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Abstract 
Climate change has intensified interest in geoengineering as a potential supplementary response to 

global warming. Technologies such as solar radiation modification and carbon dioxide removal 

present opportunities to mitigate climate risks, yet they simultaneously raise complex legal, ethical, 

environmental, and geopolitical concerns. Existing international environmental law was not 

designed to regulate large-scale climate intervention technologies, resulting in significant 

governance gaps regarding authorization, liability, transboundary harm, monitoring, and 

accountability. This paper examines the evolving legal frameworks applicable to geoengineering 

through a techno-policy perspective, assessing the adequacy of current international treaties, soft-

law mechanisms, and national regulatory initiatives. It further evaluates the challenges posed by 

scientific uncertainty, uneven distribution of risks and benefits, and the absence of a comprehensive 

global governance regime. The study argues that effective regulation requires an integrated 

approach combining technological risk assessment, precautionary governance, international 

cooperation, public participation, and adaptive regulatory mechanisms. By analyzing contemporary 

developments in geoengineering governance, the paper proposes a framework for balancing 

technological innovation with environmental protection, intergenerational equity, and global 

climate justice. The findings contribute to ongoing debates concerning the future regulation of 

emerging climate intervention technologies and their role within international climate policy. 
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Introduction 

Climate change has emerged as one of the most significant global challenges of the twenty-first century, 

threatening ecosystems, economic stability, public health, food security, and international peace. Despite 

decades of international negotiations, national commitments, and technological advancements aimed at 

reducing greenhouse gas emissions, global temperatures continue to rise at an alarming rate. The limitations 

of conventional mitigation and adaptation strategies have prompted policymakers, scientists, and legal 

scholars to explore alternative mechanisms capable of addressing climate risks on a larger scale. Among 

these alternatives, geoengineering has attracted considerable attention as a set of deliberate technological 

interventions designed to influence Earth's climate system and counteract the adverse effects of global 

warming. The growing interest in geoengineering reflects an increasing recognition that existing climate 

policies may be insufficient to achieve the temperature targets established under international climate 

agreements. 

 

Geoengineering encompasses a broad range of technologies generally classified into two major categories: 

Solar Radiation Modification (SRM) and Carbon Dioxide Removal (CDR). Solar Radiation Modification 

seeks to reduce the amount of solar energy absorbed by the Earth through techniques such as stratospheric 

aerosol injection, marine cloud brightening, and space-based reflectors. Carbon Dioxide Removal 

technologies aim to reduce atmospheric concentrations of greenhouse gases through methods including 

afforestation, bioenergy with carbon capture and storage, direct air capture, enhanced weathering, and ocean 

fertilization. While these technologies present potential opportunities to supplement climate mitigation 

efforts, they simultaneously raise unprecedented legal, ethical, environmental, and governance concerns. 

Questions relating to transboundary impacts, environmental liability, state responsibility, public 

participation, scientific uncertainty, and international accountability remain unresolved, creating a complex 

regulatory landscape that challenges existing legal frameworks. 

 

Overview of Geoengineering and Legal Governance 

Geoengineering represents a transformative intersection between technological innovation and 

environmental governance. Unlike conventional climate mitigation strategies that focus on reducing 

emissions at their source, geoengineering seeks to intervene directly within natural systems to influence 

climatic processes. Such interventions possess the potential to generate benefits on a global scale while 

simultaneously producing unintended consequences that may extend across national boundaries. 

Consequently, geoengineering cannot be viewed solely as a scientific or technological issue; it is 

fundamentally a legal and policy challenge requiring comprehensive governance mechanisms. 

 

The existing international legal order was developed primarily to regulate environmental protection, pollution 

control, biodiversity conservation, and climate change mitigation. Instruments such as the United Nations 

Framework Convention on Climate Change (UNFCCC), the Paris Agreement, the Convention on Biological 

Diversity (CBD), the London Convention and London Protocol, and customary principles of international 

environmental law provide partial guidance regarding geoengineering activities. However, none of these 

instruments were specifically designed to regulate large-scale climate intervention technologies. As a result, 

significant uncertainties persist concerning authorization procedures, risk assessment standards, monitoring 

mechanisms, liability regimes, compensation frameworks, and institutional oversight. The absence of a 

dedicated international legal framework has generated extensive scholarly debate regarding the adequacy of 

existing governance structures and the need for specialized regulatory mechanisms. 

 

Scope and Objectives of the Study 

The scope of this study encompasses both technological and legal dimensions of geoengineering governance. 

It examines the principal categories of geoengineering technologies, evaluates the applicability of existing 

international legal instruments, and analyzes the regulatory challenges arising from technological innovation 

in climate intervention. Particular attention is devoted to issues of environmental risk, transboundary harm, 

accountability, precaution, public participation, climate justice, and international cooperation. 

 

The primary objectives of this research are: 
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1. To examine the evolution and characteristics of contemporary geoengineering technologies. 

2. To analyze the applicability and effectiveness of existing international legal frameworks governing 

geoengineering activities. 

3. To identify regulatory gaps and governance deficiencies within current environmental and climate law 

regimes. 

4. To evaluate the techno-policy challenges associated with risk management, accountability, and 

transboundary environmental impacts. 

5. To propose an adaptive governance framework capable of balancing technological innovation with 

environmental protection and global climate justice. 

Author Motivation 

The motivation for undertaking this study arises from the increasing prominence of geoengineering within 

global climate discourse and the corresponding lack of comprehensive legal governance mechanisms. While 

scientific advancements have accelerated the development of climate intervention technologies, legal and 

policy responses have not progressed at a comparable pace. This regulatory imbalance creates significant 

uncertainty regarding the permissible scope of geoengineering research, experimentation, deployment, and 

oversight. 

 

Furthermore, geoengineering presents unique challenges that transcend traditional environmental regulation. 

