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Horizon scanning for emerging technologies and  
breakthrough innovations in the field of ocean observation 

2026 

HIGHLIGHTS 

‣ This Horizon Scanning exercise was developed to support European Innovation Council 

strategic intelligence in the field of ocean observation, as well as to provide inputs to other 

European Commission services such as DG MARE and DG RTD. Horizon Scanning is a 

qualitative foresight method, aiming at the early discovery of developments before their 

potential is widely recognised. 

‣ Eight observation technologies were prioritised by workshop participants: autonomous 

eDNA and eRNA samplers; lab-on-chip systems; cost-effective and modular sensors; data 
fusion in Earth observation and in-situ; distributed acoustic sensing; AI-enhanced passive 
acoustic sensing; deep learning-enabled imaging; flow cytometry and particle-based high-
frequency observations of plankton.  

‣ Additionally, four enabling technological and innovation fields were pointed out as key 
for the advancement of this field: expanding in-situ observation; data interoperability and 
integration; autonomous surface and underwater vehicles; and AI. 

‣ Several contextual factors that shape the development of ocean observation were 

highlighted across social, technological, economic, environmental and political/regulatory 
domains. Some of these include: data standards and taxonomic expertise; the tension between 
budget constraints and rising monitoring demands; accelerating environmental change 
requiring real-time detection; and geopolitical dynamics affecting international cooperation and 
dual-use technologies.  

‣ Conclusions point out that the future of ocean observation will be shaped by technology 

convergence: integrated systems combining diverse in-situ sensing technologies, autonomous 
platforms and AI-enabled data analytics. These are essential to deliver continuous, cost-
effective and trusted observations capable of supporting science, policy and governance in an 
increasingly complex and dynamic ocean environment.
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‘How inappropriate to call this planet 
Earth when it is quite clearly Ocean’ 

Arthur C. Clarke 

Introduction 

Project context 

This document reports on the conclusions of a 

Horizon Scanning exercise developed in the context 

of project FUTURINNOV (FUTURe-oriented 

identification and assessment of emerging 

technologies and breakthrough INNOVation).  

This project is a collaboration between the European 

Commission’s (EC) Joint Research Centre (JRC) and 

the European Innovation Council (EIC), the EC’s 

flagship program for deep tech, implemented by the 

European Innovation Council and SMEs Executive 

Agency (EISMEA).  

FUTURINNOV was designed to support the EIC in 

building strategic intelligence capacity through 

foresight and other anticipatory approaches. It 

supports activities focused on funding targets, 

programme design, policy feedback, and institutional 

governance. 

The outcomes of this exercise may be used to 

inform future funding topics for EIC Challenges and 

other EC calls. They can also provide input for EIC 

and EC reports, as well as supporting other EU 

policy-making initiatives. 

Methodology 

Horizon Scanning is a qualitative foresight method 

which is aimed at the early discovery of 

developments not yet on the radar of some experts, 

decision makers, or the general public, and whose 

potential is not yet widely recognised. It is not a 

predictive tool, rather it encourages the exploration 

 
1 The understanding of what constitutes a signal or a trend may vary [90, 91]. As it is not yet consensual, for the purposes of this project both are relevant 
and understood as tangible manifestations of novelty in science, technology, innovation, markets, media, and other fields. They can cover different maturity 
levels from basic research to commercial readiness. Although often used interchangeably, a signal is less consolidated than a trend. 

2 For this exercise, the JRC and the EIC compiled and assessed a longlist of trends and signals for their relevance to the workshop’s scope and objectives. 
This list was then refined with the support of DG RTD and DG MARE to a shortlist of 175 items and shared with participants ahead of the event. From this 
shortlist, the JRC extracted specific technologies and innovations (often more than one per signal), removed repetitions and overlaps, and organised them 
into two clusters: A. core observation technologies and B. enabling technologies. These two curated lists formed the basis for the workshop discussions. 
Participants reviewed the lists in separate steps, added additional relevant or previously overlooked topics, grouped and linked related issues, and ultimately 
converged on a final set of topics for both clusters, summarised in this report. The final topics are presented together with the bibliographic references of 
the signals collected before the workshop, supplemented where necessary with additional desk research carried out after the workshop. 

of novelties that offer opportunities and challenges 

in the medium or long-term. [1, 2, 3] 

FUTURINNOV includes a series of thematic 

workshops that follow a tailor-made approach to 

this methodology. This approach uses a participatory 

detection, clustering, and sense-making process for 

signals, trends and contextual factors related to 

emerging technologies and breakthrough 

innovations. Each workshop is dedicated to a specific 

EIC Programme Manager’s portfolio, or a domain 

deemed of interest by the EIC. 

Trends and signals1 are captured through a series of 

participatory exercises preceded by qualitative desk 

research, as well as data and text mining. They 

originate from a diversity of sources, ranging from 

scientific publications, patents and previously funded 

projects to institutional websites, news, online 

articles and other media.  

During each workshop, through a specific 

methodology composed of several analytical and 

selection steps (by voting), participants converge on 

a priority list of topics.2 

The criteria for this selection include relevance to the 

exercise’s scope, potential impact and overall novelty 

across all technology readiness levels. The final 

topics include technologies and innovations, as well 

as relevant contextual factors for their development 

and uptake. 

