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About This Book

The Origins of The Intelligent Ocean

This book is the result of a collective scientific effort undertaken by members of the Ocean Geopolitics Centre, an international research centre established within SOAMAR Brasil and operating across Portugal, Europe and the Portuguese-speaking world. Bringing together researchers, naval professionals, oceanographers, engineers, economists, legal scholars, strategists and specialists from multiple disciplines, the Centre was created with a common purpose: to contribute to a deeper understanding of the ocean as one of the defining strategic, environmental and civilisational challenges of the twenty-first century.

The Ocean Geopolitics Centre was founded upon a simple but profound conviction. The ocean can no longer be understood exclusively through the traditional boundaries of individual scientific disciplines. The accelerating convergence of climate change, technological innovation, maritime security, biodiversity conservation, the Blue Economy, digital transformation and geopolitical competition has created a new reality in which environmental, economic, scientific and strategic questions have become inseparable. Understanding this new reality requires equally new ways of thinking.

It is from this conviction that The Intelligent Ocean emerged.

This book was never intended to be another technical manual on oceanography, marine robotics or artificial intelligence. Nor was it conceived as a review of existing scientific literature. From its inception, its ambition has been considerably broader. It seeks to explore whether ocean science itself is entering a new phase of development, one in which continuous observation, computational intelligence, Digital Ocean Twins, autonomous systems, adaptive governance and international scientific cooperation progressively converge into a new scientific paradigm.

The authors believe that humanity is approaching a decisive historical moment. Never before has the ocean been observed with such precision or at such scale. Satellites continuously monitor global marine processes, autonomous robotic systems explore previously inaccessible regions, environmental genomics reveals hidden dimensions of marine biodiversity, and advanced computational models simulate interactions across the Earth system with increasing fidelity. At the same time, climate change, ecosystem degradation, geopolitical tensions, growing demands for marine resources and the rapid expansion of the Blue Economy demonstrate that scientific knowledge has become an essential condition for responsible decision-making.

Paradoxically, this unprecedented abundance of information has also revealed an unexpected challenge. Humanity's capacity to generate data about the ocean has expanded more rapidly than its capacity to integrate that information into coherent scientific understanding. The principal limitation of contemporary ocean science is therefore no longer observational alone. It is increasingly cognitive. We are learning to observe the ocean continuously, yet we are only beginning to understand how such observation should be organised, interpreted and transformed into collective knowledge capable of supporting sustainable governance and long-term planetary stewardship.

This book proposes that addressing this challenge requires more than technological innovation. It requires a new intellectual framework capable of integrating natural sciences, engineering, artificial intelligence, systems theory, economics, law, public policy, ethics and international cooperation within a common architecture of knowledge. Throughout the chapters that follow, this framework is developed under the concept of Ocean Intelligence—not as a technological product or a computational platform, but as an emerging scientific paradigm through which humanity may progressively improve its understanding of the ocean as the largest and most dynamic component of the Earth system.

The decision to develop this work within the Ocean Geopolitics Centre reflects another important conviction. Scientific knowledge concerning the ocean should not remain confined within national boundaries or disciplinary traditions. The ocean is inherently global. Its currents, ecosystems, climatic influence and economic significance transcend political frontiers. Consequently, the future of ocean science depends increasingly upon international collaboration, open scientific dialogue and the integration of diverse forms of knowledge. The Portuguese-speaking world occupies a particularly significant position within this context. Collectively, the Lusophone nations possess one of the largest maritime spaces on Earth, extraordinary biological diversity, strategic shipping routes and centuries of maritime history. They therefore have both an opportunity and a responsibility to contribute actively to the emerging global architecture of Ocean Intelligence.

Although grounded in rigorous scientific research, this book is intentionally interdisciplinary. It draws upon oceanography, Earth System Science, marine robotics, artificial intelligence, geopolitics, economics, public administration, international law, philosophy, systems science and complexity theory. This diversity is deliberate. The challenges confronting the ocean no longer respect disciplinary boundaries, and neither should the scientific frameworks developed to understand them.

The chapters that follow should therefore be read not as isolated essays but as successive stages in the construction of a unified intellectual framework. Beginning with the evolution of ocean observation, the discussion progresses through autonomous systems, Digital Ocean Twins, distributed scientific cognition, adaptive governance, ethical responsibility and international cooperation before proposing the Unified Theory of Ocean Intelligence and a long-term Research Agenda for Ocean Intelligence (2025–2050). Together, these contributions seek to establish not merely a synthesis of existing knowledge but the foundations of an emerging field of scientific inquiry.

No scientific theory is ever complete, and no book can claim to provide definitive answers to challenges as complex as those explored here. The purpose of The Intelligent Ocean is therefore not to conclude a discussion but to begin one. It is an invitation to researchers, educators, engineers, policymakers, naval professionals, international organisations and future generations of scientists to participate in the development of a new way of understanding the ocean.

