineering Earth's radiation balance to mitigate climate change 
from a quadrupling of CO2, Global and Planetary Change, 37, 157-168. 
33 Matthews H.D. and Caldeira K., 2007, Transient climate-carbon simulations of planetary geoengineering, PNAS 104, 24 , 
9949-9953. 
34 Lunt, D.J., Ridgwell, A. , Valdes, P.J. and Seale, A., submitted, “Sunshade World”: a fully coupled GCM evaluation of the 
climatic impacts of geoengineering. 
35 One study (ref. 14) found that if a geo-engineering scheme that decreased incoming sunlight to compensate for the increase in 
radiative forcing according to the A2 emissions scenario was put in place in 2000 and failed in 2075, warming rates 20-times greater 
than the current rate occurred after failure. The warming rate was 10-times greater than the current rate if the scheme was in place 
under the same conditions but failed in 2025 [cf. B4, B9]. 
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These usually involve injecting material into the L1 Lagrange point, which lies 1.5 million 
kilometres away from the Earth towards the Sun [L1, O2, Q11]. Some of the proposals 
involve the injection of material into space from Earth (which would require significant 
amounts of energy), while others suggest that space-based resources (from the Moon or 
asteroids) could be used to obtain the materials, process them and inject them into the 
desired position (the rationale being that the energy required to mine, manufacture and 
launch from the Moon would be much less than on Earth, although these proposals are 
beyond current space engineering experience and are unlikely to be achievable in the 
foreseeable future) [L1].  
 
These options would be expensive to implement and might be difficult to modify or 
remove. Once in space, however, they might be relatively cheap to operate and maintain 
(compared to other geo-engineering options) — although it is worth noting that material 
placed at the L1 Lagrange point would need active control and management to prevent it 
drifting sideways [Q11], as well as being susceptible to damage by meteoroids/space 
debris [O2] and degradation over time [F3]. Significantly more work is required to assess 
the practicalities (including deployment and maintenance requirements, cost etc.) of these 
options, and it appears to us that they are not near-term solutions.  
 
It has been suggested that some of these schemes could be coupled with solar power 
generation, which might improve their cost-efficiency and provide an alternative to carbon-
based fuels [AC2]36. Specifically, space shields could be partially covered with solar cells 
to generate electricity for terrestrial use (~1.4 MW of solar energy would be incident on 
each square kilometre of shield [L2]). The efficiency of collecting solar energy and 
beaming it to Earth (for example, by microwave) would be low (probably ~10% at best) 
and the cost would be high [L2, O1], but it has been suggested that this means of 
simultaneously generating electricity and reducing the amount of solar energy received by 
the Earth might be worth closer examination [L2].  
 
Two proposals involving space shades/mirrors are: 
 
Reflective mesh — A superfine reflective mesh of aluminium threads ~25 nanometres 
thick could be positioned between the Earth and the Sun to reduce the amount of sunlight 
that reaches the Earth (it has been estimated that a 1% reduction in solar radiation would 
require ~1.5 million km2 of ‘mesh’ mirrors). 
 
Orbital ‘sunshades’37 — Trillions of thin, almost transparent disks ~50 centimetres in 
diameter could be launched from Earth to near the L1 Lagrange point to shade the Earth. 
It has been calculated that this scheme would reduce the amount of solar radiation 
reaching the Earth by ~1.8%. The proponent of the scheme estimates that it could feasibly 
be developed and deployed within about 25 years, at a cost of several trillion U.S. 
dollars19.  
 

Preliminary SWOT analysis – Space shades / mirrors 
Strengths: 
• Potentially a long-term solution 
• Potentially low maintenance  

Weaknesses: 
• Potentially expensive to deploy  
• Potentially energy-intensive to deploy 

                                            
36 Defra understands that this option is currently being investigated in the United States [AC2]. 
37 Angel, R ., 2006, Feasibility of cooling the Earth with a cloud of small spacecraft near the inner Lagrange point (L1), PNAS, 203, 
17184 – 17189. 
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• Rapid cooling effect if deployed quickly 
[A6] 

 

• Potentially difficult to modify or remove 
[M9] 

• Technology needs to be developed 
• Probably long timescale to implement 
• Susceptible to impact damage from 

meteoroids/space debris [O2]  
• No CO2 mitigation 

Opportunities: 
• Development of new technology 
• Use climate models to assess potential 

Threats: 
• Uncertain climate system impacts 
• Uncertain ecological impacts 
• Could add to space debris, potentially 

threatening satellites [M9] 
• Failure could lead to rapid temperature 

rise/climate change 
• Ocean acidification (via increased CO2) 

 

4.i.b. Stratospheric aerosols 

This technique aims to cool the Earth’s troposphere and surface by increasing the 
backscattering of radiation in the stratosphere (which increases planetary albedo) using 
airborne sub-microscopic particles such as sulphate, metals, dielectrics, resonant 
scatterers or dust [A12]. These aerosol particles would be created by releasing aerosol 
precursors into the stratosphere. This could be done by: releasing precursors at the 
Earth’s surface and allowing them to be carried into the stratosphere; firing them into the 
stratosphere from the Earth’s surface; or delivering them into the stratosphere using high-
altitude balloons or aircraft [B2] (possibly by addition to aviation fuel, which could reduce 
the cost of delivery [Q15]). Injection could either take place in the tropics (with the aim of 
obtaining global coverage) or in the Arctic (with the aim of reducing warming in this region, 
which is particularly vulnerable to anthropogenic climate change). 
 