Decisions concerning climate intervention possess implications for sovereignty, human rights, 

intergenerational equity, environmental justice, and global governance. The possibility that a single state, 

group of states, or private entity could undertake climate-altering activities with worldwide consequences 

raises profound legal and ethical concerns. These developments necessitate a critical examination of existing 

legal institutions and the formulation of governance mechanisms capable of addressing emerging 

technological realities. Accordingly, this research seeks to contribute to the growing body of scholarship that 

bridges technological innovation, environmental law, and public policy in the context of climate governance. 

 

Paper Structure 

The paper is organized into seven substantive sections. Following the introduction, the second section 

reviews existing literature concerning geoengineering technologies, governance mechanisms, and legal 

challenges while identifying key research gaps. The third section examines the evolution of geoengineering 

technologies and the regulatory concerns arising from their development and deployment. The fourth section 

analyzes international legal frameworks relevant to geoengineering and evaluates their effectiveness in 

addressing contemporary governance challenges. The fifth section presents a techno-policy analysis focusing 

on risk governance, accountability mechanisms, liability issues, and transboundary environmental 

implications. The sixth section proposes an adaptive global governance framework designed to reconcile 

technological innovation with environmental sustainability and climate justice. Finally, the seventh section 

summarizes the principal findings and offers concluding observations regarding the future of geoengineering 

regulation. 

 

As geoengineering continues to evolve from a theoretical concept into a potentially deployable climate 

intervention strategy, the need for effective legal governance becomes increasingly urgent. The future of 

geoengineering will depend not only upon scientific feasibility and technological capability but also upon 

the establishment of legitimate, transparent, accountable, and internationally coordinated regulatory 

frameworks. By adopting a techno-policy perspective, this study seeks to advance understanding of the legal 

complexities associated with geoengineering and to contribute toward the development of governance 

mechanisms capable of addressing one of the most challenging environmental issues of the contemporary 

era. 

 

Literature Review 

The scholarly discourse on geoengineering has expanded considerably over the past two decades as climate 

change has intensified and conventional mitigation efforts have struggled to achieve desired outcomes. Early 

studies primarily focused on the scientific feasibility of climate intervention technologies, while more recent 

research has increasingly examined legal, ethical, governance, and policy dimensions. Existing literature 

demonstrates a growing consensus that geoengineering cannot be governed solely through scientific 
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regulation and requires comprehensive legal and institutional oversight. 

 

The foundational contribution to geoengineering governance literature is provided by the Royal Society, 

which introduced one of the earliest systematic assessments of geoengineering technologies and highlighted 

the importance of governance, transparency, and international cooperation in regulating climate intervention 

activities [10]. The report emphasized that geoengineering technologies possess the potential to generate both 

environmental benefits and significant risks, thereby necessitating precautionary regulatory approaches. The 

Royal Society further argued that geoengineering should complement rather than replace conventional 

mitigation efforts, a principle that continues to influence contemporary policy discussions. 

 

Subsequent governance-oriented research expanded upon these concerns by examining international 

regulatory options for geoengineering activities. Bodle, Scott, Donat, and Oberthür conducted a 

comprehensive analysis of international governance alternatives and concluded that existing legal 

frameworks provide only fragmented oversight of geoengineering technologies [9]. Their work identified 

substantial legal uncertainty regarding state responsibility, environmental liability, and institutional authority. 

The authors argued that current environmental treaties address only specific aspects of geoengineering while 

failing to establish a coherent global governance structure capable of regulating large-scale climate 

interventions. 

 

The National Research Council further contributed to the debate by evaluating scientific and governance 

aspects of climate intervention technologies [8]. Its assessment highlighted the complex relationship between 

technological effectiveness, environmental risk, and public policy. The study emphasized that scientific 

uncertainty remains a central challenge in geoengineering governance and recommended robust monitoring, 

risk assessment, and decision-making mechanisms prior to any deployment activities. The report also 

underscored the necessity of integrating scientific expertise with legal and policy frameworks. 

 

Blackstock and Low significantly advanced interdisciplinary scholarship by examining geoengineering 

through ethical, political, and governance perspectives [6]. Their work demonstrated that geoengineering 

governance extends beyond technical regulation and involves broader questions of legitimacy, democratic 

participation, and global justice. The authors argued that climate intervention decisions possess profound 

social and political implications that require inclusive governance mechanisms capable of incorporating 

diverse stakeholder perspectives. 

 

In a related contribution, Blackstock and Low analyzed the interaction between geoengineering governance 

and international law [7]. Their study highlighted the limitations of existing international legal regimes in 

addressing climate intervention technologies and emphasized the absence of clearly defined rules governing 

authorization, monitoring, and accountability. The authors observed that traditional environmental law 

principles, including precaution, prevention, and state responsibility, provide useful guidance but remain 

insufficient for addressing the unique challenges posed by geoengineering. 

 

A major contribution to legal scholarship was made by Proelss through an extensive examination of 

regulatory and liability issues associated with geoengineering technologies [5]. The work systematically 

analyzed the applicability of international environmental law principles to both Solar Radiation Modification 

and Carbon Dioxide Removal technologies. It identified significant gaps in existing legal frameworks, 

particularly concerning liability allocation, compensation mechanisms, and transboundary environmental 

harm. The study emphasized the need for specialized legal instruments capable of addressing emerging 

technological risks. 

 

Reynolds further developed governance scholarship by focusing specifically on solar geoengineering and its 

regulatory implications [4]. His analysis explored institutional design, decision-making authority, 

accountability structures, and global governance challenges associated with Solar Radiation Modification 

technologies. Reynolds argued that unilateral deployment of geoengineering technologies could undermine 

international stability and therefore necessitates multilateral governance mechanisms grounded in 

transparency and international cooperation. 