Ultimately, this book is founded upon a belief that extends beyond science itself. Humanity has spent millennia navigating the ocean, exploring it, exploiting it and, more recently, seeking to protect it. The twenty-first century demands something more ambitious. It demands that we learn to understand the ocean continuously, to govern it wisely and to recognise that the future resilience of civilisation is inseparable from the resilience of the ocean upon which all life depends.

If this work contributes, even modestly, to that shared endeavour, it will have fulfilled the purpose for which it was conceived.

Mission Statement

The Ocean Geopolitics Centre was established upon the conviction that the future of humanity will be shaped as much by its capacity to understand the ocean as by its ability to use it responsibly. As the ocean increasingly becomes central to climate regulation, global security, sustainable development, scientific innovation and international cooperation, the production of knowledge about the marine environment assumes strategic importance for the future of civilisation.

The Centre promotes interdisciplinary research that integrates oceanography, Earth System Science, geopolitics, maritime security, engineering, artificial intelligence, economics, law and public policy within a common framework of scientific excellence. It seeks to advance Ocean Intelligence as an emerging scientific paradigm capable of strengthening sustainable development, maritime governance, environmental stewardship, technological innovation and peaceful cooperation among nations.

Recognising that the ocean transcends political boundaries and disciplinary divisions, the Ocean Geopolitics Centre is committed to fostering international collaboration, encouraging the open exchange of scientific knowledge and supporting the development of future generations of researchers dedicated to understanding the ocean as the largest and most dynamic system on our planet.

The Intelligent Ocean represents one contribution to this enduring mission. It is offered not as the conclusion of a scientific discussion, but as an invitation to researchers, institutions and societies to participate in the construction of a new intellectual framework through which humanity may better understand, govern and coexist with the ocean.
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CHAPTER 1. From Sea Power to Ocean Intelligence: The Evolution of Maritime Knowledge
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1.1 The Evolution of Maritime Knowledge: From Navigation to Ocean Intelligence

Research Question: How has the evolution of maritime observation transformed humanity's understanding of the ocean, and why does this historical trajectory require a new theoretical framework for interpreting the relationship between knowledge, intelligence and ocean governance?

Throughout history, humanity's relationship with the sea has been determined less by the physical characteristics of the oceans than by the changing ways in which societies have been able to observe, interpret and organise knowledge about them. Oceans themselves have remained geophysically continuous over geological time; what has evolved is the cognitive architecture through which human civilizations perceive, navigate, exploit and ultimately govern marine environments. This distinction provides the central premise of this book. Rather than interpreting maritime history exclusively through technological innovation, naval competition or commercial expansion, this chapter argues that the history of maritime civilization can be more accurately understood as the progressive evolution of maritime knowledge.

Knowledge has always preceded maritime power. Before oceans could be crossed, they first had to be imagined. Before trade routes could be established, navigators needed conceptual models capable of transforming uncertain horizons into navigable space. Before states could exercise maritime sovereignty, they required increasingly sophisticated methods for observing coastlines, measuring distance, predicting tides and understanding the environmental dynamics upon which navigation depended. Maritime history is therefore not merely the history of ships, ports or naval empires; it is fundamentally the history of humanity's expanding capacity to transform an uncertain marine environment into structured, actionable knowledge.

This proposition differs from much of the existing maritime literature. Classical works have traditionally interpreted maritime development through the lenses of naval strategy, commercial expansion or geopolitical competition. Alfred Thayer Mahan famously argued that national prosperity depended upon the interaction between maritime commerce, industrial capacity and naval superiority (Mahan, 1890). His analysis transformed strategic thinking by demonstrating that control of sea lines of communication constituted one of the principal determinants of geopolitical influence. Similarly, Julian Corbett emphasised that maritime strategy should be understood as an extension of political objectives rather than as an end in itself (Corbett, 1911). These contributions remain foundational within maritime strategic studies and continue to influence naval doctrine throughout the world.

Yet both perspectives emerged during historical periods in which maritime observation remained comparatively limited. Information concerning oceanographic processes was episodic, hydrographic surveys were incomplete and much of the deep ocean remained entirely unknown. Maritime power therefore depended primarily upon controlling physical movement across maritime space because knowledge of the ocean itself was necessarily constrained by the observational technologies available at the time. Geography, rather than information, constituted the principal strategic variable.

The twenty-first century presents a markedly different scientific landscape. Continuous satellite observation, autonomous marine robotics, distributed ocean observatories, underwater communication systems and high-performance computational modelling have fundamentally altered humanity's capacity to observe marine environments. Today, the challenge confronting ocean science is no longer defined principally by the scarcity of information but by the unprecedented abundance of heterogeneous environmental data generated across multiple spatial and temporal scales. Consequently, the strategic significance of the ocean increasingly depends not only upon geographical control but upon the capability to transform massive quantities of environmental information into reliable scientific understanding and effective governance.

Recognising this transition requires a broader interpretation of maritime history than that offered by traditional geopolitical narratives. Human interaction with the sea has progressed through successive epistemic revolutions, each characterised by new methods for generating, organising and validating maritime knowledge. These transformations did not simply improve navigation; they fundamentally altered the relationship between society and the marine environment.

