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T his study examines the lessons that can be 
drawn from existing arms control regimes for 
governance in the field of geoengineering. It 

explains the different political incentive structures with 
regard to geoengineering and emissions reduction, 
presents geoengineering methods, identifies existing 
governance building blocks, and concludes that at 

least arms control regimes in the field of weapons of 
mass destruction do not provide blueprints for suc-
cessful geoengineering governance. The challenges 
facing geoengineering governance are, rather, similar 
to those encountered in arms control relating to con-
ventional dual-use technologies – an area in which 
little regulatory progress has been made for years.

Geoengineering policy
In Neal Stephenson’s novel Termination Shock, an eccentric 
Texan oil billionaire takes it upon himself to fire rockets 
filled with sulphur into the atmosphere in order to reflect 
more sunlight through stratospheric aerosol injection and 
thus cool the planet through geoengineering. What is still 
considered climate fiction 1 today is moving ever closer to 
reality as climate change progresses and potential tipping 
points draw nearer. 2

The incentives to consider targeted interventions in the 
Earth’s system are growing because the consequences of 
the climate crisis have long been affecting nations in the 
form of droughts, floods, food insecurity, water scarcity, 
migration pressures and heightened risks of conflict. How-
ever, not everyone is affected equally. 3 Those exposed to 
particularly severe climate risks have a stronger incentive 
to seek rapid solutions.

Moreover, this incentive exists not only for states but 
also for non-state actors. In view of (actual or merely per-
ceived) stagnating government decarbonisation efforts, 
some feel called upon to take the initiative themselves. 

1	� See “Inhospitable – A Short Story”, Metis Study No. 11 (May 2019).

2	� See Metis / BND / PIK / adelphi research: National Interdisciplinary Climate 
Risk Assessment (2025).

3	� See Climate-Conflict-Vulnerability Index, https://climate-conflict.org.

Others pursue purely commercial interests. Thus, numerous 
companies worldwide have already raised venture capital 
to engage in private geoengineering, not unlike the plot 
in Stephenson’s novel.

Geoengineering presents a political dilemma: on the 
one hand, certain geoengineering methods can indeed 
counteract global warming more quickly than gradual 
emissions reductions. This would keep the window of op-
portunity for decarbonisation open for longer. On the other 
hand, by offering this ‘technical fix’, geoengineering risks 
undermining the imperative for rapid emissions reductions 
(moral hazard).

From a game-theoretical perspective, emission reduc-
tions give rise to the ‘free-rider problem’. In the case of cer-
tain geoengineering methods, however, the literature refers 
to the ‘free-driver problem’. The former is the well-known 
public goods problem. Everyone benefits if everyone re-
duces emissions. Each individual actor has an incentive to 
contribute less and benefit disproportionately from the 
efforts of others. With the latter, the opposite is the case. 
Here, there is no risk that, due to the actions of individuals 
and thus ultimately in aggregate, too little is being done 
to counter the rise in global average temperature. There 
is a risk that a single state or private actor – relative to the 
preferences of others – does too much.

Geoengineering can produce undesirable and unfore-
seen climatic side effects that indirectly lead to changes in 
regional and local weather patterns and extreme weather 
events. Ultimately, this could exacerbate inter-state conflicts. 
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Climate impact attribution is a challenging area of ongoing 
research; simple causal statements are out of the question, 
and the ‘food-water-energy nexus’ 4 is a complex phenom-
enon. Nevertheless, it is a plausible future scenario that 
water, for instance – a resource that is already the subject 
of, or at least a bargaining chip in, existing conflicts – could 
be affected by geoengineering. For instance, a changed 
monsoon, if it were to deprive millions of people of rain-
fall vital for their survival, would lead to conflicts with the 
country carrying out the geoengineering whose cooling 
effect causes this side-effect.

4	� See “Food and water scarcity – A key factor in future conflicts?”, Metis 
Study No. 06 (June 2018).

Geoengineering methods
The uncontrolled release of greenhouse gases into the 
atmosphere, with climate change as an unintended con-
sequence, is also a form of geoengineering. Generally, 
however, the term is used when the aim is to specifically 
counteract climate change. A distinction is made between 
two approaches:

Firstly, solar radiation modification (SRM). This can 
theoretically lower the global mean temperature rapidly, 
but does not eliminate the cause of climate change: the 
increasing concentration of greenhouse gases in the at-
mosphere.