 

UNESCO's ethical assessment of climate engineering broadened the discussion by emphasizing normative 

and human-centered dimensions of governance [3]. The report examined issues relating to intergenerational 
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justice, environmental ethics, human rights, and global equity. It highlighted concerns that geoengineering 

decisions may disproportionately affect vulnerable populations while concentrating decision-making power 

among technologically advanced states. The report advocated inclusive governance frameworks that 

prioritize fairness, accountability, and public participation. 

 

More recent scholarship by Geden, Minx, Asayama, and Hulme examined contemporary developments in 

climate engineering governance and identified emerging legal and policy challenges associated with 

technological advancement [2]. Their research demonstrated that governance discussions have increasingly 

shifted from theoretical considerations toward practical regulatory concerns. The authors emphasized the 

growing need for internationally coordinated governance frameworks capable of addressing experimentation, 

deployment, monitoring, and accountability. They also noted that existing international institutions remain 

inadequately equipped to respond to rapidly evolving technological developments. 

 

Preston provides one of the most recent and comprehensive analyses of climate engineering law and 

governance [1]. The study synthesizes legal, regulatory, and ethical debates while examining responsibility, 

liability, and institutional governance structures. Preston argues that effective geoengineering governance 

requires integration of international environmental law, climate policy, risk regulation, and global 

administrative principles. The work highlights the growing urgency of establishing legally coherent 

governance frameworks before large-scale deployment becomes technologically feasible. 

 

Research Gap 

Although existing literature provides substantial insights into the scientific, ethical, and legal dimensions of 

geoengineering, several important research gaps remain. First, much of the scholarship focuses either on 

technological feasibility or legal governance in isolation, resulting in limited integration between 

technological developments and policy responses. A comprehensive techno-policy analysis that 

simultaneously evaluates technological evolution, regulatory adaptation, and governance effectiveness 

remains relatively underdeveloped. 

 

Second, existing studies frequently examine specific geoengineering techniques or individual legal 

instruments rather than assessing the broader interaction between emerging technologies and the international 

legal order. Consequently, insufficient attention has been devoted to understanding how multiple legal 

regimes collectively regulate geoengineering activities and where significant governance overlaps or 

conflicts may arise. 

 

Third, while previous research extensively discusses legal uncertainty and governance deficiencies, relatively 

few studies propose practical adaptive governance models capable of responding to rapidly evolving 

technological innovations. Existing literature often identifies regulatory gaps without offering detailed 

frameworks for institutional reform and implementation. 

 

Fourth, contemporary geopolitical developments, increasing private-sector involvement, and accelerated 

technological innovation have altered the geoengineering landscape in ways that earlier governance analyses 

did not fully anticipate. Accordingly, there is a need for updated assessments that consider emerging techno-

political realities and their implications for international environmental law. 

 

Finally, limited scholarship has systematically examined geoengineering through an integrated techno-policy 

perspective that combines technological assessment, legal governance, environmental accountability, risk 

management, climate justice, and international cooperation within a unified analytical framework. This study 

seeks to address these deficiencies by evaluating geoengineering governance through a comprehensive 

techno-policy lens and proposing an adaptive regulatory framework capable of balancing innovation, 

environmental protection, and global climate governance. 

 

Evolution of Geoengineering Technologies and Emerging Regulatory Challenges 

Conceptual Foundations of Geoengineering 

Geoengineering refers to the deliberate, large-scale technological manipulation of Earth's climate system 

with the objective of counteracting anthropogenic climate change. The concept emerged from growing 

concerns that conventional climate mitigation measures, including greenhouse gas emission reductions and 

adaptation strategies, may be insufficient to prevent dangerous levels of global warming. As scientific 
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projections increasingly highlighted the potential consequences of climate change, researchers began 

exploring technological interventions capable of directly influencing atmospheric, terrestrial, and oceanic 

systems [10]. 

 

The evolution of geoengineering reflects a significant shift in climate governance philosophy. Traditional 

environmental governance primarily focuses on preventing environmental degradation through pollution 

control, conservation measures, and sustainable development policies. Geoengineering, however, represents 

a proactive interventionist approach in which technological systems are intentionally employed to alter 

natural processes. This transition has transformed geoengineering from a speculative scientific concept into 

a serious subject of international policy discussions and legal analysis [4]. 

 

The growing prominence of geoengineering has been driven by several factors, including the slow pace of 

global emissions reductions, increasing climate-related disasters, technological advancements, and concerns 

regarding the feasibility of achieving international climate targets. Consequently, geoengineering has become 

a critical component of contemporary climate policy debates, necessitating careful examination of both 

technological possibilities and governance implications. 

 

Classification of Geoengineering Technologies 

Geoengineering technologies are generally classified into two primary categories: Solar Radiation 

Modification (SRM) and Carbon Dioxide Removal (CDR). 

 

Solar Radiation Modification (SRM) 

Solar Radiation Modification seeks to reduce global temperatures by reflecting a portion of incoming solar 

radiation back into space before it is absorbed by the Earth's surface. Unlike conventional mitigation 

strategies, SRM does not address the underlying causes of climate change but instead seeks to manage its 

symptoms. 

 

Major SRM techniques include: 

 

Stratospheric Aerosol Injection (SAI) 

Stratospheric Aerosol Injection involves releasing reflective particles, such as sulfur dioxide aerosols, into 

the stratosphere to mimic the cooling effects observed following major volcanic eruptions. Scientists consider 

SAI one of the most technologically feasible and cost-effective geoengineering techniques currently under 

consideration [4]. 

Potential advantages include: 

• Rapid cooling effects. 

• Relatively low implementation costs. 

• Global-scale climatic influence. 

Potential risks include: 

• Alteration of precipitation patterns. 

• Ozone layer depletion. 

• Regional climate disruptions. 

• Termination shock following abrupt cessation. 

 

Marine Cloud Brightening 

Marine Cloud Brightening aims to increase cloud reflectivity by spraying fine seawater particles into marine 

clouds. Increased cloud albedo may reduce solar energy absorption and lower surface temperatures. 