This report refers to a specific workshop held online 

on 12 November 2025 with a focus on emerging 

technologies and breakthrough innovations in the 

field of ocean observation.  

For this specific workshop, including the phases of 

scope definition and selection of signals, the JRC and 

EISMEA established a partnership with other 

European Commission services such as the 

Directorate-General for Maritime Affairs and 

Fisheries (DG MARE) and the Directorate-General for 

Research and Innovation (DG RTD), namely the units 
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working on the Blue Economy domain. 

The workshop was held with a group of selected 

experts from academia, research and technology, 

business, consultancy and policy-making 

organisations, including those DGs mentioned above. 

This diversity of institutional backgrounds, as well as 

various fields of specific expertise, was key to 

bringing different perspectives to the conversation. 

The resulting collective intelligence helped to build 

significant insights around the emerging technology 

landscape in the field of ocean observation.  

Scope and policy context 

Ocean observation refers to the monitoring and 

measurement of the ocean’s physical, chemical, 

biological, and geological properties over time and 

space. It is essential for understanding and 

protecting ocean ecosystems and for informing 

environmental and economic policies. Data is 

collected today by different authorities for different 

specific purposes, including the implementation of 

the Green Deal [4].  

The European Union (EU) has positioned ocean 

observation as an important field for its 

environmental and economic strategies, namely with 

the European Ocean Pact, adopted in June 2025 [5]. 

The pact brings together several EU policies and 

actions related to the ocean and creates a unified 

and coordinated management plan built around six 

priorities: 

• Protecting and restoring ocean health 
• Boosting the competitiveness of the EU 

sustainable blue economy 
• Supporting coastal and island communities, 

and outermost regions 
• Advancing ocean research, knowledge, 

skills and innovation 
• Enhancing maritime security and defence 
• Strengthening EU ocean diplomacy and in-

ternational ocean governance. 

Among the actions in the Pact, we can find the 

launch of an EU Ocean Observation Initiative, which 

will be underpinned by an Ocean Research and 

Innovation Strategy. Also, the EU is developing a 

European Digital Twin of the Ocean (EU DTO) by 

2030 - a digital representation of the ocean and its 

multiple components. [5] 

The EU is supporting multiple other initiatives. The 

EU4OceanObs is one of the main EU programmes 

for coordinating ocean-observation efforts. The 

ongoing second phase will continue to pursue goals 

such as building partnerships (within the EU and 

internationally), enhancing observation 

infrastructure, improving data sharing, and 

increasing Europe’s influence in global ocean 

governance. EU4OceanObs aligns EU efforts with 

global frameworks such as the UN Decade of Ocean 

Science for Sustainable Development (2021–2030), 

which aims at sustainable ocean science and 

improved forecasting, monitoring, and data 

utilisation. [6] 

The EU also supports a diversity of open and 

interoperable marine data platforms, such as the 

Copernicus Marine Service and the European Marine 

Observation and Data Network (EMODnet), [7, 8] and 

has set up the Joint Programming Initiative (JPI) 

Oceans. This initiative has a role in prioritising and 

funding transnational research and innovation to 

increase the efficiency and impact for sustainable, 

healthy and productive seas and oceans. [9] 

Finally, the EU Mission “Restore our Ocean and 

Waters” aims to rebuild the health of Europe’s 

marine and freshwater systems by 2030 by 

restoring ecosystems and biodiversity, eliminating 

pollution (in line with the Zero Pollution Action Plan), 

and steering the blue economy towards a carbon-

neutral and circular model. The EU DTO mentioned 

previously, will be funded through this mission. [10] 

At the global level, it is worth highlighting the 

agreement under the United Nations convention on 

the law of the sea on the conservation and 

sustainable use of marine biological diversity of 

areas beyond national jurisdiction (BBNJ Agreement), 

that entered into force in January 2026. It 

complements EU efforts by establishing frameworks 

for conservation in areas beyond national 

jurisdiction, emphasising biodiversity monitoring and 

integrated ocean governance. [11]  

These multiple initiatives provide a global and an EU 

level policy context for this exercise. They highlight 

the importance of additional policy measures — 

including but not limited to potential EIC funding — 

and how they can contribute to an integrated 

approach. One that strengthens the EU ocean 

observation capacities, particularly through further 

development of emerging technologies and 

breakthrough innovations. 
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Figure 1 – EC President Ursula von der Leyen at the 3rd 
United Nations Ocean Conference (UNOC3) with presentation 
of EU DTO, Nice, France, 8–9 June 2025. 

 
Source: European Commission - Audiovisual Service (audiovisual.ec.eu-
ropa.eu) 

Quick guide 

This report is organised in 3 sections:  

• trends and signals on technologies and in-
novations.  

• contextual factors, covering drivers, ena-
blers and barriers related to the develop-
ment and uptake of those technologies and 
innovations.  

• conclusions providing complementary in-
sights and overarching analysis. 

Trends and signals 

The trends and signals presented in this section were 

identified by participants as the most relevant within 

the scope of the workshop. They are organised in 

two clusters: 

• A. core observation technologies and inno-
vations - solutions directly enabling in situ 
observation, measurement, and sensing 3.  