There are a number of uncertainties about the potential impacts of these schemes on the 
environment38,39. In particular, the effects of stratospheric aerosols on the climate system 
are not fully understood [AD4] — although they are known to affect circulation patterns, 
stratospheric ozone concentrations (which affect climate) [AD2] and upper tropospheric 
cloud formation (a particular concern is that these schemes could increase the cover of 
high cirrus clouds in the tropics, which could increase warming). Changes observed after 
volcanic eruptions (which can inject aerosols into the stratosphere) suggest that the 
climatic response to stratospheric aerosol forcing is regionally variable [AD3]. In particular, 
they indicate that there may be significant decreases in precipitation over land40 (which 
could lead to drought) and changes in the North Atlantic Oscillation (which could lead to 
warmer winters over Eurasia) [B6]. The potential impact of the schemes on ecosystems 
also remains uncertain, but aerosols can affect photosynthesis by increasing the amount 
of diffuse solar radiation and decreasing the amount of direct solar radiation [A14] and can 
cause environmental pollution.  
                                            
38 Professor Ken Carslaw, University of Leeds, is working to assess the impact of changes in lower stratospheric composition on the 
climate system (project entitled ‘The lower stratosphere: interactions with the tropospheric chemistry/climate system’ - Ref: 
NE/E017150/1). This project will use the UKCA model to — amongst other things — explore the scientific implications of geo-
engineering schemes based on stratospheric aerosols, including the potential contribution of sulphate aerosols to acid rain [AD5]. 
39 We understand that Alan Robock (Rutgers University) and colleagues have received an NSF grant to evaluate the efficacy and 
possible consequences of geo-engineering proposals involving the injection of aerosol particles into the stratosphere. 
40 Trenberth K.E. & Dai A., 2007, Effects of Mount Pinatubo volcanic eruption on the hydrological cycle as an analog of geoengineering, 
Geophysical Research Letters, 34, doi:10.1029/2007GL030534 
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Sulphate aerosols — The most widely-discussed proposal in this category involves the 
injection of sulphate aerosols into the stratosphere41. It has been estimated that this 
scheme would require ~1.5 to 3 teragrams of sulphur to be added to the stratosphere each 
year to counter the effects of a doubling of CO2 levels42, although another study suggested 
that ~5 teragrams of sulphur per year might be needed to mitigate future warming43 [cf. B3, 
F4]. The aerosols could be produced: either by injecting sulphur dioxide into the 
stratosphere, where it would be converted into sulphuric acid droplets; or by releasing 
long-lived sulphur compounds such as carbonyl sulphide (OCS) at the surface [AD1]. 
Unlike in the troposphere, sulphate aerosols in the stratosphere do not get washed out 
within a few weeks, but have a residence time of ~1 to 2 years23. Consequently, they are 
transported further in the stratosphere than in the troposphere and thus have greater 
coverage of the globe, particularly if they are injected at the tropics [C27]. It might, 
however, be difficult to produce a spatially-uniform change in the radiative properties of the 
stratosphere using the methods of aerosol-precursor delivery that have been proposed44. 
 
Under this option, if greenhouse-gas concentrations continued to rise, increasing 
quantities of sulphur would need to be injected continuously into the stratosphere to 
mitigate temperature change, which may not be sustainable in the long term. Also — as 
noted above — if failure occurred, rapid climate change could result45. The climatic 
impacts of the scheme also remain uncertain. A study that simulated the injection of 
sulphate-aerosol precursors into the stratosphere using a General Circulation Model found 
that injection at the tropics produced sustained cooling over most of the world, but also 
disrupted the Asian and African summer monsoons, with detrimental effects on food 
supply27. The scheme could also lead to significant reductions in stratospheric ozone 
concentration (particularly in the Arctic)9. An additional risk is that aerosols would be 
washed out of the atmosphere, causing acid rain [AD5]. The effect of fallout over a few 
decades is likely to be small compared to the impacts of acid rain in the recent past 
[C32], but the magnitude of this effect still needs to be quantified [AD5].  
 
 Preliminary SWOT analysis – Stratospheric aerosols 
Strengths: 
• Potentially short timescale to 

implement 
• Potentially rapid cooling effect14 [A6] 
• Easy to modify or reverse46 
 

Weaknesses: 
• Continuous implementation required 

until GHG emissions are reduced 
• Probably regionally variable effects on 

climate 
• No CO2 mitigation 

Opportunities: 
• Use climate models to assess potential 
 

Threats: 
• Uncertain climate system impacts 
• Uncertain ecological impacts 
• Fallout may contribute to acid rain 

                                            
41 Crutzen P., 2006, Albedo Enhancement by Stratospheric Sulfur Injections: A Contribution to Resolve a Policy Dilemma?, Climatic 
Change, 77, 211-219. 
42 Rasch, P.J., Crutzen, P.J., and Coleman, D.B., 2008, Exploring the geoengineering of climate using stratospheric sulfate aerosols: 
The role of particle size, Geophysical Research Letters, 35, doi:10.1029/2007GL032179. 
43 Wigley, T.M.L., 2006, A Combined Mitigation/Geo-engineering Approach to Climate Stabilization, Science, 314, 452-454. 
44 Brewer, P., 2007, Evaluating a technological fix for climate, PNAS, 104, 9915-9916 
45 Robock, A., Oman, L., and Stenchikov G., Submitted to JGR, Regional Climate Responses to Geoengineering with Tropical and 
Arctic SO2 Injections. Available at: http://climate.envsci.rutgers.edu/pdf/GeoengineeringJGR7.pdf   
46 Dickinson, R., 1996, Climate engineering a review of aerosol approaches to changing the global energy balance, Climatic Change, 
33, 279-290. 
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(sulphate aerosols) [AD5]  
• Uncertain effects on stratospheric 

ozone  
• Failure to maintain could lead to rapid 

temperature rise/climate change 
• Ocean acidification (via increased CO2) 

 

4.i.c. Tropospheric aerosols 

Seawater spray — Professor Stephen Salter47 has suggested that the albedo of low-level 
clouds could be increased by spraying seawater into the troposphere [A18, D8]. The 
scheme would involve seeding low-level marine stratocumulus clouds with droplets of 
seawater ~1 micrometer in diameter using special spray generators floating on the sea 
surface. These droplets would act as cloud condensation nuclei and thereby increase the 
number of water droplets in the clouds, which would in turn increase their albedo [A18]. As 
seawater droplets pumped into the atmosphere would only remain there for a few days, 
continuous aerosol production would need to be maintained until reductions in 
greenhouse-gas concentrations were achieved. Correspondingly, however, the short 
residence time of the droplets means that this option could be ‘turned off’ rapidly [D6, D22, 
H9, M12, P2].  
 