Key concerns include: 

• Uncertain effectiveness. 

• Regional weather modification. 

• Potential impacts on marine ecosystems. 

• Difficulty in monitoring long-term consequences. 

 

Space-Based Solar Reflectors 

This approach proposes placing reflective structures in outer space to reduce incoming solar radiation. 

Although theoretically feasible, technological and financial constraints currently limit practical 

implementation. 
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Challenges include: 

• Extremely high costs. 

• Governance of outer-space infrastructure. 

• International security concerns. 

• Long-term maintenance requirements. 

 

Carbon Dioxide Removal (CDR) 

Carbon Dioxide Removal technologies aim to address the root cause of climate change by reducing 

atmospheric greenhouse gas concentrations. 

Major CDR approaches include: 

 

Afforestation and Reforestation 

Tree planting and forest restoration remain among the most widely accepted carbon removal techniques. 

Forest ecosystems absorb carbon dioxide through photosynthesis and provide additional environmental 

benefits such as biodiversity conservation and soil protection. 

Limitations include: 

• Land availability constraints. 

• Vulnerability to wildfires. 

• Long-term maintenance requirements. 

 

Bioenergy with Carbon Capture and Storage (BECCS) 

BECCS combines biomass energy production with carbon capture and storage technologies. Carbon 

absorbed during biomass growth is captured during energy generation and permanently stored underground. 

Advantages include: 

• Potential negative emissions. 

• Compatibility with existing energy infrastructure. 

Challenges include: 

• Large land requirements. 

• Food security concerns. 

• Water resource pressures. 

 

Direct Air Capture (DAC) 

Direct Air Capture utilizes chemical processes to extract carbon dioxide directly from the atmosphere. 

Captured carbon can then be stored underground or utilized industrially. 

Benefits include: 

• Precise carbon removal. 

• Flexible deployment locations. 

Limitations include: 

• High operational costs. 

• Significant energy requirements. 

 

Ocean Fertilization 

Ocean Fertilization involves introducing nutrients such as iron into ocean waters to stimulate phytoplankton 

growth and increase carbon absorption. 

Potential concerns include: 

• Ecosystem disruption. 

• Marine biodiversity impacts. 

• Uncertain sequestration effectiveness. 

• Transboundary environmental consequences. 

 

Table 1: Major Geoengineering Technologies and Their Characteristics 

Technology Category Primary Objective Potential Benefits Key Risks 

Stratospheric Aerosol 

Injection 
SRM Reflect sunlight Rapid cooling 

Ozone depletion, 

precipitation changes 

Marine Cloud 

Brightening 
SRM 

Increase cloud 

reflectivity 

Regional temperature 

reduction 
Weather disruption 
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Technology Category Primary Objective Potential Benefits Key Risks 

Space-Based 

Reflectors 
SRM Block solar radiation Global cooling potential 

High cost, governance 

issues 

Afforestation CDR 
Carbon 

sequestration 
Biodiversity benefits Land-use conflicts 

BECCS CDR Negative emissions 
Energy generation and 

carbon removal 
Food security concerns 

Direct Air Capture CDR 
Atmospheric carbon 

removal 
Scalable deployment High energy costs 

Ocean Fertilization CDR 
Marine carbon 

sequestration 

Large absorption 

potential 
Ecosystem damage 

 

Technological Evolution and Increasing Policy Relevance 

The technological evolution of geoengineering has transformed the subject from theoretical climate science 

into an emerging area of climate policy. Advances in atmospheric modeling, artificial intelligence, remote 

sensing, climate simulation technologies, and carbon capture systems have accelerated research and 

experimentation. 

 

Several governments, universities, and private corporations have invested substantially in geoengineering 

research programs. The increasing involvement of private actors introduces new governance challenges 

because existing regulatory systems were primarily designed to regulate state activities rather than 

multinational corporations and private research institutions [1]. 

 

Furthermore, technological innovation has reduced barriers to experimentation. Certain geoengineering 

activities may potentially be conducted by individual states or private entities without comprehensive 

international authorization. This possibility raises concerns regarding unilateral climate intervention and its 

implications for international peace, environmental security, and state sovereignty [4]. 

 

Emerging Regulatory Challenges 

Scientific Uncertainty 

Scientific uncertainty remains one of the most significant obstacles to geoengineering governance. Many 

technologies have not been tested at scales sufficient to predict long-term environmental consequences 

accurately. Uncertainties exist regarding climatic feedback mechanisms, ecological impacts, and cumulative 

effects across multiple regions [8]. 

 

Regulators face the difficult task of developing legal frameworks in situations where scientific knowledge 

remains incomplete. Traditional regulatory models often depend upon reasonably predictable outcomes, 

whereas geoengineering technologies involve substantial uncertainty and potentially irreversible 

consequences. 

 

Transboundary Environmental Harm 

Geoengineering activities possess inherently transboundary characteristics. Climatic interventions 

undertaken within one jurisdiction may generate environmental impacts far beyond national borders. Altered 

rainfall patterns, temperature fluctuations, ecosystem changes, and agricultural disruptions may affect 

neighboring and distant states alike [5]. 

This creates complex legal questions concerning: 

• State responsibility. 

• International liability. 

• Compensation mechanisms. 

• Jurisdictional authority. 

• Dispute resolution procedures. 

 

Governance of Unilateral Action 

One of the most controversial regulatory challenges concerns the possibility of unilateral geoengineering 

deployment. Existing international law does not clearly prohibit certain geoengineering activities, creating 
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uncertainty regarding whether individual states may undertake climate interventions without global consent 

[4]. 

The possibility of unilateral action raises concerns relating to: 

• International legitimacy. 

• Climate security. 

• Diplomatic tensions. 

• Geopolitical conflict. 

• Global environmental justice. 

 

Monitoring and Verification Challenges 

Effective governance requires reliable monitoring systems capable of tracking geoengineering activities and 

evaluating environmental impacts. However, many geoengineering technologies operate on scales that 

complicate monitoring and verification efforts. 