• B. enabling technologies and innovations - 
solutions that support and enhance the 
core technologies and make possible the 
collection of relevant data. 

This clustering reflects the methodology applied in 

the pre-workshop signal analysis and in the 

assessments conducted by participants during the 

online workshop. It helps distinguish between 

 
3 The terms sensing, measurement, and observation—often used interchangeably—refer to distinct but related concepts. Sensing denotes the physical 
detection of environmental phenomena by instruments; measurement translates these detections into calibrated, quantitative values; and observation 
integrates and interprets measurements across time and space, often in combination with models and contextual information. For clarity, this report mainly 
uses the term “observation.” 

domain-specific technologies—such as sensors, 

samplers and other solutions that directly support 

observation capacities—and technologies with cross-

cutting relevance, whose enabling or convergent 

nature allows them to be applied across multiple 

fields, such as AI and autonomous vehicles. 

Within each cluster, the signals were often grouped 

under broader topics with different levels of 

granularity and interconnectedness. The cluster on 

enabling technologies for example includes topics in 

a more aggregated structure, consistent with the 

workshop discussions. This cluster includes enablers 

with strong technological and innovation dimensions 

and is complemented by non-technological topics in 

the contextual factors section.  

Both clusters are presented in order of decreasing 

priority (determined by number of votes given by the 

participants), with minor editorial adjustments to 

improve clarity and coherence. 

A. Core observation technologies 
and innovations 

A.1 Autonomous eDNA sampler 

Overview and novelty 

Autonomous environmental DNA (eDNA) samplers 

enable automated collection, filtration, and 

preservation of genetic material in seawater, 

replacing labour-intensive and ship-based sampling. 

Recent systems span from compact coastal units to 

pressure-tolerant deep-sea samplers and can be 

mounted on platforms such as gliders, autonomous 

underwater vehicles (AUVs), Remotely Operated 

Vehicle (ROVs), and uncrewed surface vessels 

(USVs). 

Their main innovations include multi-sample 

autonomous operation, in situ preservation, 

automated cleaning or sterilisation, and reduced 

contamination risk. 

Some recent devices also link directly to microfluidic 

sensors (see Box 1) or full laboratory and cloud-

based analysis systems, creating more reliable 

workflows for long duration deployments in remote 
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environments. 

Applications and opportunities 

These technologies support a wide range of ocean-

monitoring needs, such as improving taxonomy, 

detecting rare species, fish stock assessments, 

characterising microbial communities, and assessing 

environmental risks, pathogens, or invasive species. 

They are also useful for other applications, such as 

monitoring protected areas, offshore infrastructure, 

aquaculture sites, and coastal discharges. 

Their ability to operate at fixed locations or as 

mobile payloads provides finer temporal detail and 

makes it possible to observe short-lived or otherwise 

missed biological events. They can also supply key 

data inputs for emerging digital twins and 

ecosystem models. 

Challenges and future development 

Remaining challenges include contamination control, 

power and reagent limitations, biofouling4, method 

biases, and incomplete DNA libraries5.  

Improving long-term reliability, deep-water 

autonomy, and interoperability with existing 

observation systems will be essential to scale-up the 

use of these tools. 

Sources: [12, 13, 14, 15, 16, 17, 18, 19] 

Figure 2 – A biosampler installed in IRIS, an autonomous un-
derwater vehicle (AUV) developed by INESCTEC and CIIMAR. 

 
Source: INESC Brussels HUB 

 
4 Biofouling (or biological fouling) refers to the unwanted build-up of living organisms—such as microbes, plants, algae, or small animals—on surfaces where 
they should not grow. This can happen on ship or submarine hulls, sensors, water systems, grates, and even in ponds or rivers. Their accumulation interferes 
with how these structures or devices are supposed to function and can reduce their efficiency or cause damage. 

5 DNA reference libraries improve eDNA species identification accuracy by providing more complete, correctly annotated sequence targets for matching, 
which reduces both false negatives (missed species) and false positives (misidentified sequences). 

Box 1: Other molecular-level sensors 

Recent advances in molecular ocean 

observation show a clear shift toward faster, 

more automated, and more targeted 

biosensing. The autonomous eDNA sampler 

presented earlier fits within this broader trend 

toward expanding in-situ molecular detection. 

A. The µ-Sensor represents one part of this 

evolution: a micro-fluidic genosensor capable 

of detecting specific pathogens through their 

DNA signatures.  

Micro-fluidic and lab-on-chip approaches (see 

below) are increasingly cited in marine 

biotechnology literature as essential for 

reducing sample-handling steps and enabling 

near-real-time detection of harmful microbes 

in coastal and freshwater systems.  

These technologies support early-warning 

capabilities for Vibrio, E. coli, cyanobacteria, 

and other high-risk species, complementing 

broader eDNA surveys by adding species-

specific and high-confidence detection. 

B. At the same time, environmental RNA 

(eRNA) monitoring is emerging as a promising 

next step for biodiversity assessments. 

Because eRNA degrades rapidly, it provides a 

more immediate snapshot of living organisms 

compared with eDNA, which can persist for 

days or weeks.  

This approach is increasingly recognised in 

genomic monitoring studies as a way to 

improve accuracy, reduce false positives, and 

support real-time ecosystem assessments, 

including detection of invasive species and 

responses to human activities. 