Secondly, the removal of carbon dioxide from the at-
mosphere (CDR). Whilst this addresses the cause, it is diffi-
cult to scale up and is energy-intensive.

Fig. 1  �Expo 2025 in Osaka, Kansai, CO₂ absorption plant  |  Source: Rick Siu / Shutterstock.com
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SRM encompasses methods that alter the Earth’s radia-
tion balance or reflect some of the incoming solar radiation 
before it reaches the Earth. The best-known methods in the 
first category are the aforementioned stratospheric aerosol 
injection and marine cloud brightening. The deployment 
of solar sails in space, 5 which act as a parasol and provide 
shade for the Earth, falls into the second category.

SRM via stratospheric aerosol injection takes effect 
quickly but is fraught with risk. Firstly, there is the po-
litically sensitive attribution problem outlined above. If 
droughts, floods or crop failures occur following an aerosol 
injection, the political question will be: was this natural 
climate variability, a consequence of climate change, or the 
result of the intervention? Secondly, this fuels conflicts. A 
state that initiates geoengineering as a cooling measure 
may be viewed by others as the cause of new, even more 
damaging climate impacts. Thirdly, there is a risk of abrupt 
termination. If SRM is started and later abruptly stopped, 
the previously masked warming will quickly catch up. This 
so-called ‘termination shock’, which gives Stephenson’s 
novel its title, would be particularly destabilising because 

5	� See “New Space”, Metis Study No. 37 (September 2023).

ecosystems, societies and infrastructures react poorly to 
rapid temperature changes.

CDR encompasses processes that remove carbon di-
oxide from the atmosphere and store it as permanently as 
possible. These include direct air carbon capture and stor-
age, bioenergy with carbon capture and storage, biochar, 
enhanced rock weathering, as well as ocean fertilization 
and ocean alkalinity enhancement.

CDR is cause-oriented but slow, and therefore tends 
to be associated with lower abrupt systemic climate risks. 
Direct air carbon capture and storage is easily controllable 
but energy- and infrastructure-intensive. Bioenergy with 
storage potentially competes with food, water, biodiversity 
and land use. Biochar is readily available, but limited by sus-
tainable biomass and associated with questions regarding 
the permanence of its effects. Enhanced rock weathering, 
ocean fertilization and ocean alkalinity enhancement have 
great theoretical potential, but are still subject to consid-
erable uncertainties in terms of measurability, proof of 
effectiveness and environmental impacts.

CDR is, however, likely to become part of future re-
sponses to the climate crisis in one form or another. It is 
included in virtually all relevant Intergovernmental Panel 
on Climate Change (IPCC) development pathways.

Method Procedure → Effect Unilateral 
feasibility Risks and research needs

SRM

Stratospheric Aerosol 
Injection

​Reflecting sunlight via particles in the stratos­
phere → higher albedo delays temperature rise

•	 high for states
•	 limited for non-

state actors

•	 unclear distribution effects and 
implications for precipitation

•	 risk of failure

Marine Cloud Brightening Brightening low-level marine clouds using salt 
particles → higher albedo delays temperature 
rise

•	 medium to high
•	 regionally 

limited

•	 weak evidence
•	 unclear regional side effects

Planetary Sunshade Reflecting sunlight in space using manoeuvrable 
foils (near Lagrange points) → reduced energy 
input delays temperature rise

•	 low •	 unclear

CDR

Direct Air Carbon Capture 
and Storage

Capturing carbon dioxide from the air using filters 
and storing it geologically → negative emissions

•	 high within 
national 
jurisdiction

•	 high costs
•	 high energy requirements
•	 lack of storage infrastructure

Bioenergy with Carbon 
Capture and Storage

Using biomass for energy, capturing and storing 
carbon dioxide → negative emissions

•	 medium •	 High land use and competition 
with other sustainability goals

Biochar Applying porous biochar, which stores CO₂ stably 
for a long time → negative emissions

•	 high •	 limited raw materials
•	 long-term effectiveness uncertain

Enhanced Rock 
Weathering

Spreading ground rock to store CO₂ → negative 
emissions

•	 medium •	 environmental consequences and 
impacts unclear

Ocean Fertilization & 
Oceanic Alkalinity 
Enhancement

Spreading nutrients or limestone powder to 
increase the oceans’ capacity to absorb CO₂ 
(through algal growth, biologically, or by increas­
ing alkalinity, chemically) → negative emissions

•	 medium to high
•	 at the trial stage

•	 environmental consequences and 
impacts unclear

•	 conflict with the law of the sea?