It has been suggested that this technique could counter the warming effect of a doubling of 
the atmospheric concentration of CO2 [cf. D9], but there are uncertainties regarding the 
extent to which such an adjustment of cloud properties could offset greenhouse gas-
induced warming, and about how localised the cooling effect would be. These 
uncertainties could be explored further using climate models [A21, A22].  
 
The potential side-effects of the technique also remain uncertain. There could be a 
decrease in rainfall at sea due to the decrease in the average size of water droplets in the 
clouds affected, but this effect might also lead to more rainfall over land [D19]. The 
scheme might also change the spatial pattern of radiative heating (due to the fact that it 
can only be implemented in certain regions). In particular, it could increase the contrast 
between land and sea temperatures. The technique might also cause sea salt to crystallise 
in the atmosphere in regions without clouds, which could allow chemical reactions that 
release reactive halogens (such as bromine) to occur on the crystal surfaces, potentially 
reducing ozone concentrations in the troposphere and possibly even the stratosphere 
[AD6]. It is also possible that some of the sea salt would be deposited via rainfall over 
land, increasing salt input to terrestrial ecosystems [AD7].  
 
Attempts have been made to assess the cost and technological requirements of this 
option, and it has been claimed that they are relatively low [cf. D21, D31]. More work is 
required, however, to fully assess the practicalities of the scheme (including cost, 
structure, safety and maintenance). In particular, it remains uncertain whether aerosols 
could be generated in the quantities required to affect global temperature using available 
technology and at a reasonable cost [Q18, R3]. 
 

Preliminary SWOT analysis – Tropospheric aerosols 

                                            
47 See papers in: http://www.see.ed.ac.uk/~shs/Global%20warming/Albedo%20control/ 
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Strengths: 
• Easy to modify or reverse [D6, D22, 

H9, M12, P2] 
• Potentially simple technology  
• Potential for flexible, targeted 

geographical use [cf. A23] 

Weaknesses: 
• Effectiveness uncertain 
• May be of limited geographical scope 
• Continuous implementation required until 

GHG emissions are reduced [D24, M12] 
• No CO2 mitigation  

Opportunities: 
• Use climate models and field studies to 

assess potential  
• Potential to learn about cloud/aerosol 

effects and processes [D15, P3] 
 

Threats: 
• Uncertain climate system impacts 
• Uncertain ecological impacts 
• Failure to maintain could lead to rapid 

temperature rise/climate change 
• Ocean acidification (via increased CO2) 

 

4.i.d. Surface albedo 

Changes in the albedo of the Earth’s surface can affect climate by changing the energy 
budget of the lower atmosphere48 and it has been proposed that land and/or ocean albedo 
could be increased to mitigate climate change. It is unlikely that such schemes could have 
a significant effect on climate at the global scale (partly because even modest global 
warming is expected to lead to significant loss of sea ice and snow cover — which will 
significantly decrease surface albedo — and it would be difficult for these schemes even to 
‘keep up’ with these changes [M14]). They may, however, be useful in mitigating the 
effects of anthropogenic climate change at local to regional scales. The potential effects of 
these schemes on climate could be explored using field studies and climate models [A24].   
 
Several options for changing land cover to enhance surface albedo are discussed below. 
Schemes aimed at increasing the albedo of the ocean surface — including the deployment 
of floating reflective objects such as white plastic tiles [M15] — are not explored in detail 
here, due to the limited information that is available about them. 
 
Albedo of artificial surfaces — By deploying highly reflective white cement and titanium-
oxide-based paints and films on surfaces in urban areas in the United States, several 
studies have demonstrated that baseline urban albedo can be increased by 100% or more, 
depending on the specific land cover mix49. Furthermore, it has been estimated50 that 
doubling the albedo (from 0.15 — a typical urban value — to 0.3) of all ‘artificial’ surfaces 
in human settlements using this ‘whitening’ process would decrease the annual global 
average radiative forcing by 0.17 W m-2 (which is ~10% of the radiative forcing caused by 
the increase in CO2 concentration between 1750 and 2005). ‘Whitening’ would be cheap to 
implement, but the surfaces would require regular cleaning to maintain their albedo51 and 
the aesthetic impact would be significant if implemented on a large scale. On a smaller 
scale, the roofs of buildings could also be covered with vegetation (so-called ‘green roofs’), 
                                            
48 For example, regional-scale replacement of natural forests by agricultural crops in the continental United States over the past two 
centuries has significantly increased surface albedo and reduced radiative forcing of the climate (Bonan G.B., 1997, Effects of land use 
on the climate of the United States, Climatic Change, 37, 449-486). It has also been shown that large-scale boreal and temperate 
afforestation programmes could be associated with increased radiative forcing arising from decreases in surface albedo, which could 
offset the carbon sequestration effects that underpin such programmes (Betts R., 2000, Offset of the potential carbon sink from boreal 
forestation by decreases in surface albedo, Nature, 408, 187-190).  
49 Taha, H., 2005, Urban surface modification as a potential ozone air-quality improvement strategy in California – Phase one: 
Initial mesoscale modelling, Public interest energy research program, Report CEC-500-2005-128, Sacramento, CA, California 
Energy Commission. 
50 Hamwey, R., 2007, Active amplification of the terrestrial albedo to mitigate climate change – An exploratory study, Mitigation 
and Adaptation Strategies for Global Change, 12(4), 419-439. 
51 Bretz, S. and Pon, P., 1994, Durability of High Albedo Coatings, Recent Research in the Building Energy Analysis Group at Lawrence 
Berkeley Laboratory, Issue #5, http://eetd.lbl.gov/Buildings/RResearch/Albedo.html. 