The earliest maritime communities relied upon observational intelligence embedded within culture rather than formal science. Polynesian navigators crossed thousands of kilometres of open ocean without maps, compasses or written charts, relying instead upon sophisticated interpretations of wave patterns, celestial navigation, bird migrations, ocean swells and atmospheric conditions. Their remarkable achievements demonstrate that complex maritime knowledge can emerge through cumulative empirical observation transmitted across generations. Navigation, in this context, represented an adaptive cognitive system integrating environmental perception with collective memory. Similar traditions characterised the maritime cultures of the Phoenicians, Austronesians, Arabs and Norse seafarers, each developing distinct epistemologies appropriate to their environmental conditions.

The emergence of Mediterranean civilization introduced new institutional dimensions to maritime knowledge. Greek scholars sought to explain tides, winds and coastal morphology through natural philosophy, while Roman expansion stimulated improvements in hydrography, port engineering and navigational administration. Although these advances remained limited by the scientific methods of their era, they established an important precedent: maritime knowledge increasingly became organised within political institutions rather than remaining solely the preserve of experienced navigators.

The great maritime expansions of the fifteenth and sixteenth centuries accelerated this transformation dramatically. Portuguese and Spanish navigators combined astronomical observation, cartography, shipbuilding and mathematical navigation to produce what may be regarded as the first systematic integration of scientific knowledge into global maritime exploration. The Portuguese school of navigation, associated with advances in celestial navigation, oceanic cartography and nautical instrumentation, transformed the Atlantic from an uncertain frontier into a connected maritime system. This achievement was not merely technological; it represented the emergence of a new epistemology in which observation, measurement and mathematical reasoning became increasingly central to maritime expansion.

The Scientific Revolution further transformed this trajectory by replacing descriptive navigation with systematic investigation of marine processes. Developments in astronomy, mechanics and mathematics enabled increasingly precise determination of longitude and latitude, while improvements in surveying techniques produced hydrographic charts of unprecedented accuracy. During the eighteenth and nineteenth centuries, national hydrographic offices institutionalised maritime observation as a permanent scientific activity, reflecting the growing recognition that navigation, commerce and naval operations depended upon reliable environmental knowledge.

A decisive turning point occurred with the departure of the research vessel HMS Challenger in December 1872. The Challenger Expedition fundamentally altered the intellectual status of the ocean. Rather than treating the sea primarily as a medium of transportation, the expedition investigated it as an integrated natural system characterised by complex physical, chemical, geological and biological interactions. Over the course of almost four years, the expedition collected unprecedented volumes of oceanographic observations, mapped previously unknown seabed features, identified thousands of new marine species and established the methodological foundations of modern oceanography. Its greatest contribution, however, extended beyond the data it produced. Challenger demonstrated that the ocean could be investigated systematically through interdisciplinary scientific collaboration, thereby transforming marine research into an institutional enterprise rather than a collection of isolated exploratory efforts.

Twentieth-century oceanography expanded this transformation through technological innovation. Echo sounding revolutionised bathymetric mapping. Acoustic methods revealed submarine topography with extraordinary precision. Ocean drilling programmes reconstructed the geological evolution of ocean basins, while advances in physical oceanography established the central role of thermohaline circulation within the Earth's climate system. Simultaneously, satellite remote sensing extended observation from local measurements to planetary scales, enabling continuous monitoring of sea-surface temperature, sea-level variability, ocean colour and surface winds. Ocean observation became progressively global, integrated and quantitative.

At the beginning of the twenty-first century, another transformation began to emerge. Unlike previous revolutions, which primarily expanded observational capability, contemporary developments increasingly reshape the architecture through which knowledge itself is produced. Autonomous underwater vehicles, ocean gliders, distributed sensor networks, underwater acoustic communication systems, high-performance computing, cloud-based ocean data infrastructures and advanced computational methods now operate together within interconnected observational ecosystems capable of generating continuous streams of environmental information. Ocean science has entered an era in which observation is persistent rather than episodic, predictive rather than descriptive and increasingly collaborative across disciplinary and institutional boundaries.

This transformation cannot be adequately understood through existing concepts of sea power alone. Maritime capability increasingly depends upon what this book terms Ocean Intelligence: the integrated scientific capacity to acquire, interpret, synthesise and apply ocean knowledge through the interaction of human expertise, observational infrastructures, computational systems and governance institutions. Ocean Intelligence does not replace classical maritime power; rather, it extends it by recognising that the strategic value of the oceans increasingly derives from the quality of knowledge that societies can generate about marine systems.

Understanding this transition requires moving beyond technological determinism. Technologies do not transform maritime governance simply because they exist. Their significance emerges only when they alter the production of scientifically validated knowledge and the institutional processes through which that knowledge informs policy, environmental management and international cooperation. The contemporary ocean is therefore best understood not as a digital ocean, nor merely as a connected ocean, but as an increasingly intelligent knowledge system in which observation, computation and governance evolve together.