Challenges include: 

• Data collection limitations. 

• Attribution difficulties. 

• Cross-border monitoring requirements. 

• Long-term environmental assessment. 

 

Ethical and Human Rights Concerns 

Geoengineering interventions may produce unequal distributions of risks and benefits. Vulnerable 

populations, developing countries, and future generations may bear disproportionate burdens associated with 

climate intervention activities [3]. 

Accordingly, regulatory frameworks must address: 

• Intergenerational equity. 

• Environmental justice. 

• Public participation. 

• Human rights protection. 

• Procedural fairness. 

 

Need for Integrated Regulatory Approaches 

The complexity of geoengineering technologies demonstrates that conventional regulatory approaches are 

insufficient. Effective governance requires interdisciplinary frameworks integrating scientific expertise, 

environmental law, climate policy, international relations, ethics, and public administration. 

 

Future governance mechanisms must balance innovation with precaution, technological advancement with 

environmental protection, and national interests with global responsibilities. The evolution of geoengineering 

technologies therefore necessitates equally sophisticated legal and institutional responses capable of 

addressing emerging climatic realities while preserving international stability and environmental 

sustainability. 

 

International Legal Frameworks Governing Geoengineering: Gaps and Limitations 

Introduction 

 

The rapid emergence of geoengineering technologies has generated significant concern regarding the 

adequacy of existing international legal frameworks. Although numerous international agreements address 

environmental protection, climate change, biodiversity conservation, marine pollution, and transboundary 

harm, no comprehensive treaty specifically governs geoengineering activities [5]. Consequently, current 

governance relies upon a fragmented collection of legal instruments, customary international law principles, 

soft-law mechanisms, and institutional practices. 

 

This fragmented regulatory landscape creates uncertainty concerning authorization, liability, monitoring, 

enforcement, accountability, and dispute resolution. The legal challenge is particularly significant because 

geoengineering technologies possess the potential to generate global consequences that transcend national 

boundaries and affect multiple generations simultaneously. 

 

United Nations Framework Convention on Climate Change (UNFCCC) 
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The UNFCCC constitutes the principal international legal framework governing global climate change. Its 

primary objective is the stabilization of greenhouse gas concentrations at levels that prevent dangerous 

anthropogenic interference with the climate system. 

Although the Convention does not explicitly address geoengineering, several provisions possess indirect 

relevance. Carbon Dioxide Removal technologies may potentially contribute to achieving climate 

stabilization objectives by reducing atmospheric greenhouse gas concentrations. 

However, important limitations exist: 

• No specific regulation of geoengineering activities. 

• Absence of deployment authorization procedures. 

• Lack of monitoring requirements for climate intervention technologies. 

• No dedicated liability provisions. 

Consequently, the UNFCCC provides only partial governance guidance for geoengineering activities [2]. 

 

Paris Agreement 

The Paris Agreement represents the most significant contemporary climate governance instrument. The 

Agreement seeks to limit global temperature increases and promote sustainable climate action. 

Certain Carbon Dioxide Removal technologies may support the achievement of long-term temperature goals. 

Indeed, many climate scenarios consistent with Paris targets assume substantial future carbon removal 

capacities. 

 

Nevertheless, the Agreement contains significant governance deficiencies regarding geoengineering: 

• No direct reference to Solar Radiation Modification. 

• Limited regulatory guidance regarding Carbon Dioxide Removal deployment. 

• Absence of accountability mechanisms. 

• No provisions addressing transboundary environmental impacts. 

• Lack of governance standards for experimentation. 

These limitations demonstrate that the Paris Agreement was designed primarily as an emissions reduction 

framework rather than a climate intervention governance regime [2]. 

 

Convention on Biological Diversity (CBD) 

The Convention on Biological Diversity provides one of the most direct international responses to 

geoengineering governance. 

The CBD has expressed concerns regarding geoengineering activities that may threaten biodiversity and 

ecosystem integrity. Through various Conference of the Parties decisions, the Convention has advocated 

precautionary approaches toward geoengineering research and deployment [9]. 

The CBD contributes significantly by emphasizing: 

• Biodiversity protection. 

• Precautionary governance. 

• Environmental impact assessment. 

• Ecosystem-based approaches. 

However, several limitations remain: 

• Conference decisions possess limited binding force. 

• Weak enforcement mechanisms. 

• Limited jurisdiction over atmospheric interventions. 

• Ambiguity concerning permissible research activities. 

 

London Convention and London Protocol 

The London Convention and London Protocol regulate marine pollution resulting from waste dumping at 

sea. 

These instruments have become particularly relevant to ocean fertilization projects. Amendments and 

resolutions adopted under the framework have sought to restrict ocean fertilization activities except for 

legitimate scientific research [5]. 

Strengths include: 

• Specific attention to marine geoengineering. 

• Precautionary regulatory approach. 

• Environmental assessment requirements. 

Weaknesses include: 
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• Limited applicability beyond marine environments. 

• Incomplete coverage of emerging technologies. 

• Enforcement challenges. 

 

Table 2: Applicability of Major International Legal Instruments to Geoengineering 

Legal Instrument 
Relevance to 

Geoengineering 
Strengths Key Limitations 

UNFCCC Climate governance Global participation 
No specific geoengineering 

provisions 

Paris Agreement Climate stabilization 
Supports carbon 

removal goals 

Limited regulation of 

deployment 

CBD Biodiversity protection Precautionary approach Weak enforcement 

London Convention 
Ocean fertilization 

regulation 

Specific marine 

governance 
Narrow jurisdiction 

Customary 

International Law 

General environmental 

obligations 
Broad applicability Legal uncertainty 

 

Customary International Environmental Law 

In the absence of specialized treaties, customary international law plays an important governance role. 