 

Page 137 of 146 

which would cool surfaces by increasing both albedo (compared to standard materials) 
and latent heat loss52. Field experiments have shown that green roof surfaces can reduce 
peak surface-temperatures by more than 30ºC compared to dark impervious surfaces, and 
energy balance modelling indicates that ‘green roofs’ are as effective at cooling as the 
brightest possible ‘white roofs’34 Green roofs might be more visually acceptable than white 
surfaces, but they would probably be more expensive to implement and would also require 
regular maintenance34. They do, however, have other environmental benefits, such as 
increasing biodiversity and helping to control rainfall runoff and, unlike most other options, 
are well understood and deployable now.   
 
Albedo of ‘natural’ surfaces — The amount and/or type of vegetation cover could be 
changed to increase planetary albedo. For example, crops bred or genetically modified to 
produce extra-hairy leaves reflect more near-infrared wavelengths back into space than 
non-hairy strains. Super-hairy strains of soya that reflect 3 to 5% more sunlight than 
conventional strains have already been bred53 (although the effect of growing these strains 
on crop yields also needs to be considered [cf. A25]). It has been estimated32 that 
increasing the surface albedo of all grasslands (which currently cover ~30% of the land 
surface) by 25% would decrease the annual global average radiative forcing by 0.59 W m-2 
(which is ~37% of the radiative forcing caused by the increase in CO2  concentration 
between 1750 and 2005). This value is high because a large proportion of the land surface 
is occupied by grasslands, but only a fraction of this area could feasibly be modified, so 
the maximum effect is likely to be significantly smaller in practice.  
 
The albedo of natural surfaces could also be changed using artificial materials. It has been 
suggested, for example, that a large area of one or more of the Earth’s deserts could be 
covered with white material (such as plastic polyethylene film). It has been estimated54 that 
~170,000 km2 of land per year would need to be covered with a material with an albedo of 
~0.8 to mitigate the effects of greenhouse-gas emissions over the next ~60 years 
(assuming no significant reduction in emissions), which would result in a total covered area 
of ~10 million km2 (an area approximately 40-times the size of the United Kingdom). The 
same source suggests that this scheme could be implemented at a total cost of ~16 trillion 
U.S. dollars. There are a number of limitations and risks associated with this scheme. It 
could have serious detrimental effects on desert ecosystems and would reduce dust 
production, which could affect climate and harm marine ecosystems (because dust acts as 
an important source of nutrients in some areas). The cover would also be difficult to install 
and maintain (it would need to be repaired and cleaned, and replaced every 2 to 3 years if 
currently-available materials were used).  
 
Preliminary SWOT analysis – Land surface albedo  
Strengths: 
• Potentially easy to implement  
• Potentially relatively low cost 

(compared to other options) 
• Technologically feasible 
• Easy to modify or reverse [M14] 

Weaknesses: 
• Probably limited effect on global climate 

(limited geographical scope) 
• No CO2 mitigation 

Opportunities: 
• New plant modifications 
• New surface material development 

Threats: 
• Uncertain climate system impacts 

(particularly on regional scale) 

                                            
52 http://www.roofmeadow.com/technical/publications/GaffinetalPaperDC-0009.pdf 
53 New Scientist, 5 January 2008, p12. 
54 http://www.global-warming-geo-engineering.org/Albedo-Enhancement/Introduction/ag1.html 
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• Use climate models and field studies to 
assess potential 

• Potential impacts on the biosphere in the 
case of changing amount/type of 
vegetation and covering desert areas [I3] 

• Ocean acidification (via increased CO2) 
[A27, Y2] 

4.ii. Removal and storage of atmospheric CO2 
Schemes to remove and store atmospheric CO2 aim to mitigate the effects of increasing 
greenhouse-gas concentrations on climate directly55. They may also have the benefit of 
directly tackling other effects of increasing atmospheric CO2 concentrations, such as 
ocean acidification [M16].  

 

4.ii.a. Ocean fertilisation  

Ocean fertilisation involves the addition of nutrients to the surface ocean to stimulate 
phytoplankton blooms. The phytoplankton take up CO2 and fix it into biomass. When they 
die some of this ‘captured’ carbon sinks into the deep ocean, where it can remain isolated 
from the atmosphere for centuries [cf. X2]. As well as capturing CO2, it is possible that 
ocean fertilisation could, as a secondary benefit, produce dimethyl sulphide (although this 
depends on which algae are favoured by the extra nutrients), which might increase the 
albedo of low-level clouds over tropical oceans by providing a source of cloud 
condensation nuclei [X4] (cf. ref. 56). This secondary effect is likely to be very small [M26], 
however, and if it does occur it is likely that it would often be associated with the release of 
carbon (through viral lysis and zooplankton grazing), which would counter the potential 
benefits [K4].  
 
A number of different ocean fertilisation schemes have been proposed. These can be 
divided into: those that involve the addition of nutrients from outside the ocean (for 
example, supplying fertiliser — either in the form of ‘waste’ nutrients such as sewage or in 
the form of fertiliser manufactured for the purpose57 — from land to the ocean through 
pipes); and those that involve the redistribution of nutrients within the ocean (for example, 
ocean pipes).  
 
Ocean iron fertilisation 
Addition of soluble iron to the surface ocean is the most widely-considered option for 
ocean fertilisation. Small amounts of soluble iron are critical for supporting phytoplankton 
growth, and the supply of this micro-nutrient limits production in about a third of the 
ocean58 (including the Southern Ocean and parts of the Pacific), where the concentrations 
of unused macro-nutrients (nitrate, phosphate and silicate) are perennially high. The 
addition of iron to these areas — the so-called 'High Nitrogen, Low Chlorophyll' regions — 
could thus increase productivity and draw down atmospheric CO2 as described above [X3, 
M38]. 
 