1.2 Classical Sea Power Theory and its Contemporary Limitations

The development of maritime theory has historically followed the evolution of the maritime environment itself. Strategic concepts emerged in response to the technological capabilities, political realities and economic structures of their respective eras. Consequently, no theory of sea power can be understood independently of the observational systems through which its authors perceived the oceans. Classical maritime thought did not simply describe the sea; it interpreted a particular historical relationship between human societies and the marine environment. Recognising this contextual character is essential for evaluating both the enduring relevance and the contemporary limitations of the classical maritime tradition.

Among the foundational contributions to maritime strategic thought, the work of Alfred Thayer Mahan occupies a unique position. In The Influence of Sea Power upon History (1890), Mahan argued that national prosperity and geopolitical influence were fundamentally linked to maritime commerce, industrial production and naval capability. His analysis demonstrated that control of maritime communications enabled states to project power far beyond their territorial boundaries, shaping international politics through the interaction of economic strength and naval supremacy. Mahan's framework emerged during an era characterised by expanding industrialisation, imperial competition and the rapid globalisation of maritime trade. Within this context, the sea was primarily understood as a strategic space across which commercial flows, military forces and political influence could be projected.

The remarkable durability of Mahan's work derives from its recognition that maritime power extends beyond naval warfare. He identified an integrated relationship between geography, commerce, industrial capacity, logistics and statecraft that remains highly relevant today. Contemporary global supply chains continue to depend overwhelmingly upon maritime transportation, with approximately ninety per cent of world merchandise trade by volume transported by sea according to recent assessments by the United Nations Conference on Trade and Development and the International Maritime Organization. Likewise, the concentration of commercial shipping through strategic chokepoints such as the Strait of Malacca, the Suez Canal and the Panama Canal continues to confirm the enduring strategic significance of maritime geography.

Yet the contemporary maritime environment differs fundamentally from the world that Mahan observed. The oceans are no longer important solely because they connect ports and facilitate commerce. They have become the physical infrastructure supporting global digital civilisation. Approximately 99 per cent of international digital communications now travel through submarine fibre-optic cable systems laid across the seabed rather than through satellites. Offshore renewable energy installations, subsea data cables, autonomous sensor networks, marine observation infrastructures and seabed resource exploration have transformed the ocean into an increasingly complex technological domain. Maritime space is therefore no longer defined exclusively by physical movement; it is equally characterised by the circulation of information.

This distinction has profound theoretical implications. Mahan conceptualised maritime power principally in terms of control over maritime mobility. In the twenty-first century, strategic influence increasingly depends upon control over maritime knowledge. States capable of continuously observing ocean conditions, monitoring critical infrastructure, integrating environmental intelligence and predicting maritime risks acquire advantages extending beyond traditional naval superiority. Geographical control remains indispensable, yet informational superiority increasingly determines the effectiveness with which geographical advantages can be exercised.

A complementary perspective emerged through the work of Julian Corbett. Rejecting purely deterministic interpretations of sea power, Corbett argued that maritime strategy should always be understood within the broader framework of political objectives. Command of the sea, in his view, was neither absolute nor permanent. Rather, it represented a condition enabling states to pursue specific political purposes through selective control of maritime space (Corbett, 1911). This distinction profoundly influenced subsequent strategic thought because it shifted attention from naval dominance itself towards the political utility of maritime operations.

Corbett's emphasis upon flexibility and limited control appears particularly relevant within the contemporary maritime environment. Modern maritime security encompasses challenges extending far beyond conventional naval conflict. Illegal, unreported and unregulated fishing, transnational organised crime, maritime terrorism, offshore critical infrastructure protection, environmental degradation and hybrid threats all require forms of governance that integrate civilian agencies, scientific institutions and military organisations. Maritime strategy increasingly depends upon coordinated situational awareness rather than the exclusive application of naval force.

Nevertheless, Corbett shared with Mahan an implicit assumption that deserves closer examination. Both theorists regarded information primarily as an operational resource supporting strategic decision-making rather than as a strategic domain in its own right. Intelligence informed maritime operations, but the production of intelligence remained subordinate to the exercise of maritime power. Observation enhanced command; it did not fundamentally redefine its nature.

This assumption reflected the technological realities of the early twentieth century. Ocean observation remained episodic, expensive and geographically fragmented. Hydrographic surveys required dedicated expeditions. Meteorological information depended upon sparse observational networks. Subsurface environments remained largely inaccessible, while communications at sea were constrained by the technological limitations of the period. Under such conditions, it was entirely reasonable to treat information as a supporting function rather than a central strategic capability.

Contemporary ocean science presents a markedly different picture. Satellite remote sensing, autonomous underwater vehicles, ocean gliders, autonomous surface vessels, seabed observatories and global observational programmes such as the Global Ocean Observing System and the Argo Program have fundamentally altered the temporal continuity and spatial resolution of ocean observation. Environmental information is increasingly generated continuously rather than intermittently. Computational models assimilate observations from thousands of distributed sensors, producing integrated representations of ocean dynamics that support scientific research, operational forecasting and strategic decision-making simultaneously.