Table 1  Comparison of various geoengineering methods
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Geoengineering governance?
With regard to the regulation of geoengineering, the exist-
ing international legal framework is fragmented. At best, it 
offers building blocks that could be used to consider either 
bans or a controlled, transparent, low-risk application. In the 
following, some of the most frequently discussed starting 
points are identified and categorised – without claiming 
to be exhaustive.

The ENMOD Convention (Convention on the Prohibi-
tion of Military or Any Other Hostile Use of Environmen-
tal Modification), which came into force in 1978, prohibits 
hostile environmental modification with widespread, 
long-lasting or severe effects, thereby linking international 
humanitarian law and environmental law. Its creation was 
prompted by US practices during the Vietnam War. How-
ever, as hostile intent and the military nature of the envi-
ronmental intervention are decisive factors, the ENMOD 
Convention addresses only very specific geoengineering 
scenarios.

Hostile intent or military character are not relevant 
under the London Convention (1972) and its successor, the 
London Protocol (1996), which entered into force in 2006 
and aims to prevent, reduce and, as far as possible, eliminate 
marine pollution. It regulates the discharge of substances 
into the oceans. With the ‘Amendment of 2013 on Marine 
Geo-Engineering [sic]’, the contracting parties have even 

already established concrete operational rules, applied the 
precautionary principle, required environmental impact 
assessments and defined a framework for research and 
further development. However, the London regulatory 
framework is only relevant in relation to marine processes 
such as ocean fertilization and alkalinity enhancement. The 
political signal it sends is therefore stronger than the actual 
regulatory impact on geoengineering, with its multitude 
of processes.

The United Nations Convention on the Law of the Sea 
(UNCLOS) obliges states to protect the oceans and prevent 
cross-border environmental damage. A link can therefore 
be drawn here too to marine techniques such as ocean 
fertilization and alkalinity enhancement. According to the 
prevailing interpretation, however, the scope of UNCLOS 
also extends to the atmosphere above the oceans, which 
would include stratospheric aerosol injection and marine 
cloud brightening. States must monitor potentially harmful 
activities, carry out environmental impact assessments and 
ensure international cooperation. UNCLOS thus does not 
provide a specific regulatory framework for geoengineer-
ing, but it does establish general duties of care, consultation 
and protection. Its practical regulatory impact remains lim-
ited, however, because key questions – such as permissible 
intervention thresholds, liability or the distinction between 
research and application – remain unresolved.

Fig. 2  �Satellite image of ship tracks and clouds caused by emissions from ship funnels  |  Source: wikipedia / https://science.nasa.gov/earth/earth-observatory/; 
© NASA / Liam Gumley
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The Convention on Biological Diversity, which entered 
into force in 1993 and is almost universally ratified by 196 
parties, has since 2010 included resolutions that are some-
times referred to as a political moratorium on geoengineer-
ing. These stipulate that, without an adequate scientific 
basis, effective global governance and appropriate risk 
assessment, no climate-related geoengineering activities 
that could affect biodiversity should be permitted. Con-
trolled research remains possible. 6 Here, too, however, the 
focus is on the political signal effect – this is ‘soft law’, not a 
universal and legally binding regime of prohibition under 
international law.

Lessons from arms control?
Since geoengineering governance has so far been, at best, 
a patchwork of non-binding regulations, the question arises 
as to whether there are any blueprints, best practices or 
even just lessons to be drawn from the field of arms control, 
which in the past has produced regimes that are binding 
under international law and virtually universal.

However, the strict arms control regimes governing nu-
clear, biological and chemical weapons of mass destruction 
do not provide a blueprint for geoengineering governance. 
This is due to the widely differing starting points.