                                            
55 Interest in these schemes has been prompted recently by the $25 million Virgin Earth Challenge prize, announced in February 
2007, for “a commercially viable design which results in the removal of anthropogenic atmospheric greenhouse gases so as to 
contribute materially to the stability of Earth’s climate”, see: http://www.virginearth.com/. 
56 Charlson, R. J., Lovelock, J. E., Andreae, M. O. and Warren, S. G., 1987, Oceanic phytoplankton, atmospheric sulphur, cloud albedo 
and climate. Nature, 326, 655-661. 
57 Commercial exploitation of ocean fertilisation through the addition of macro-nutrients from the land to the ocean has been developed 
by Ocean NourishmentTM (www.oceanourishment.com), which plans to manufacture fertilizer (specifically, urea) that would be piped to 
the shelf edge. 
58 Boyd et al., 2007, Mesoscale Iron Enrichment Experiments 1993-2005: Synthesis and Future Directions, Science, 315, 612-
617. 
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The efficiency with which ocean iron fertilisation sequesters atmospheric CO2 to the deep 
sea remains uncertain59, but field programmes and modelling studies indicate that it is 
likely to be low40,41 because a large proportion of the CO2 taken up by marine 
phytoplankton appears to be returned to the atmosphere through remineralisation in 
surface waters before it is exported to the deep ocean [K2, M20, Q20, R5]. It should also 
be noted that there is a theoretical upper limit to the amount of CO2 that could be removed 
from the atmosphere using iron fertilisation, which is determined by the factors that limit 
biological production after iron is added (for example, the supply of macro-nutrients or 
light), as well as the fact that the use of macro-nutrients in fertilised areas could decrease 
macro-nutrient availability elsewhere, decreasing CO2-drawdown in these regions [M38, 
M39]. A study using a global ocean biogeochemical model found that the maximum effect 
of ocean iron fertilisation on atmospheric CO2 concentration (assuming massive, 
continuous addition of iron to the entire ocean) would be a ~30 ppm reduction over 100 
years (which is ~32% of the increase in atmospheric CO2 concentration that took place 
between 1750 and 2005)60 [M19, M38, M39].  
 
Iron fertilisation would also have to be maintained continuously to have a lasting effect 
(and, correspondingly, there would be an increase in atmospheric CO2 concentration if it 
was stopped) because any carbon sequestered by ocean fertilisation would be returned to 
the atmosphere quite rapidly42 [M21]. Furthermore, the process could have significant 
biogeochemical and ecological impacts (including oxygen depletion of the intermediate 
and/or deep ocean, altered trace gas emissions, changes in biodiversity, and decreased 
productivity in other oceanic regions)41,42 [K13, Q21, Q36].   
 
More work is required to explore the potential and risks of ocean iron fertilisation, and a 
group of scientists recently suggested a number of research programs that could 
contribute to this goal41 (note that NERC supports work on this topic and there is 
appropriate U.K. expertise for additional investigations61). Despite the uncertainties 
associated with this option, at least one company (Climos, www.climos.com) is seeking to 
develop commercial ocean iron fertilisation with the aim of generating carbon credits. 
Planktos (www.planktos.com), another company that was exploring this option, recently 
announced that it has indefinitely postponed its ocean iron fertilisation project because it 
was unable to raise sufficient funds  [H11, K1]. 
 
Preliminary SWOT analysis – Ocean iron fertilisation 
Strengths: 
• Potentially relatively cheap 

(compared to other options)62 
• Technologically feasible 
• Easy to modify or stop 
• CO2 sequestration  

Weaknesses: 
• Efficiency likely to be low [K2, M20, Q20, 

R5] 
• Carbon stored is eventually released 

[M21] 
• Risk of violating international marine 

agreements/regulations, e.g. London 
                                            
59 Buesseler et al., 2008, Ocean Fertilisation – Moving Forward in a Sea of Uncertainty. Science, 319, 162. 
60 Aumont, O. and Bopp, L., 2006, Globalizing results from ocean in situ iron fertilisation studies. Global Biogeochemical 
Cycles 20, GB2017, doi:10.1029/2005GB002591. 
61 Current NERC-funded research in this area includes the U.K. contribution to the Surface-Ocean/Lower Atmosphere Study 
(SOLAS), http://www.nerc.ac.uk/research/programmes/solas/. The SOLAS Scientific Steering Committee produced a position 
statement that expressed concern about prospective large scale ocean fertilisation (available at: 
http://www.uea.ac.uk/pipermail/solas.info/2007/000066.html). Although UK SOLAS is not directly involved in geo-
engineering, there is indirect UK SOLAS interest in the topic, with studies on relevant natural processes — specifically, 
the effects of natural dust inputs on marine productivity. NERC also supports the Oceans 2025 work, 
http://www.oceans2025.org/researchthemes.php, which includes the study of biogeochemical processes and 
hydrodynamic modelling relevant to iron fertilisation and other marine geo-engineering options.  
62 Buesseler, K.O. and Boyd, P.W., 2003, Will Ocean Fertilisation Work? Science, 300, 67-68. 
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• Reduces ocean acidification Convention/Protocol on wastes (although 
this may be a less significant problem if 
the schemes are shown to be useful and 
not harmful [H16]) 

• Difficult to control effects [K12] 
Opportunities: 
• Use climate models and field studies to 

assess potential  
• Research on marine ecosystems and 

carbon cycle 

Threats: 
• Potential risks to marine ecosystems 

[K13, Q21] 
• Potential increase in nitrous oxide (GHG) 

emissions 
 
Ocean pipes 
Recently publicised in the scientific press63 and media, this proposal involves pumping 
nutrient-rich water from 100 to 200 metres-deep to the surface layer using floating pipes 
fitted with valves64. It is thought that this might stimulate phytoplankton blooms in nutrient-
poor surface layers, which would capture carbon in the same way as ocean iron 
fertilisation. It is also possible that the process would have a direct cooling effect, as cold 
water is transported from the deep ocean to the surface [X6].  
 