C. A broader technological trend 

underpinning these developments is the 

incrinsing maturity of lab-on-chip (LoC) 

systems for in-situ chemical and molecular 

analysis.  

By miniaturising reagent handling and optical 

measurement steps, LoC platforms allow 
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laboratory-grade assays—such as nutrient 

profiling, pH and alkalinity analysis, or 

targeted molecular detection—to be carried 

out autonomously in the water column or on 

platforms. 

Their compact, low-power microfluidic 

architecture supports long-duration 

deployments while enabling high-frequency 

sampling that captures short-lived 

environmental changes often missed by 

traditional shipboard sampling.  

As precision and depth capability continue to 

improve, LoC technologies are increasingly 

recognised as a key enabler for next-

generation sensors. They can provide 

additional automation, stability, and near-real-

time analytical capacity required to integrate 

DNA, RNA, and biochemical assays into 

autonomous observing platforms. 

Sources: [12, 20, 21, 22, 23, 24, 25, 26, 27, 

28] 

A.2 Cost-effective and modular sensors 

Overview and novelty 

Cost-effective and modular sensors are facilitating 

new ways to collect ocean data at scale. The signals 

discussed by participants point to a shift from high-

cost, specialised systems towards adaptable, 

standardised sensor packages that cover basic 

physical, chemical, and biological parameters.  

Platforms such as SEAPERCH II, SCOOP and CHEMINI 

(see links in the bibliographic references below) 

illustrate this trend through plug-in modules and 

simple robotic add-ons that users can assemble 

according to local monitoring needs.  

The novelty does not lie in advanced individual 

sensor performance, but in affordability, 

miniaturisation, modular design, and open data 

workflows. These features lower entry barriers and 

make ocean observation more widely accessible. 

Applications and opportunities 

Modular low-cost systems can support dense, local 

sampling across coastal and nearshore 

environments by allowing many small units to be 

deployed in parallel.  

They can also enable rapid prototyping of sensing 

payloads, helping innovators test ideas before 

moving to research-grade platforms.  

Their accessibility creates opportunities for ocean 

literacy, citizen science, school programmes, and 

community initiatives to contribute to environmental 

observations. This can increase data availability for 

coastal management, biodiversity assessments, and 

climate-related studies. 

Cost reductions across the full life-cycle—not just 

manufacturing—further increase their suitability for 

long-term monitoring. In particular, solutions that 

reduce energy consumption, when for example 

combined with energy-harvesting systems, lower 

operational costs by decreasing maintenance and 

servicing needs. 

Challenges and future development 

Ensuring reliable data quality remains the main 

challenge, including calibration, stability, and 

consistency across large numbers of (usually) low-

cost sensors. 

Environmental robustness, biofouling, and limited 

navigation or endurance can further constrain use. 

Having diverse user groups also requires clear 

standards for metadata, data upload, and basic 

quality control. This is also key to enable time-series 

analysis and data integration across large numbers 

of sensors.  

Future progress will depend on developing validated, 

standardised sensor packages, improving durability, 

and harmonising performance specifications. 

Strengthening training and support is also essential 

for community-generated data, so it can be trusted 

and integrated into wider observing systems. 

Sources: [29, 30, 31, 32] 

A.3 Data fusion – Earth observation and in-

situ 

Overview and novelty 

Data fusion between Earth Observation (EO) and in-

situ measurements is becoming essential for 

capturing fast, small-scale ocean processes, while 

ensuring accuracy. Examples explained below 

illustrate a shift toward integrated observing 

systems in which satellites offer the global picture 

and in-situ platforms supply the accuracy needed for 

interpretation and validation of data. 
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Workshop participants also highlighted the 

importance of data interoperability and integration 

solutions, a topic explored in more detail in the 

enabling technologies and innovations cluster. 

Applications and opportunities 

The Surface Water and Ocean Topography (SWOT) 

satellite maps small, short-lived ocean features that 

shape heat, carbon, and nutrient transport, but its 

observing schedule creates gaps that must be filled 

by in-situ instruments. Combining SWOT 

measurements with data from profiling floats, 

gliders, drifting buoys, fixed platforms, and coastal 

observing stations improves estimates of currents, 

mixing, wave energy, and heat transport—

information essential for climate models, digital 

ocean twins, and operational forecasting. 

The same applies to satellite monitoring of floating 

plastic, which provides broad coverage but still 

depends on tracking buoys or tagged objects for 

verification. Linking satellite imagery with floating 

trackers or river sensors supports the tracking of 

debris pathways and accumulation zones, enabling 

more targeted cleaning actions and better pollution 

control.  

A data integrated approach can also strengthen EU 

initiatives such as the Copernicus Level-4 (L4) ocean 

products6, which combine satellite observations and 

in-situ measurements into gap-free maps of ocean 

conditions. Improved L4 products support more 

reliable early-warning services and help develop 

indicators relevant to ecosystem, climate, and 

pollution monitoring. 

Challenges and future development 

Differences in timing, resolution, uncertainty and 

data formats currently make it difficult to combine 

satellite and in-situ measurements effectively.  

Detecting plastics from space remains limited by 

sensor sensitivity and environmental conditions such 

as waves and cloud cover. 