Relevant principles include: 

 

No-Harm Principle 

States must ensure that activities within their jurisdiction do not cause significant environmental harm to 

other states. 

 

Precautionary Principle 

Where scientific uncertainty exists, precautionary measures should be adopted to prevent environmental 

damage. 

 

Sustainable Development Principle 

Environmental protection and technological development must be balanced through sustainable governance 

approaches. 

 

Duty to Cooperate 

States are expected to cooperate regarding activities with transboundary environmental implications. 

While these principles provide valuable guidance, they remain insufficient as standalone governance 

mechanisms because they lack precise operational standards and enforcement procedures [5]. 

 

Regulatory Gaps in Existing International Frameworks 

Several critical governance gaps emerge from analysis of current legal frameworks. 

 

Gap 1: Absence of Dedicated Geoengineering Treaty 

No comprehensive international agreement specifically regulates geoengineering technologies. Existing 

governance mechanisms remain fragmented and incomplete [1]. 

 

Gap 2: Lack of Authorization Procedures 

Current international law provides no universally accepted framework governing approval, licensing, or 

deployment of geoengineering activities. 

 

Gap 3: Inadequate Liability Frameworks 

Determining liability for climate-related damages resulting from geoengineering interventions remains 

legally complex and uncertain [5]. 

 

Gap 4: Insufficient Monitoring Mechanisms 

Existing treaties provide limited guidance regarding monitoring, reporting, verification, and compliance 
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assessment. 

 

Gap 5: Weak Enforcement Structures 

Most international environmental agreements depend heavily upon voluntary compliance and diplomatic 

cooperation. 

Gap 6: Limited Public Participation 

Current governance frameworks inadequately address democratic legitimacy and stakeholder engagement 

[3]. 

 

Gap 7: Private Sector Governance Deficit 

Existing international legal systems were developed primarily to regulate states rather than multinational 

corporations engaged in geoengineering research and deployment [1]. 

 

Critical Assessment 

The analysis demonstrates that current international legal frameworks provide fragmented and incomplete 

governance of geoengineering technologies. While existing treaties contribute valuable principles and 

regulatory mechanisms, they were not designed specifically to regulate deliberate climate intervention 

activities. Consequently, substantial uncertainty persists regarding responsibility, liability, accountability, 

monitoring, enforcement, and institutional authority. 

 

The growing sophistication of geoengineering technologies and increasing private-sector involvement further 

expose weaknesses within existing governance structures. As geoengineering moves closer to practical 

implementation, reliance upon fragmented legal instruments may prove inadequate for addressing the scale 

and complexity of emerging challenges. Therefore, the development of adaptive, coordinated, and 

internationally legitimate governance frameworks has become an essential prerequisite for responsible 

geoengineering regulation in the twenty-first century. 

 

Techno-Policy Analysis: Risk Governance, Accountability, and Transboundary Implications 

Introduction 

Geoengineering occupies a unique position at the intersection of technological innovation, environmental 

governance, and public policy. Unlike conventional environmental technologies that operate within 

established regulatory boundaries, geoengineering technologies possess the capacity to influence climatic 

systems on regional, continental, or global scales. Consequently, governance challenges associated with 

geoengineering extend beyond scientific feasibility and encompass issues of political legitimacy, legal 

accountability, institutional capacity, and international cooperation. 

 

A techno-policy perspective recognizes that technological advancements and regulatory systems evolve 

simultaneously and continuously influence one another. Effective governance of geoengineering therefore 

requires an integrated framework that considers scientific uncertainty, environmental risks, legal obligations, 

societal values, and geopolitical realities. This section examines the principal governance challenges 

associated with geoengineering through the lenses of risk governance, accountability mechanisms, and 

transboundary environmental implications. 

 

Risk Governance in Geoengineering 

Risk governance refers to the institutional processes through which societies identify, assess, manage, and 

communicate risks associated with technological activities. Geoengineering presents unprecedented risk 

governance challenges because many of its potential consequences remain uncertain, difficult to predict, and 

potentially irreversible. 

 

Nature of Geoengineering Risks 

Geoengineering risks may be categorized into environmental, technological, political, economic, and social 

risks. 

Environmental risks include: 

• Changes in precipitation patterns. 

• Ecosystem disruption. 

• Biodiversity loss. 

• Ocean acidification impacts. 
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• Atmospheric alterations. 

Technological risks include: 

• System malfunction. 

• Deployment failures. 

• Inadequate monitoring. 

• Incomplete scientific understanding. 

Political risks include: 

• International disputes. 

• Strategic manipulation. 

• Unilateral deployment. 

• Governance failures. 

Social risks include: 

• Public distrust. 

• Unequal distribution of benefits. 

• Environmental injustice. 

• Marginalization of vulnerable communities. 

The complexity of these risks distinguishes geoengineering from conventional climate policies and 

necessitates specialized governance mechanisms capable of addressing uncertainty and long-term 

consequences [1]. 

 

Precautionary Governance 

The precautionary principle constitutes one of the most influential concepts in contemporary environmental 

law and policy. Under conditions of scientific uncertainty, precautionary governance requires decision-

makers to adopt preventive measures even when complete scientific evidence is unavailable. 

Geoengineering presents a textbook case for precautionary regulation because: 

• Long-term impacts remain uncertain. 

• Potential damages may be irreversible. 

• Scientific knowledge continues to evolve. 

• Large-scale deployment could affect future generations. 

Application of the precautionary principle requires rigorous environmental impact assessments, transparent 

scientific evaluation, phased experimentation, and continuous monitoring [5]. 

 

Adaptive Governance 

Traditional regulatory systems frequently rely upon fixed rules and static compliance mechanisms. However, 

geoengineering technologies evolve rapidly, making rigid governance models increasingly ineffective. 

Adaptive governance emphasizes: 

• Regulatory flexibility. 

• Continuous learning. 

• Periodic policy review. 

• Scientific updating. 

• Stakeholder participation. 