The efficiency of this proposal remains uncertain [K9, Y3], but it is widely thought that it 
would be low or negligible [cf. J4, M29, Q20]. Specifically: (a) it is uncertain whether the 
nutrients that are up-welled would have a fertilizing effect [C38]; (b) it is likely that only a 
small proportion of any organic carbon produced would be exported to the deep ocean 
(see above); and (c) any carbon export that does occur could be fully offset by CO2 flux 
from up-welled water to the atmosphere, due to the high concentration of dissolved CO2 in 
the water [M23, M29, Y3] (this effect could also increase surface ocean acidification [Y3]). 
In addition, even if the process were efficient, it would require a very large number of pipes 
(probably millions [K9, X7]) to have a significant effect on atmospheric CO2 
concentrations, and these would potentially pose a significant hazard to both shipping and 
marine life (which could become entangled or collide with the structures or their buoys, 
mooring lines etc.) [X7].  

                                            
63 Lovelock, J.E. and Rapley, C.G., 2007, Ocean pipes could help the Earth cure itself, Nature, 449, 403.  
64 An American company, Atmocean (www.atmocean.com), proposed a similar concept before the recent publicity [X5].  
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Preliminary SWOT analysis – Ocean pipes 
Strengths: 
• Potentially relatively cheap 

(compared to other options) 
• Technologically feasible 
• Low maintenance 
• CO2 sequestration 
• Reduces ocean acidification 

Weaknesses: 
• Efficiency likely to be low/negligible [J4, 

M29, Q20]  
• Carbon stored is eventually released [cf. 

M21] 
• Pipes may be prone to drift  
 

Opportunities: 
• Use climate models and field studies to 

assess potential  
• Research on marine ecosystems and 

carbon cycle 

Threats: 
• Could increase atmospheric CO2 and/or 

acidify upwelling areas [Y3, Y5]  
• Potential risks to marine ecosystems 

[Q21] 
• Large number/distribution of pipes (would 

probably need millions) may be threat to 
shipping or vice versa [X7] 

 

4.ii.b. Cultivation and storage of marine algae 

Bulk cultivation and storage of marine algae could theoretically be used to reduce the 
atmospheric concentration of CO2. Algae can be cultured using nutrient concentrations 
many times (~100) higher than those available in the natural environment, and it has been 
estimated that ponds ~1 metre deep covering ~0.1% of the land surface area could 
remove ~1 GtC yr-1 from the atmosphere [Q28] (which is ~24% of the average annual 
increase in atmospheric CO2 concentration between 2000 and 2005).  
 
Work has already been carried out on the cultivation of marine algae (mainly for biofuel 
production). Shell/HR Petroleum are developing a pilot plant for biofuel production in 
Hawaii65 and Plymouth Marine Laboratory has developed a small-scale photobioreactor66, 
for example. It remains unclear, however, whether algal biomass could be stored in 
sufficient quantities to significantly affect atmospheric CO2 concentrations,  mainly 
because there would be practical problems associated with its storage (including 
preventing its decomposition) [cf. A38]. It has been suggested that some of the carbon 
‘captured’ by the algae could be stored in ‘bioplastics’ generated from chemicals 
synthesised by the algae [I8], or that small-scale storage could be combined with other 
activities (such as biofuel production) [cf. M37]. These options seem more feasible than 
bulk storage of algal material [cf. Z2], but they have not been explored in detail.  

                                            
65 See www.webwire.com/ViewPressRel.asp?aId=54866 for a press release on this scheme 
66 This is currently displayed at the Science Museum, see the following links for further details: 
http://www.nerc.ac.uk/research/highlights/2007/algae.asp, and 
http://www.pml.ac.uk/data/files/Biofuel%20Exhibition_Oct07.pdf 
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Preliminary SWOT analysis – Cultivation and storage of marine algae 
Strengths: 
• CO2 sequestration  
• Reduces ocean acidification 
• Technology for cultivation available 
• Easy to modify or stop 

Weaknesses: 
• Storage may be impractical and/or 

expensive 
• Probably limited scale 
• High initial costs of establishing facilities 

[K13] 
Opportunities: 
• Combine with biofuel and/or 

petrochemical feedstock [I8] 
production  

Threats: 
  

 

4.ii.c. Electrochemical increase of ocean alkalinity 

A scheme has been proposed to increase the amount of atmospheric CO2 absorbed by 
the ocean by increasing the alkalinity of seawater using an electrochemical reaction67,68. 
Specifically, it has been proposed that chlorine and hydrogen gas could be removed from 
seawater by passing an electric current through it. This would increase the alkalinity of the 
ocean by producing sodium hydroxide, and would thereby increase CO2 absorption from 
the atmosphere. The chlorine and hydrogen produced could be combined in fuel cells to 
form strong hydrochloric acid, which could be neutralized by reacting it with silicate rocks, 
and then returned to the sea. It has been suggested that the process could be powered 
using energy sources that are too remote to be useful for other purposes, such as solar 
and geothermal power49 [M34], possibly in locations such as mid-ocean volcanic islands, 
where there would also be a supply of basic rocks69. 
 
This proposal would require further investigation, however, to determine whether the 
energy inputs required would have the net effect of increasing, not decreasing, 
atmospheric CO2. It might also be more efficient to instead use the geothermal or solar 
energy directly, as an alternative to carbon-based fuels — although this would depend on 
whether the energy source was available where it could be used and on whether it was 
fully exploited (i.e. if there was more energy available than could be used directly, it could 
be used for this process) [Q33]. The practicalities of the scheme (including cost, 
technology etc.) also require further investigation. Finally, the scheme could have 
detrimental impacts on the marine environment, because the basic solution produced 
around the treatment plants could contain chlorinated by-products, which could harm sea 
life50.  