Nuclear material is scarce, exotic and easy to account 
for. State nuclear weapons programmes are extremely 
expensive, complex and impossible to conceal. Precur-
sors for chemical weapons are more difficult to monitor, 
but they are a definable subject of regulation and can 
also be controlled through declaration requirements and 

6	� Japan’s behaviour within the whaling regime demonstrates that 
exceptions for research in a hypothetical geoengineering regime could 
potentially offer significant loopholes. The whaling regime provides no 
answers as to what constitutes genuine research, who decides on this, 
and when research turns into commercial interest. When geoengineer-
ing research turns into implementation, who decides on this, and who 
authorises which actors to carry out which interventions – these are 
questions that arise in a similar vein within the framework of geoengi-
neering governance.

inspections in specific quantities and combinations. At 
best, parallels can be drawn with biological weapons due 
to the particularly pronounced dual-use problem. How-
ever, these parallels end where the effects are concerned: 
whilst the effects of biological weapons are attributable 
and unambiguous, those of geoengineering – which are 
mediated, indirect and sometimes take a long time to 
manifest – are far less so.

Arms control in the field of weapons of mass destruc-
tion seeks to deter actors from acquiring and using pro-
hibited, limited capabilities characterised by relatively 
high entry costs, identifiable materials and comparatively 
clear verification signatures. By contrast, some potential-
ly particularly potent geoengineering methods are rela-
tively low-threshold interventions that can be easily and 
cheaply implemented unilaterally using purely dual-use 
components, and which a single state or even a non-state 
actor – possibly even undetected or at least unattributed 
for some time – can carry out.

Arms control in the field of conventional dual-use tech-
nologies – for example in cyberspace or with regard to 
artificial intelligence (AI) and autonomy in weapons systems 

– shares more common features with the challenges posed 
by geoengineering. In both cases, material control is not 
a viable option, because sulphur, salt, rock dust, aircraft, 
ships and balloons are just as much civilian bulk goods as 
graphics cards, AI models, software and computers. The key 
parallel, therefore, is the high availability and widespread 
diffusion of relevant technologies and processes, and the 
resulting low threshold for unilateral action with potentially 
far-reaching consequences. There are also parallels in terms 
of effects, for instance with regard to cyber operations and 
the associated attribution problem.

However, even these – few – parallels do not provide a 
basis for a comprehensive geoengineering treaty. Primarily 
because, in the two fields mentioned – cyber and autono-
mous weapons – the regulatory debate at the level of the 
United Nations has made no progress for years. There is no 
successful model here that can be replicated.

Fig. 3  �Rice husk charcoal (biochar)  |  Source: StorKiss / shutterstock.com
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Recommendations for action
The field of arms control regimes offers no blueprint for 
geoengineering governance. However, at least some best 
practices can be derived.

	• Reporting obligations could require states to disclose 
research, testing, material flows and infrastructure.

	• Transparency registers could document experiments.

	• Scientific oversight bodies could assess risks.

	• National implementing legislation 
could bind private actors.

	• Consultation mechanisms could prevent test 
programmes from taking the political establish-
ment by surprise and exacerbating conflicts.

	• The establishment of an international sensor 
network, comparable to that of the CTBTO 

(Comprehensive Nuclear-Test-Ban Treaty Organ-
ization), which monitors compliance with the 
global nuclear test ban from Vienna, could detect 
geoengineering activities already underway. 7

The world order is currently losing its rule-based charac-
ter. The signs do not point towards the strengthening and 
further development of regulation. The rapid erosion of 
existing arms control and its simultaneous failure in new 
problem areas underline this point. 8 At present, it seems 
more likely that revisionist powers view geoengineering 
not as a subject for multilateral regulation, but as a strategic 
instrument of power in the increasingly harsh international 
system of the 21st century, both climatically and politically. 
Controlling the thermostat brings influence.

Against this geopolitical backdrop, minilateral and 
pragmatic solutions, as well as cooperative frameworks, 
are far more promising than aiming for a global, binding 
convention. The hope here is that ‘soft norms’ established 
in this way might, in the future, be woven together into a 
hard geoengineering governance regime.

7	� In the US, NOAA, NASA and Sandia National Laboratories are collabo-
rating to explore possibilities for such a geoengineering early warning 
system.

8	� See “Conventional arms control and emerging technologies”, Metis 
Study No. 20 (September 2020) and “Uncrewed systems: armaments, 
control and arms control”, Metis Study No. 28 (June 2022) as well as 

“Artificial intelligence in the armed forces”, Metis Study No. 40 (April 2024).
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