Adaptive governance frameworks allow policymakers to modify regulations as scientific understanding 

improves and technological capabilities expand [1]. 

 

Accountability Mechanisms in Geoengineering Governance 

Accountability represents a central component of legitimate governance. Because geoengineering 

interventions may generate consequences extending beyond national borders, accountability mechanisms 

must operate at domestic, regional, and international levels. 

 

State Accountability 

States remain the primary actors within international law. Consequently, governments authorizing, funding, 

or conducting geoengineering activities may bear responsibility for resulting environmental impacts. 

State accountability involves: 

• Compliance with international obligations. 

• Prevention of transboundary harm. 

• Environmental monitoring. 

• Disclosure of relevant information. 
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• Participation in international consultations. 

Where geoengineering activities cause environmental damage beyond national borders, states may face 

claims based upon principles of state responsibility and international environmental law [5]. 

 

Corporate Accountability 

Private-sector involvement in geoengineering research has increased significantly in recent years. 

Technology companies, research institutions, and commercial enterprises are actively developing climate 

intervention technologies. 

Corporate accountability challenges arise because: 

• International law traditionally regulates states rather than corporations. 

• Corporate activities may transcend national jurisdictions. 

• Regulatory standards vary significantly across countries. 

• Liability allocation remains uncertain. 

Future governance frameworks should establish mandatory reporting requirements, environmental auditing 

mechanisms, independent oversight bodies, and clear liability standards applicable to private actors [1]. 

 

Scientific Accountability 

Scientists play a critical role in geoengineering research and policy development. Their activities influence 

public perceptions, regulatory decisions, and technological deployment strategies. 

Scientific accountability requires: 

• Research transparency. 

• Ethical compliance. 

• Independent peer review. 

• Open access to data. 

• Public communication of risks. 

Transparent scientific practices are essential for maintaining public trust and ensuring evidence-based 

decision-making. 

 

Public Participation and Democratic Legitimacy 

Geoengineering governance raises fundamental questions concerning democratic legitimacy. Decisions 

affecting global climatic systems should not be confined solely to governments, scientists, or private 

corporations. 

Meaningful public participation contributes to: 

• Procedural fairness. 

• Policy legitimacy. 

• Social acceptance. 

• Improved decision-making. 

• Conflict prevention. 

Stakeholder engagement should include: 

• Indigenous communities. 

• Civil society organizations. 

• Environmental groups. 

• Scientific experts. 

• Developing countries. 

• Future-generation representatives. 

Inclusive governance strengthens accountability while reducing the likelihood of political resistance and 

social conflict [3]. 

 

Transboundary Environmental Implications 

Global Nature of Climatic Effects 

Geoengineering differs from many environmental activities because climatic systems operate across political 

boundaries. Actions undertaken within one state may produce environmental consequences thousands of 

kilometers away. 

Potential transboundary impacts include: 

• Changes in regional rainfall. 

• Agricultural productivity shifts. 

• Water resource alterations. 
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• Ecosystem disturbances. 

• Extreme weather modifications. 

Such consequences create significant legal and diplomatic challenges because affected states may have little 

or no involvement in deployment decisions [4]. 

 

Transboundary Harm and State Responsibility 

International environmental law recognizes the principle that states must prevent activities within their 

jurisdiction from causing significant environmental damage to other states. 

Application of this principle to geoengineering raises several questions: 

• How should harm be measured? 

• How can causation be established? 

• Which state bears responsibility? 

• What compensation mechanisms should apply? 

• How should disputes be resolved? 

These questions remain largely unresolved within existing legal frameworks [5]. 

 

Climate Justice Concerns 

Geoengineering may generate uneven distributions of risks and benefits among nations. 

Developed countries often possess: 

• Greater technological capacity. 

• Advanced research infrastructure. 

• Financial resources. 

• Regulatory expertise. 

Conversely, developing countries may experience disproportionate environmental impacts despite having 

limited participation in decision-making processes. 

This imbalance raises concerns relating to: 

• Equity. 

• Fairness. 

• Historical responsibility. 

• Environmental justice. 

• Global distributive justice. 

Effective governance frameworks must therefore ensure equitable representation and participation in 

decision-making processes [3]. 

 

Table 3: Key Governance Challenges and Policy Responses 

Governance Challenge Policy Concern Recommended Response 

Scientific Uncertainty Unknown environmental impacts Precautionary regulation 

Unilateral Deployment International conflict Multilateral authorization 

Corporate Participation Accountability deficits Regulatory oversight 

Transboundary Harm Liability disputes International compensation mechanisms 

Public Distrust Legitimacy concerns Stakeholder participation 

Technological Evolution Regulatory obsolescence Adaptive governance 

 

Towards Responsible Geoengineering Governance 

Responsible geoengineering governance requires a balance between technological innovation and 

environmental protection. Governance systems should promote scientific research while simultaneously 

preventing irresponsible experimentation and deployment. 

Core principles should include: 

• Precaution. 

• Transparency. 

• Accountability. 

• Public participation. 

• International cooperation. 

• Environmental justice. 

• Adaptive regulation. 
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A techno-policy framework integrating these principles can facilitate responsible innovation while 

minimizing environmental and geopolitical risks. 

 

Towards an Adaptive Global Governance Framework for Geoengineering 

Introduction 

The analysis of existing legal frameworks demonstrates that current governance arrangements remain 

fragmented, reactive, and insufficient to address the unique challenges posed by geoengineering 

technologies. The absence of a comprehensive international governance regime creates uncertainty regarding 

authorization, oversight, accountability, liability, and enforcement. Consequently, there is an urgent need to 

develop adaptive governance mechanisms capable of responding to evolving scientific knowledge and 

technological innovation. 

An adaptive global governance framework should not merely regulate geoengineering activities but also 

establish institutional structures capable of managing future technological developments. Such a framework 

must reconcile competing objectives including environmental protection, technological advancement, 

economic development, state sovereignty, and global climate justice. 