                                            
67 House, K.Z., House, C.H., Schrag, D.P., and Aziz, M.J., 2007, Electrochemical Acceleration of Chemical Weathering as an 
Energetically Feasible Approach to Mitigating Anthropogenic Climate Change, Environ. Sci. Technol., 41 (24), 8464–8470.  
68 See: http://pubs.acs.org/subscribe/journals/esthag-w/2007/nov/science/ee_mitigate.html 
69 Shepherd, J., 2008, Journal Club, Nature, 451, 749 
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Preliminary SWOT analysis – Electrochemical increase of ocean alkalinity 
Strengths: 
• CO2 sequestration  
• Reduces ocean acidification 
• Large-scale availability of materials 
• Easy to modify or stop 

Weaknesses: 
• Effectiveness unproven (might emit more 

CO2 than would be saved) 
 

Opportunities: 
• Development of more efficient 

electrolysis and/or fuel cells 

Threats: 
• Local impacts on marine ecosystems 

4.ii.d. ‘Air capture’70 

‘Air capture’ involves the direct removal of CO2 from the atmosphere by absorption in an 
alkaline solution, followed by its release in a concentrated stream and subsequent 
storage71 (the CO2 could also be converted into fuel72, but this option is not discussed here 
because it does not result in net draw-down of CO2). In one version of the process, CO2 is 
absorbed in an alkaline solution, converted into lime, and then released in an oxygen-fired 
kiln. In an alternative version, an electrical voltage is applied across the carbonate solution 
to release the CO2 (this is a simpler process, but requires more energy). An advantage of 
‘air capture’ over traditional CCS technology (i.e. capture from point sources) is that the 
sites of carbon capture are independent of the sites of carbon emission, and could thus be 
located near carbon storage sites and/or renewable energy sources that are not fully 
exploited (cf. section 4.ii.c.).    
 
This proposal requires further investigation to determine whether the energy inputs 
required would have the net effect of increasing the atmospheric concentration of CO2. 
Energy is needed to construct, maintain and operate the  facilities, produce the feedstock 
chemicals required, and release and store the CO2 [A35, I5, R6, AG5]. Some of these 
processes are energy-intensive — it has been estimated that ~1100 kWh would be 
needed to produce 1 ton of sodium hydroxide [R6], for example, although less energy-
intensive alternatives are being explored [C41]. Ideally, the process would be powered 
using renewable energy, such as solar or geothermal power — although it has been 
estimated that the thermo-chemical process could still lead to a net reduction in 
atmospheric CO2 concentration if it was powered by fossil fuels73. It has also been 
suggested that heat produced during electricity generation could be used to power the 
process, which could reduce the electricity required by ~50%53. The feasibility of storing 
large quantities of CO2 also needs to be explored further.   
 
‘Synthetic trees’ — The most well-known ‘air capture’ option involves so-called ‘synthetic 
trees’ — structures with a large surface area that are coated with a chemical that reacts 
with CO2. Air is passed over the structure to remove CO2 from it, and the CO2 is 
subsequently released for storage74. Professor Klaus Lackner75 of the Earth Institute at 

                                            
70 It could be argued that ‘air capture’ schemes should not be classified as ‘geo-engineering’ because they do not involve 
‘manipulation’ of the Earth system. These schemes are, however, often classified as geo-engineering options because they 
involve intentional, potentially large-scale alteration of the environment, and we have therefore chosen to include them in this 
paper. 
71 See: http://www.realclimate.org/index.php?p=532 
72 See: http://www.nytimes.com/2008/02/19/science/19carb.html 
73 See: http://www.livescience.com/environment/071120-carbon-soak.html 
74 See: http://www.physorg.com/news96732819.html 
75 Recent work by Professor Lackner and colleagues has not been published because they have formed a private 
company to develop the technology [Q24]. 
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Columbia University has designed a 30 metre-tall ‘artificial tree’ (although various 
structures could be used [Q25]) that is claimed to strip 90,000 tonnes of CO2 from the air 
each year — equivalent to the output of about 20,000 cars or the carbon sequestration 
effect of about 1,000 real trees. The structures could be placed in any area with sufficient 
ventilation (including caves), so the aesthetic impact could potentially be low [A37, M31]. A 
working prototype (based on the same principles but using a different design) has been 
built at Carnegie Mellon University, Calgary76.  
 

Preliminary SWOT analysis – Synthetic trees 
Strengths: 
• Relatively simple technology 
• Potentially few side effects [cf. U3] 
• Easy to modify or stop 
• CO2 sequestration 
• Reduces ocean acidification 

Weaknesses: 
• Effectiveness unproven (might emit more 

CO2 than would be saved) 
• Feasibility of CO2 storage remains 

uncertain 
• Potentially high maintenance 

Opportunities: 
• Flexibility in location/coverage 
• Impact assessments 

Threats: 
• Large-scale escape of CO2 from storage  
 

 
5. Other considerations 
 
In order to assess the feasibility of geo-engineering options, a number of factors will need 
to be taken into account.  In addition to environmental effects, social, political and 
economic issues will all need to be considered.  For example: 
 
• There should be a measurable benefit that unambiguously outweighs the impacts arising 

from the full lifetime energy costs, carbon emissions and other adverse consequences 
involved in establishing, maintaining and decommissioning the relevant technologies. 

• The magnitude of the manipulation must be controllable, and it must be easy to ‘switch 
off’ the effect (in the event of unforeseen consequences).  

• There must be very wide public acceptance and international agreement on the 
acceptability of geo-engineering schemes [S7, U4, X10]. The following political issues 
must be addressed if geo-engineering is to be carried out on a globally-significant scale: 

i. There needs to be high public trust in both the science/technology and the 
competence of the implementing bodies (private sector, national governments or 
international agencies) [X11], which may be difficult to achieve [S2, S6, X12]. It is, 
therefore, important that the factors that influence public understanding, risk 
perception and acceptance of such options are understood and taken into account 
before attempting to implement them [cf. S1-S9]. 

ii. Geo-engineering actions by one country must not be regarded as an infringement 
or incursion on the territory of another (although it is worth noting that 
greenhouse-gas emissions have such effects [C52]). This may be particularly 
relevant to atmospheric manipulations, which affect national airspace and need to 
be large-scale to have significant effects. 

iii. Political commitment needs to be sustained over the period for which geo-
engineering is required. 