Further progress requires common data standards, 

stronger long-term in-situ networks, improved 

automated detection methods, development of 

specific algorithms and robust validation 

frameworks to ensure that fused datasets are 

 
6 Copernicus Level-4 (L4) ocean products are gap-free, gridded datasets that combine satellite and in situ observations with advanced interpolation and 
data assimilation techniques. These products are central to the Copernicus Marine Environment Monitoring Service (CMEMS), supporting ocean monitoring, 
forecasting, and climate research by providing high-resolution, continuous fields of key ocean variables. 

trustworthy for scientific, operational, and policy 

uses. 

Sources: [33, 34, 35, 36, 37, 38] 

Figure 3 – A screenshot of the MyOcean (light) a page is ded-
icated to ocean data visualisation. 

 
Source: Mercator Ocean International (www.mercator-ocean.eu) 

A.4 Distributed acoustic sensing 

Overview and novelty 

Distributed acoustic sensing (DAS) is emerging as a 

potentially transformative approach for ocean 

observation. By turning existing subsea fibre-optic 

cables into dense acoustic arrays, DAS provides 

continuous measurements over tens of kilometres 

with fine spatial and temporal resolution.  

The novelty lies in repurposing telecom 

infrastructure for environmental monitoring and in 

combining DAS with other approaches such as 

distributed temperature sensing (DTS).  

Recent demonstrations highlight its ability to detect 

marine mammals, vessel activity, microseisms, ice-

ocean interactions, and even real-time ocean 

currents during extreme weather.  

Additional technologies—AI-enabled bioacoustics, 

passive acoustic recorders (see Box 2), and 

integrated non-invasive monitoring (video, acoustics, 

eDNA)—can extend the analytical and ecological 

value of DAS-based systems. 

Applications and opportunities 

DAS supports wide-area, persistent monitoring 

relevant to hazard detection (calving-related 
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tsunamis7, landslides), coastal operations (navigation 

and port safety), and long-term ocean and 

cryosphere research.  

It offers a cost-effective way to large-scale acoustic 

observatories by using cables already on the seabed. 

When combined with traditional hydrophones (e.g. 

moored, drifting, mounted on AUVs, etc), AI sound 

classification, and ecological data streams, DAS can 

contribute to richer assessments of biodiversity, 

environmental impacts, and oceanographic 

processes.  

Its capacity to operate during storms or in ice-

dominated regions further strengthens operational 

resilience. It is also considered to be a technology 

with a clear dual-use potential due to its capacity to 

support the detection of vessels. 

Challenges and future development 

Limitations include dependence on cable placement 

(including variable coupling to the seabed), restricted 

sensing geometry, and large processing 

requirements. Progress depends on improving 

calibration, standardising metadata, automated 

detection and inversion methods, and long-term 

multi-site trials. 

Integrating DAS outputs with complementary 

acoustic tools and biological monitoring systems will 

also be key to delivering relevant insights. 

Sources: [39, 40, 41, 42, 43, 44, 45, 46, 47, 48] 

Figure 4 – A conceptual image showing fibre optic cables 
running along the ocean floor. 

 
Source: Adobe Stock (stock.adobe.com) 

 
7 Calving-related tsunamis are waves generated when large ice blocks break off (calve) from glaciers or ice cliffs located next to the ocean. 

8 Backscatter (or backscatter communication) refers to a communication technique in which a device does not generate its own radio signal. Instead, it 
modulates and reflects (“scatters back”) an existing signal—for example from a nearby transmitter, reader, or ambient acoustic/electromagnetic source—to 
encode and send information. 

Box 2: AI-enhanced passive acoustic sensing  

Alongside advances in distributed acoustic 

sensing, workshop participants also 

highlighted new AI-enhanced passive acoustic 

systems.  

These are moving from simple detection of 

marine sounds to producing insights related to 

biological data and near-real-time.  

Deep-learning models can now extract 

species-specific call types (e.g. for whales), 

estimate population size, and distinguish 

fauna sounds from environmental noise.  

Recorders activated by triggers can operate 

continuously and, when additionally equipped 

with edge-computing capacity, process data 

onboard, reducing the need for manual 

annotation and continuous external data 

connections. 

Innovations in this area also include higher 

energy efficiency. One signal described a 

prototype that successfully demonstrated how 

energy harvested from underwater sound can 

power a tiny processor, run a lightweight 

neural network and transmit results via 

backscatter communications8. This opens the 

possibility of future sensing nodes capable of 

recognising animal calls without the need for 

batteries. 

These innovations can support the protection 

of sensitive species, rapid checks on reef and 

other ecosystems’ health, as well as routine 

monitoring of human infrastructures, such as 

offshore energy, and shipping traffic. 

Challenges remain as models need broader 

local-specific training data (although 

convoluted neural networks can reduce this), 

regular calibration and stronger noise 

resilience. Wider deployment also requires 

improving robust moorings, biofouling control 

and standards for data sharing. 

Sources : [49, 50, 51, 52, 53, 54, 55, 56] 
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A.5 Deep learning-enabled imaging flow 

cytometryc 

Overview and novelty 

In line with AI-enhanced acoustic sensors 

(highlighted in Box 2) participants also identified 

microbiome monitoring as one area where AI acts as 

a key enabler (see also Box 4). 