 

Principles of an Adaptive Governance Framework 

An effective governance architecture should be founded upon several core principles. 

 

Precautionary Principle 

Given the potential for irreversible environmental consequences, precaution should remain the foundation of 

geoengineering governance. 

Regulatory approval should require: 

• Comprehensive risk assessment. 

• Scientific review. 

• Environmental impact evaluation. 

• Independent oversight. 

 

Transparency Principle 

All geoengineering activities should be conducted transparently. 

Transparency mechanisms should include: 

• Public disclosure of research activities. 

• Open scientific data repositories. 

• Independent monitoring systems. 

• Periodic reporting obligations. 

 

Accountability Principle 

Governance systems must establish clear responsibilities for states, corporations, and research institutions. 

Accountability measures should include: 

• Legal liability provisions. 

• Compliance review mechanisms. 

• Regulatory sanctions. 

• Compensation procedures. 

 

Equity and Climate Justice 

Governance frameworks must ensure that developing countries and vulnerable populations participate 

meaningfully in decision-making processes. 

Equitable governance promotes: 

• Fair representation. 

• Inclusive consultation. 

• Benefit-sharing. 

• Protection of vulnerable communities. 

 

Proposed Institutional Architecture 

A specialized international governance mechanism may be established under the broader climate governance 

system. 

The proposed institutional framework may include: 
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International Geoengineering Regulatory Authority 

Functions: 

• Licensing and authorization. 

• Risk assessment. 

• Monitoring and verification. 

• Scientific coordination. 

• Compliance evaluation. 

 

 

Scientific Advisory Panel 

Responsibilities: 

• Independent scientific review. 

• Risk evaluation. 

• Technology assessment. 

• Policy recommendations. 

 

Global Stakeholder Forum 

Participants: 

• Governments. 

• Scientific institutions. 

• Indigenous communities. 

• Civil society organizations. 

• Private sector representatives. 

 

Dispute Resolution Mechanism 

Functions: 

• Settlement of transboundary disputes. 

• Compensation determination. 

• Liability adjudication. 

• Conflict prevention. 

 

Table 4: Proposed Components of a Global Geoengineering Governance Framework 

Component Primary Function 

International Geoengineering Regulatory Authority Authorization and oversight 

Scientific Advisory Panel Scientific assessment 

Global Stakeholder Forum Public participation 

Monitoring and Verification Network Compliance monitoring 

Liability and Compensation Mechanism Accountability and remediation 

Dispute Resolution Body Conflict management 

 

Regulation of Research and Experimentation 

Research activities should be governed through a graduated regulatory approach. 

 

Stage I: Laboratory Research 

Requirements: 

• Institutional approval. 

• Ethical review. 

• Scientific transparency. 

 

Stage II: Controlled Field Experiments 

Requirements: 

• Environmental assessment. 

• Regulatory authorization. 

• Independent monitoring. 
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Stage III: Large-Scale Deployment 

Requirements: 

• International approval. 

• Multilateral consultation. 

• Continuous monitoring. 

• Liability guarantees. 

This phased approach balances innovation with precaution and accountability. 

 

International Cooperation and Policy Harmonization 

Effective geoengineering governance requires unprecedented levels of international cooperation. 

Cooperation should focus on: 

• Information sharing. 

• Joint scientific research. 

• Regulatory harmonization. 

• Capacity building. 

• Technology assessment. 

• Emergency response planning. 

Multilateral cooperation reduces governance fragmentation and promotes consistent regulatory standards. 

 

Future Directions for Global Governance 

Future governance frameworks should anticipate emerging technological developments rather than merely 

responding to existing challenges. Regulatory systems must remain flexible enough to accommodate 

scientific advances while preserving environmental integrity and public trust. 

Long-term governance priorities should include: 

• Development of dedicated international legal instruments. 

• Strengthening of environmental monitoring systems. 

• Expansion of global scientific collaboration. 

• Establishment of international liability funds. 

• Promotion of climate justice and equitable participation. 

• Integration of artificial intelligence and advanced monitoring technologies into governance systems. 

 

Expected Outcomes of the Proposed Framework 

Implementation of an adaptive governance framework would produce several benefits: 

• Greater legal certainty. 

• Improved accountability. 

• Enhanced environmental protection. 

• Reduced geopolitical tensions. 

• Stronger public confidence. 

• Increased international cooperation. 

• Responsible technological innovation. 

By combining legal regulation, scientific expertise, policy coordination, and public participation, adaptive 

governance can provide a sustainable foundation for future geoengineering activities. 

 

Conclusion 

Geoengineering has emerged as a significant component of contemporary climate discourse, offering 

potential technological responses to the escalating challenges of global climate change. However, the 

capacity of geoengineering technologies to influence climatic systems at regional and global scales generates 

complex legal, ethical, environmental, and governance concerns. Existing international legal frameworks, 

including the UNFCCC, Paris Agreement, Convention on Biological Diversity, and customary international 

environmental law, provide only fragmented regulatory guidance and remain insufficient to address the 

unique challenges associated with climate intervention technologies. 

 

This study demonstrates that effective geoengineering governance requires an integrated techno-policy 

approach that combines scientific assessment, precautionary regulation, accountability mechanisms, public 

participation, and international cooperation. The analysis further reveals substantial governance gaps relating 

to authorization procedures, liability frameworks, monitoring systems, and transboundary environmental 
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protection. To address these deficiencies, the paper proposes an adaptive global governance framework 

founded upon transparency, accountability, climate justice, and regulatory flexibility. 

 

Ultimately, the future legitimacy of geoengineering will depend not solely on technological feasibility but on 

the establishment of robust, equitable, and internationally coordinated governance structures capable of 

ensuring that climate intervention technologies contribute responsibly to global climate objectives while 

safeguarding environmental sustainability and intergenerational equity. 
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