                                            
76 See: http://www.ucalgary.ca/%7Ekeith/Misc/Stolaroff%20AGU%20Dec%202005%20talk.pdf and http://cdmc.epp.cmu.edu/co.pdf 
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iv. Even if there is international acceptance that a net global benefit will result, it must 
be recognised that disadvantages may occur for some countries. Multi-billion 
dollar compensation could be involved between winners and losers (for example, 
the latter suffering floods or droughts potentially attributable to geo-engineering). 
The ethical and legal frameworks for such arrangements do not yet exist, and are 
unlikely to be straightforward. (It is worth noting, however, that this concern is 
unlikely to be significant for geo-engineering options that significantly reduce CO2 
concentrations and thus directly reduce the impacts of greenhouse-gas emissions 
[C53].) 

• The way in which the cost of the scheme would be met must be considered (particularly 
as the benefits would ideally be shared by all) [S3].  

• If CO2 reductions obtained through geo-engineering schemes were to be traded as 
carbon credits in carbon trading schemes, the principles and practices for verifying the 
value of such credits must be agreed between the scientific, commercial, and regulatory 
communities [H20]; and we would need to avoid situations where climate benefits were 
rewarded whilst any adverse environmental effects (such as biodiversity impacts), which 
might not be experienced by the developer or deployer of the technology, were not paid 
for.   

• Considerable resources would probably need to be expended to offset even a small 
fraction of predicted climate change. While this benefit could complement other 
measures, the possibility that geo-engineering options could divert attention and 
resources away from more fundamental solutions to global warming [S4] (i.e. emissions 
reductions and avoiding deforestation [F11]) must be considered.  

 
6. Conclusions  
 
It is clear from the assessment of geo-engineering options presented here that there are 
large uncertainties regarding the effectiveness, impacts, technical feasibility, cost and risks 
of all the schemes considered. As a consequence of these uncertainties, we feel that it is 
premature at this stage to draw firm conclusions on the feasibility of implementing the 
schemes discussed [cf. A42, C54, J1, M35]. However, the following preliminary 
conclusions can be drawn: 
 
• options involving space shades/mirrors (particularly those that involve significant 

engineering in space) are unlikely to be available in the near future and (as they stand at 
present) would be high-risk compared to other options because they would be difficult to 
modify or remove;  

• ocean pipes are probably not a feasible geo-engineering option because they are 
unlikely to remove significant quantities of CO2 from the atmosphere (and could result in 
CO2 release); 

• cultivation and storage of marine algae is unlikely to be a feasible option for mitigating 
climate change on a large scale due to practical difficulties associated with storing algal 
biomass, but it might be possible to combine small-scale storage operations with other 
processes, such as biofuel production; 

• options involving space shades/mirrors and injection of aerosols into the stratosphere or 
troposphere have the disadvantage that rapid climate change could result if they were 
stopped abruptly (either due to failure or policy decisions); 

• injection of aerosols into the stratosphere or troposphere, surface albedo modification, 
ocean iron fertilisation and ‘air capture’ schemes have the advantage that they could be 
implemented gradually and modified or stopped relatively easily; 

•  ‘air capture’ schemes potentially have fewer detrimental side effects than other options, 
but their effectiveness in terms of net CO2 sequestration/release remains uncertain.  
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The challenge of significantly reducing greenhouse-gas emissions is great and the risks 
associated with failing to do so are high. There is therefore an argument for carrying out 
further research to assess the feasibility of using geo-engineering options as a means of 
avoiding dangerous climate change (on local to global scales), in order to ‘buy time’ for 
reducing greenhouse-gas emissions; although, given the significant doubts over feasibility, 
it is essential that we do not rely on the availability of geo-engineering options. Research 
into the scientific, technological, economic, and socio-political aspects of geo-engineering 
options would be necessary to bring deployment closer to reality. Priorities for those 
funding and conducting such research could include: 
 
• Field-based studies to explore the effects (desired and undesired) of (i) changing 

surface albedo and (ii) spraying seawater into the troposphere. 
• Model- and laboratory-based studies to understand the atmospheric chemistry 

(particularly ozone) involved in injecting sulphate aerosols into the stratosphere27. 
• Climate model-based studies to explore the effects of (i) changing surface albedo, (ii) 

spraying seawater into the troposphere, and (iii) injecting sulphate aerosols into the 
stratosphere. A particular priority in this regard could be to use more ‘realistic’ scenarios 
(such as simulating aerosol injection using fully-coupled General Circulation Models that 
include atmospheric chemistry, rather than using ‘solar dimming’ to represent the effects 
of aerosols). Simulations could also explore the effects of different options for applying 
the schemes, such as Arctic vs. tropical and pulsed vs. continuous injection of sulphate 
aerosols into the stratosphere. 

• Climate model-based studies to determine the optimal ‘mix’ of geo-engineering schemes 
(i.e. the combination that maximises desirable effects and minimises detrimental 
effects).   

• The use of observational data to validate climate model results (for example, the use of 
satellite data to validate simulations of changes in surface albedo). 

• Research into the net effect on atmospheric CO2 concentrations of schemes that require 
significant amounts of energy to implement — particularly (i) electrochemically 
increasing the alkalinity of the ocean, and (ii) ‘air capture’ schemes such as ‘synthetic 
trees’. 

• Research to assess the technical and economic feasibility of options, particularly where 
the science is relatively well-understood (such as changes in surface albedo).   

• Research into the socio-political feasibility of options, particularly for schemes that 
involve modification of privately-owned property (such as increasing the albedo of urban 
surfaces) and schemes that would probably require universal political agreement to 
implement (such as space shades/mirrors and injecting sulphate aerosols into the 
stratosphere). 

 
However, it is clear that, given the significant uncertainties around geo-engineering 
options, research funding has a high probability of not leading to the development of 
useable technologies. Public support for geo-engineering research should therefore be 
understood in the context of the wider effort to tackle the impacts of climate change, the 
priorities for which should continue to be overwhelmingly focussed on emissions 
abatement and adaptation to unavoidable change. Defra currently has no plans for 
significant research funding on geo-engineering; however, if other parties, countries and 
institutions wished to develop a shared approach, Defra would be interested in sharing 
expertise, and in helping to develop an initial detailed scoping study. 
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