This innovation uses eDNA, eRNA, Lab-on-Chip 

systems (see also topic A.1 and Box 1) and deep-

learning imaging flow cytometry to characterise 

marine microbial communities in near-real time. 

Cytometry is a method used to measure and analyse 

the physical and chemical characteristics of cells or 

particles. When combined with imaging, it captures 

detailed images of each cell, combining the speed of 

flow cytometry with the analytical depth of 

microscopy (see also Box 3 for particle-based 

measuring, that targets larger cells, colonies and 

bloom-forming species).  

The novelty therefore lies in combining molecular 

and imaging techniques with automated in-situ 

analysis. In this way it reduces the need for 

extensive laboratory infrastructure and provides 

near-real-time and high-resolution insights into 

ecosystem health. 

Applications and opportunities 

Microbiome monitoring can be used to track 

pollution impacts, detect harmful algal blooms, 

assess antimicrobial resistance, and support 

aquaculture. Microbial indicators can reveal early 

signs of ecosystem change and, more broadly, 

support the management of marine protected areas, 

for example by helping to guide reef restoration 

efforts. 

Portable, high-throughput systems such as this one, 

bear opportunities for use on autonomous platforms, 

improving the responsiveness and biological insights 

of ocean-observation networks. 

Challenges and future development 

Key challenges include transparent and explainable 

datasets, standards and protocols and ensuring 

accuracy in diverse conditions. Integration with 

existing systems requires robust Lab-on-Chip 

designs, and sustained calibration. 

Future progress depends also on stronger local and 

regional reference datasets, multimodal integration 

with other sensors, and further automation to make 

microbiome monitoring a scalable routine operation. 

Sources: [57, 58, 59, 60] 

Box 3: Particle-based high-frequency 

observations of plankton 

Still at the microbial-scale (as in the previous 

topic) particle-based plankton sensing, differs 

from molecular approaches by targeting larger 

cells, colonies and bloom-forming species. 

Although it uses similar approaches (high-

throughput imaging and automated 

classification) this technology addresses a 

different layer of the ecosystem, completing a 

continuum from microbes to plankton. 

These approaches can provide more frequent 

and coherent measurements of plankton 

communities than traditional manual 

sampling. By capturing particle-level 

information at the temporal scales at which 

blooms develop, they reduce data gaps and 

improve the consistency of observations 

across instruments. This enables clearer 

tracking of plankton dynamics and offers a 

stronger basis for understanding pelagic (open 

water) ecosystems. 

As a result, they enable early detection of 

harmful algal blooms, strengthen biodiversity 

assessments and provide more reliable inputs 

for ecosystem models and satellite validation. 

They are compatible with both fixed stations 

and autonomous platforms contributing for 

continuous and large-scale monitoring efforts. 

Source : [61] 

B. Enabling technologies and inno-
vations 

B.1 Expanding in-situ observation 

Overview and novelty 

Participants converged around the opportunity to 

expand in-situ ocean observations, particularly in 

coastal and near-shore environments, through 

Vessels of Opportunity (VoO).  

The Fishing Vessel Ocean Observing Network (FVON) 

exemplifies a practical example of this and a shift 
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towards using existing maritime activity to increase 

measurement capacity.  

Rather than relying on new fixed platforms, this 

model embeds cost-effective9, modular, and 

standardised sensors on vessels already operating at 

sea.  

It can turn fishing operations into continuous, fine-

scale, standardised in-situ observation data streams, 

offering a scalable and community-centred way to 

fill data gaps. 

Another in-situ innovation are non-invasive animal 

tagging solutions. Previous tagging technologies 

were often invasive, potentially altering animal 

behaviour. New solutions and methods, such as 

suction-cups, harness or dissolvable tags, are 

promising, particularly if cost-effective and further 

integrated with AI systems. 

Applications and opportunities 

Using fishing fleets as in-situ observation platforms 

can significantly enhance understanding of coastal 

dynamics, support ecosystem assessments, improve 

habitat and resource management, and strengthen 

early-warning systems. 

It also promotes closer collaboration with the fishing 

sector, fostering shared stewardship of stock 

preservation and improve the trust, relevance and 

uptake of environmental data within coastal 

communities. 

Because it builds on existing fleets, the approach 

keeps costs low while contributing valuable in-situ 

measurements. These can be in the context of local 

or national monitoring strategies, as well as of 

global systems that depend on dense coverage. 

Although fishing vessels are perhaps the most 

recurrent example, the opportunities also include 

merchant, military, research vessels, and cruise 

liners, ferries, or even private yachts and sailing 

boats. 

Challenges and future development 

Key challenges include ensuring consistent data 

quality across heterogeneous vessels, maintaining 

simple and robust sensor packages, and integrating 

 
9 As noted in topic A.2, cost efficiency—particularly for in-situ applications—should be assessed across the full life cycle, including energy efficiency during 
operation, which in the future can even partially rely on self-powered devices. 

10 Argo floats are autonomous robotic instruments that drift with ocean currents and regularly dive to depths of about 2,000 m to measure temperature and 
salinity in the upper ocean. Theytransmit their data via satellite as part of the global Argo observing program. 

data collection smoothly into routine economic 

activity.  