The implications extend beyond technological improvement. They challenge one of the implicit foundations of classical maritime theory: that observation constitutes a preliminary activity preceding strategy. Increasingly, observation itself has become a strategic capability. States and institutions capable of generating reliable maritime knowledge possess advantages that influence environmental governance, resource management, maritime domain awareness, climate adaptation and national security. Knowledge has become an operational asset and a strategic resource.

This observation does not invalidate classical maritime theory. On the contrary, the analytical frameworks developed by Mahan and Corbett remain indispensable for understanding maritime geopolitics. Sea lines of communication continue to shape global trade. Naval deterrence remains central to strategic stability. Maritime geography continues to influence political and economic development. However, the explanatory scope of these theories requires expansion. They were formulated before the emergence of persistent ocean observation, computational oceanography, autonomous marine systems and globally interconnected maritime data infrastructures. Consequently, they provide only partial explanations for a maritime domain increasingly characterised by informational complexity.

The evolution of international maritime law illustrates this transformation. The adoption of the United Nations Convention on the Law of the Sea fundamentally redefined maritime jurisdiction through concepts such as the Exclusive Economic Zone, continental shelf rights and the common heritage of mankind. These legal innovations reflected growing scientific understanding of marine resources and offshore geology. Yet even UNCLOS was negotiated during a period when continuous ocean observation remained technologically limited. Contemporary issues—including autonomous vessels, marine data governance, Digital Ocean Twins, subsea digital infrastructure and algorithm-supported environmental monitoring—extend well beyond the conceptual horizons available to the Convention's original negotiators.

The emergence of Earth system science further reinforces this conclusion. Modern oceanography no longer treats the sea as an isolated geographical domain but as an integral component of a coupled atmosphere-ocean-biosphere-cryosphere system. Ocean circulation regulates climate, marine ecosystems influence global biogeochemical cycles and coastal processes interact continuously with terrestrial environments. Strategic decisions concerning maritime infrastructure, fisheries, offshore energy and climate adaptation increasingly depend upon integrated scientific understanding rather than isolated sectoral expertise. Maritime governance therefore requires analytical frameworks capable of connecting oceanographic knowledge with legal, economic and geopolitical decision-making.

These developments reveal an important gap within the existing literature. While extensive research has examined naval strategy, maritime security, oceanography, marine robotics and computational ocean science independently, comparatively little attention has been devoted to understanding how the convergence of these fields reshapes the epistemological foundations of maritime power itself. Existing theories explain the importance of controlling maritime space. They explain less clearly how societies compete to produce, integrate and govern maritime knowledge.

This book proposes that the missing dimension is Ocean Intelligence.

Ocean Intelligence should not be understood as a replacement for sea power but as its contemporary extension. It refers to the integrated capability through which observational infrastructures, scientific institutions, computational systems and governance mechanisms transform environmental data into strategic knowledge. Within this framework, maritime influence derives not only from fleets, ports and logistics but also from the capacity to observe, interpret, predict and govern marine systems with scientific precision.

Such an interpretation broadens rather than abandons the classical tradition. Mahan demonstrated that commerce required secure maritime communications. Corbett demonstrated that maritime operations served political objectives. The twenty-first century suggests an additional proposition: sustainable maritime power increasingly depends upon the production and governance of scientifically reliable ocean knowledge. Geography remains essential, but geography is now interpreted through continuous observation. Strategy remains indispensable, but strategy increasingly depends upon computational understanding. Sea power has therefore entered an epistemic age.

1.3 The Scientific Revolution in Ocean Observation

The evolution of maritime knowledge has always depended upon humanity's capacity to observe the ocean. While the strategic theories of the nineteenth and early twentieth centuries developed within an environment characterised by limited observational capabilities, the scientific transformation of the last five decades has fundamentally altered this condition. Oceanography has evolved from an expedition-based discipline into a continuously operating global observational enterprise supported by satellites, autonomous robotic systems, underwater sensor networks and computational infrastructures capable of integrating millions of observations every day (UNESCO-IOC, 2024; Smith et al., 2019).

This transformation represents one of the most significant scientific developments in the history of Earth system science. Until relatively recently, the ocean remained the least observed component of the planetary system. Although covering approximately 71 per cent of the Earth's surface and containing more than 97 per cent of the planet's liquid water, vast areas of the ocean were sampled only intermittently, often separated by months or years between scientific expeditions (Stewart, 2008). Consequently, understanding of ocean circulation, ecosystem dynamics and biogeochemical processes relied upon sparse datasets that, while scientifically valuable, provided only fragmented representations of highly dynamic environmental systems.