Future progress will require clear standards, long-

term incentives for participation, streamlined data-

handling workflows, and mechanisms to ensure that 

these in-situ observations can be reliably 

incorporated into science and policy. 

Sources: [62, 63, 64] 

Figure 5 – A research vessel with submerged equipment pre-
pared for scientific exploration. 

 
Source: Adobe Stock (stock.adobe.com) 

B.2 Data interoperability and integration 

Overview and novelty 

Participants highlighted a shift towards enabling 

technologies that support large-scale interoperability 

and data integration across multiple ocean 

observation systems.  

As noted in the topic on sensor-level data fusion 

(Earth observation and in-situ, A3) , this shift 

illustrates the broader enablers of data fusion: 

unified data pipelines that integrate different 

formats and sensor streams, common metadata 

standards, harmonised processing workflows, and 

explainable AI models capable of operating across 

multiple types of data. 

Novelties in these domains include integrated Global 

Information System (GIS) platforms for reef 

monitoring; machine learning systems that merge 

water column measurements done by research 

vessels with Argo float10 profiles (vertical 
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measurements of ocean properties); and tools that 

bring together genomic, environmental and habitat 

data to support climate-resilient restoration 

decisions. They also include real-time digital twins 

that act as an integration of different data layers. 

Together, these solutions connect data that were 

previously isolated: imagery, biogeochemical 

observations, genomic baselines, autonomous-

vehicle telemetry and fixed-station time series.  

Applications and opportunities 

Improved interoperability enables, for example, more 

reliable reef early-warning systems – detecting 

bleaching events and disease outbreaks sooner - 

more consistent assessments of long-term oxygen 

loss, better selection of donor populations for 

restoration under possible future climate conditions 

(“climate-smart” planning), and integrated 

operational intelligence for mapping, modelling and 

digital-twin applications. 

Shared interfaces and standard outputs support 

cross-disciplinary collaboration. Together, these 

developments strengthen links between observing 

networks, management agencies and modelling 

communities, while facilitating alignment with 

services such as Copernicus and the European 

Marine Observation and Data Network (EMODnet). 

Challenges and future development 

Achieving seamless integration requires advances in 

metadata harmonisation, common quality control 

procedures, improvement of data accuracy, multi-

modal data alignment and governance of shared 

data pipelines.  

Technical barriers include uncertainty handling, 

correcting sensor biases, improving annotations of 

imagery and genomic datasets, and managing the 

significant computational demand of a continuous 

data integration.  

Longer-term needs include higher-resolution 

coastal-level solutions, modelling approaches that 

integrate physical ocean processes with data-driven 

and AI-based methods, and clear guidance on 

sharing sensitive data. Robust frameworks will be 

also needed to ensure transparency and to allow 

solutions to scale-up to other regional and national 

systems. 

 
11 When needed, additional processing can be offloaded to shore-based or cloud systems to handle more computationally intensive tasks. 

Sources: [65, 66, 67, 68, 69, 70, 71] 

Figure 6 – The Ulyx, and autonomous underwater vehicle 
(AUV) developed by Ifremer 

 
Source: Ifremer, Olivier Dugornay (image.ifremer.fr) 

B.3 Autonomous surface and underwater 

vehicles 

Overview and novelty 

This was one of the most frequently mentioned 

topics in the pre-workshop scan, and participants 

emphasised that although autonomous vehicles 

have existed for years, there are interesting recent 

developments in this domain. 

The signals collectively show a shift from single, 

remotely operated platforms to intelligent fleets of 

autonomous surface vessels (ASVs) and autonomous 

underwater vehicles (AUVs) operating as coordinated 

swarms with multiple sensors and onboard 

processing.  

This trend is reinforced by recent advances in edge 

computing11, improved perception (sonar, cameras, 

point clouds), secure communications, and 

increasingly autonomous decision-making. Together, 

these developments are transforming what ocean 

observation platforms can do at sea, and how long 

missions can last. 

Long-range, wave- or solar-powered “resident” 

uncrewed surface vessels (USVs) could significantly 

extend mission duration. Their distributed sensing 

capabilities and swarm-based operation enable 

much wider area coverage, reducing the need for 

extensive ship time and the associated costs of 

operating crewed research vessels over long periods. 
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Applications and opportunities 

For ocean observation, these innovations enable 

persistent and wide-area monitoring, from deep-

ocean mapping with coordinated ASV clusters to 

high-resolution water-quality and habitat surveys. 

Hybrid swarms of ASVs and AUVs can follow 

pollution plumes, support adaptive sampling through 

the water column, or provide rapid assessments 

after storms or floods.  

Beyond environmental science, the same enabling 

technology can support offshore infrastructure 

inspection, maritime safety and search-and-rescue.  

Their dual-use nature is particularly clear: secure 

autonomy, long endurance and coordinated sensing 

are valuable for both civilian uses (e.g. 

environmental management) and for defence (e.g. 

situational awareness). 

Challenges and future development 

Major challenges include reliable communication and 

navigation (cooperative included) in acoustically 

difficult and GNSS12-denied environments, as well as 

managing tight energy and processing budgets on 

small vehicles.  