The emergence of satellite oceanography during the second half of the twentieth century fundamentally changed this situation. Earth-observing satellites enabled continuous monitoring of sea-surface temperature, ocean colour, sea-level anomalies, wind fields and sea-ice extent at global scales previously impossible to achieve through ship-based observations alone (Chelton et al., 2001; Le Traon et al., 2019). Missions such as TOPEX/Poseidon, Jason, Sentinel-3, SMOS and SWOT have progressively increased both the spatial resolution and temporal continuity of ocean observation, allowing scientists to investigate ocean dynamics with unprecedented precision.

Satellite observations, however, reveal only part of the marine environment. Much of the ocean's complexity lies beneath the surface, where physical, chemical and biological processes interact across multiple temporal and spatial scales. Recognising this limitation, the international scientific community progressively developed integrated ocean observing systems combining satellite observations with in situ measurements obtained through research vessels, moored buoys, drifting platforms, autonomous underwater vehicles (AUVs), gliders and profiling floats (Lindstrom et al., 2012).

Among these initiatives, the Argo Programme represents one of the most significant scientific achievements in contemporary oceanography. Since its operational deployment in the early 2000s, more than 4,000 autonomous profiling floats have continuously measured temperature, salinity and pressure throughout the upper 2,000 metres of the global ocean, generating more than two million high-quality profiles that are freely available to the international scientific community (Roemmich et al., 2019). The scientific value of Argo extends beyond the volume of observations produced. By standardising measurements across the world's oceans, the programme has enabled the development of globally consistent datasets essential for climate research, numerical weather prediction and operational oceanography.

The significance of persistent observation becomes particularly evident when considering climate change. Approximately 90 per cent of the excess heat generated by anthropogenic greenhouse gas emissions has been absorbed by the oceans (IPCC, 2023). Consequently, understanding ocean heat content has become one of the most important indicators of climate change. Continuous observations provided by Argo, satellite altimetry and deep-ocean monitoring programmes now permit scientists to quantify long-term changes in ocean heat storage with levels of confidence unimaginable only a generation ago (Cheng et al., 2020).

Persistent observation has similarly transformed marine ecology. Traditional ecosystem studies relied heavily upon research cruises that provided detailed but temporally limited observations. Today, autonomous gliders equipped with biogeochemical sensors continuously monitor dissolved oxygen, chlorophyll fluorescence, nitrate concentrations, pH and optical backscatter, allowing researchers to investigate ecosystem dynamics across seasonal and interannual timescales (Testor et al., 2019). These developments have significantly improved understanding of harmful algal blooms, marine heatwaves, deoxygenation and ecosystem resilience under changing climatic conditions.

Perhaps the most profound transformation, however, has occurred in the relationship between observation and computation.

Modern ocean observing systems no longer function as isolated measurement platforms. Instead, they operate as components of globally distributed cyber-physical infrastructures that integrate observational data, numerical simulations and predictive models in near real time (Hey et al., 2021). Programmes such as the Global Ocean Observing System (GOOS), the Copernicus Marine Service, the Integrated Ocean Observing System (IOOS) in the United States and regional Digital Twin initiatives increasingly combine heterogeneous datasets into unified computational environments capable of supporting operational forecasting, scientific research and evidence-based policy simultaneously (UNESCO-IOC, 2024).

The scientific implications of this transition are profound. Historically, oceanography progressed through successive observational campaigns separated by periods of laboratory analysis and theoretical interpretation. Contemporary ocean science increasingly operates through continuous feedback between observation and modelling. Measurements collected by autonomous platforms are assimilated almost immediately into numerical models that generate updated forecasts of ocean circulation, storm surges, marine ecosystem dynamics and biogeochemical processes. Observation has therefore become iterative rather than episodic.

This transformation has also redefined the role of marine robotics within ocean science. Autonomous underwater vehicles, once regarded primarily as engineering innovations, now function as essential scientific instruments extending observational capability into environments inaccessible to conventional research vessels (Griffiths, 2003). Modern AUVs conduct high-resolution seabed mapping, monitor hydrothermal vent systems, inspect underwater infrastructure, characterise benthic ecosystems and acquire oceanographic measurements beneath polar sea ice where human access remains extremely limited (Wynn et al., 2014). Similarly, autonomous surface vehicles and long-endurance gliders now undertake missions lasting several months while transmitting environmental observations continuously via satellite communications.

Importantly, these robotic systems should not be interpreted simply as replacements for research vessels. Rather, they complement traditional oceanographic methods by expanding observational persistence, increasing spatial coverage and reducing operational costs. Scientific expeditions remain indispensable for multidisciplinary investigations, instrument calibration and sample collection. Robotics extends rather than replaces human scientific capability.

The convergence of distributed sensing, marine robotics and computational modelling has created what Earth system scientists increasingly describe as an observational ecosystem. Within this ecosystem, no single instrument possesses complete knowledge of the ocean. Instead, understanding emerges through the integration of complementary observations generated by multiple technologies operating across different scales (National Academies of Sciences, Engineering, and Medicine, 2025). Satellites provide synoptic global perspectives, autonomous platforms characterise subsurface dynamics, research vessels conduct targeted investigations, while computational models assimilate these diverse observations into coherent representations of ocean processes.

The significance of this development extends beyond scientific methodology. Continuous observation fundamentally alters the epistemic conditions under which marine governance operates. Fisheries management, offshore renewable energy, maritime security, biodiversity conservation and climate adaptation increasingly depend upon observational systems capable of detecting environmental change before its consequences become irreversible (OECD, 2019). Decision-making is progressively shifting from reactive management based upon historical observations towards adaptive governance informed by continuous environmental intelligence.

This transition also reveals one of the central limitations of existing theoretical frameworks. Classical maritime theories successfully explained the strategic significance of controlling maritime space but devoted comparatively little attention to the infrastructures through which knowledge about that space is generated. Yet in the contemporary ocean, observation itself has become strategic infrastructure. Satellites, autonomous vehicles, seabed observatories, fibre-optic communication networks and cloud-based computational platforms now constitute critical components of national scientific capacity and maritime resilience.

For this reason, the scientific revolution in ocean observation should not be interpreted simply as a technological development. It represents a transformation in the production of maritime knowledge. Observation has evolved from isolated measurement to continuous environmental awareness; data have evolved from static records to dynamic information streams; and oceanography has evolved from descriptive science towards predictive Earth system intelligence. These developments provide the empirical foundation upon which the concept of Ocean Intelligence, introduced in the following section, is constructed.

1.4 Ocean Intelligence: Towards a New Scientific Framework for Maritime Knowledge

The progressive expansion of ocean observation described in the previous section raises a fundamental scientific question. If the methods through which marine environments are observed, analysed and interpreted have undergone profound transformation, should the conceptual frameworks through which maritime knowledge is understood evolve accordingly? Existing literature provides sophisticated explanations of individual technological developments, including autonomous underwater vehicles, Earth observation systems, ocean forecasting models and data-intensive marine science. Yet these developments are generally analysed as separate technological domains rather than as components of an integrated epistemic transformation. This chapter argues that such fragmentation no longer adequately reflects the contemporary scientific reality.

The central proposition advanced here is that ocean observation has entered a new phase characterised not merely by technological innovation but by the emergence of an integrated knowledge-producing system. This system combines distributed observation, computational analysis, institutional expertise and adaptive governance into a continuously evolving architecture through which marine environments become increasingly intelligible. To describe this emerging condition, the present work introduces the concept of Ocean Intelligence.

Ocean Intelligence may be defined as the integrated scientific capability through which distributed observation systems, computational analysis, institutional knowledge and human expertise collectively transform ocean data into actionable understanding for scientific research, operational decision-making and adaptive ocean governance.

Several elements distinguish this definition from existing interpretations of marine digitalisation.

First, Ocean Intelligence is not synonymous with artificial intelligence. Artificial intelligence constitutes one analytical component within a broader knowledge architecture. Machine learning, deep learning, computer vision and large-scale statistical modelling contribute to data interpretation, but they neither generate ocean knowledge independently nor replace scientific reasoning. Ocean Intelligence therefore encompasses computational methods while simultaneously recognising the indispensable contributions of oceanographers, marine engineers, policymakers, hydrographers, ecologists and operational institutions. Knowledge emerges from collaboration rather than technological substitution.

Second, Ocean Intelligence differs fundamentally from the concept of digital transformation. Digitalisation refers primarily to the conversion of analogue information into digital formats and the development of digital infrastructures supporting communication, storage and computation. Ocean Intelligence begins only after digitalisation has occurred. Its defining characteristic lies in the integration of heterogeneous observations into coherent scientific understanding capable of supporting adaptive decisions. Data become information, information becomes knowledge and knowledge becomes institutional capability.

Third, Ocean Intelligence extends beyond conventional ocean observing systems. International programmes such as the Global Ocean Observing System have successfully coordinated global marine observations for several decades, establishing the Essential Ocean Variables that underpin contemporary oceanography (Moltmann et al., 2019). These initiatives focus primarily upon systematic observation. Ocean Intelligence incorporates observation while extending the analytical process to include interpretation, prediction, institutional learning and governance. Observation constitutes the foundation; intelligence emerges through integration.

The distinction becomes clearer when viewed from the perspective of systems science. General Systems Theory, developed by Ludwig von Bertalanffy, emphasised that complex systems cannot be understood exclusively through analysis of their constituent parts because the organisation of relationships generates emergent properties absent from individual components (Bertalanffy, 1968). Ocean Intelligence follows this principle. Satellites, gliders, research vessels, numerical models, autonomous underwater vehicles and environmental databases each generate valuable information independently. Yet none individually produces Ocean Intelligence. Intelligence emerges through the dynamic relationships linking these observational systems within broader institutional networks.

This systems perspective aligns closely with contemporary Earth system science. Increasingly, the ocean is understood not as an isolated environmental domain but as one component of a tightly coupled planetary system integrating the atmosphere, cryosphere, lithosphere and biosphere (Steffen et al., 2020). Ocean circulation regulates atmospheric dynamics, marine ecosystems influence global carbon cycling and cryospheric processes modify ocean salinity and circulation patterns. Understanding these interactions requires observational systems capable of integrating processes operating across multiple temporal and spatial scales simultaneously.

Ocean Intelligence therefore represents a property of the entire observational ecosystem rather than any individual technology.

From this perspective, marine robotics acquires a different scientific meaning. Autonomous underwater vehicles are not simply robotic platforms performing underwater missions. They become distributed sensory systems extending observational capability into environments inaccessible to direct human investigation. Similarly, satellite constellations no longer function merely as remote sensing instruments but as continuous providers of synoptic environmental awareness. Numerical models evolve beyond simulation tools to become mechanisms through which observational evidence is integrated, tested and translated into probabilistic forecasts. Scientific institutions themselves become active components of Ocean Intelligence by validating observations, refining models and transforming evidence into trusted knowledge.

This interpretation resonates with developments in cognitive science, although the analogy must be employed carefully. Biological intelligence emerges through interactions among perception, memory, learning and decision-making rather than through isolated cognitive processes. Ocean Intelligence exhibits an analogous organisational structure, not because oceans possess cognition, but because contemporary marine observation increasingly depends upon comparable functional relationships.

Observation corresponds to perception.

Environmental databases provide institutional memory.

Computational modelling supports learning through iterative refinement.

Forecasting enables anticipation.

Governance translates understanding into collective action.

The analogy remains conceptual rather than biological, yet it provides a useful framework for understanding how previously independent technological systems increasingly function as components of a unified knowledge architecture.

Importantly, this architecture remains fundamentally socio-technical. Ocean Intelligence is not produced exclusively by machines or exclusively by people. It emerges through interactions among scientific communities, observational infrastructures, computational systems and governance institutions. This observation aligns with broader research concerning knowledge infrastructures, which emphasises that scientific understanding depends upon durable networks connecting instruments, standards, organisations and professional communities (Edwards et al., 2013). Ocean Intelligence therefore represents not simply a technological achievement but an institutional one.

Recognising this institutional dimension has important implications for maritime strategy. Classical concepts of sea power focused primarily upon the ability to project force, protect trade routes and secure maritime communications. These remain indispensable elements of national capability. Yet the emergence of Ocean Intelligence suggests that strategic influence increasingly depends upon another capacity: the ability to produce scientifically reliable maritime knowledge faster, more accurately and more comprehensively than potential competitors. Nations capable of integrating distributed ocean observations into operational decision-making acquire advantages extending across naval operations, fisheries management, offshore energy, climate adaptation and maritime security.

Knowledge itself becomes strategic infrastructure.

This proposition should not be interpreted as technological determinism. Geography continues to matter profoundly. Maritime logistics remain essential. Naval forces retain their strategic importance. Ocean Intelligence supplements rather than replaces these traditional dimensions of maritime capability. However, it fundamentally alters the informational environment within which they operate. Strategic success increasingly depends not only upon controlling maritime space but also upon understanding that space through continuous scientific observation.

This observation reveals an important limitation in much of the contemporary literature on digital oceans and smart maritime systems. Existing studies frequently emphasise technological capability while paying comparatively limited attention to the epistemological processes through which technological outputs become scientifically credible knowledge. Data quality, uncertainty quantification, sensor calibration, model validation and institutional trust remain central components of Ocean Intelligence. Intelligence cannot be reduced to computational performance alone. It requires scientific reliability.

Consequently, Ocean Intelligence should be understood as an evolving scientific framework rather than a finished theory. Its principal contribution lies in integrating previously disconnected bodies of knowledge into a coherent conceptual architecture. Oceanography contributes environmental understanding; robotics extends observation; computational science enables large-scale analysis; governance transforms scientific evidence into public decision-making. The framework proposed here does not replace these disciplines. It provides a common language through which their interactions may be analysed systematically.

The implications extend well beyond academic research. As ocean observation becomes increasingly persistent and computationally integrated, governments, international organisations and maritime industries must develop new institutional capacities for managing continuously evolving knowledge. Marine spatial planning, offshore renewable energy, fisheries management, biodiversity conservation and maritime security increasingly require governance systems capable of learning from dynamic observational evidence rather than relying solely upon periodic assessments. Ocean Intelligence therefore represents not only an advance in scientific understanding but also a foundation for adaptive governance.

For these reasons, Ocean Intelligence constitutes the central theoretical concept of this book. It provides the analytical bridge between the historical evolution of maritime knowledge examined earlier in this chapter and the technological, institutional and geopolitical transformations explored in subsequent chapters. The Intelligent Ocean is not created by individual technologies. It emerges when Ocean Intelligence becomes sufficiently mature to transform the relationship between observation, understanding and governance across the entire marine domain.

1.5 Towards the Intelligent Ocean Framework

Scientific theories acquire significance not simply because they introduce new concepts but because they provide coherent explanatory structures capable of integrating previously disconnected observations into a unified analytical
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