Innovation in on-board energy storage and low-

maintenance energy generation—such as improved 

batteries, hybrid power systems, wave-energy 

harvesting or more efficient solar integration—will 

be essential to achieve longer deployments and 

support more capable onboard computing. 

Ensuring secure, interference-resistant links is also 

vital for coordinated swarm behaviour13 and human 

oversight. Scaling heterogeneous fleets will require 

shared standards for interoperability, communication 

formats and data quality.  

Finally, updated regulatory frameworks, together 

with sustained investment in testing infrastructure, 

will determine how quickly these systems can move 

into more routine ocean-observation missions. 

Sources: [72, 73, 74, 75, 76, 77, 78, 79, 80, 81] 

 

 
12 Global Navigation Satellite Systems (GNSS), for example systems such as the EU’s Galileo and the United States’ Global Positioning System (GPS) 

13 Swarm behaviour in autonomous vehicles refers to the coordinated actions of multiple autonomous systems—such as drones, underwater robots, or 
ground vehicles—that operate together as a collective, much like a swarm of insects, birds, or fish. 

Box 4: Artificial Intelligence 

AI emerged as a key enabling technology 

across many of the priorities identified by 

participants. Several AI-related capabilities 

have already been discussed in previous 

topics. The points below provide an additional 

overview, bringing together the broader set of 

ways in which AI enhances data collection and 

underpins enabling and advanced capabilities. 

• Data fusion and reconstruction: AI models 
integrate data from multiple sources and 
reconstruct incomplete or missing ocean 
observations, providing a more comprehen-
sive and continuous view of ocean dynam-
ics. 

• Signal processing and noise reduction: AI 
algorithms separate target signals (e.g., 
marine mammal calls) from complex 
acoustic backgrounds and filter environ-
mental interference from sensor data. 

• Predictive modelling and forecasting: 
Deep learning and hybrid AI-physical mod-
els are used for forecasting ocean phe-
nomena (e.g., El Niño, storm surges, sea 
surface temperature), supporting early 
warning systems and resource manage-
ment. 

• Automated feature extraction and 
knowledge discovery: AI classification en-
hances the identification of complex ocean-
ographic features (e.g., eddies/whirlpools, 
internal waves, oil spills, marine organisms) 
and the extraction of actionable insights 
from massive datasets, surpassing tradi-
tional methods in speed and precision. It 
enables better genomic data processing as 
AI can help match environmental DNA se-
quences to reference databases. 

• Ecosystem and pollution management: 
AI-driven systems already support real-
time monitoring, waste tracking, and man-
agement of marine pollution, as well as 
health surveillance of ocean organisms, en-
abling more effective conservation and pol-
icy interventions. 

• Decision support and adaptive manage-
ment: AI-powered platforms automate 
data processing, reduce bottlenecks, and 
provide decision support tools for adaptive 
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management of marine resources and con-
servation efforts. 

• Autonomous platform and vehicle con-
trol: AI enables real-time perception, obsta-
cle avoidance, adaptive sampling decisions, 
and coordinated behaviour in autonomous 
fleets (see topic B.3). 

Despite rapid progress, some challenges 

remain, such as data inconsistency, limited 

labelled datasets, and the need for 

standardised frameworks. Integrating physical 

oceanographic knowledge with AI, developing 

physics-informed models, and fostering 

international collaboration are critical for 

advancing the field. 

Sources : [82, 83, 84, 85, 86, 87, 88, 89] 

Contextual factors 

The following topics highlight contextual factors 

shaping the development and uptake of ocean 

observation technologies and innovations. They stem 

from an aggregation of participants’ insights14, re-

organised using the STEEP15 framework.  

Social 

Growing expectations for transparent, verifiable and 

high-quality environmental data shape the demand 

for ocean observation.  

Public trust is influenced by the visibility of 

phenomenon at different scales, from climate 

change impacts to harmful algal blooms, and 

pressures on coastal communities. These create 

stronger calls for early detection, adaptation and 

remediation actions. 

At the same time, social acceptance of new 

observation methods depends on transparency and 

 
14 These factors were analysed initially using an adapted version of the “Triangle of the Future” framework [92], a foresight method that maps three 
competing forces: the pull of the future, the push of the present, and the weight of history. It can be used as a stand-alone method or in conjunction with 
others. For this project, the authors explored 3 types of contextual factors connected with those three temporal dimensions: drivers which are high-level 
factors that trigger or shape significant contextual changes and pull technological development and uptake into the future; enablers, or opportunities, that 
are present-day conditions that create a fertile ground for innovation to occur and therefore push technologies forward; and barriers, or challenges, that can 
be seen as past and present constraints (“weight”) that hinder technological development and uptake. 

15 STEEP - Social, Technological, Economic, Environmental and Political/Policy factors.  

16 Carbon markets have emerged as a practical tool for providing the necessary funding for conserving and restoring nature, including in water-based 
ecosystems. They quantify and verify the carbon sequestration resulting from conservation and restoration actions and translate them into tradable carbon 
credits. [93]  

17 There is an established concept in biodiversity science called the “taxonomic impediment” — a shortage of trained taxonomists and incomplete 
biodiversity reference knowledge that limits scientific capacity to identify and interpret biological data. [94] 

clear communication, especially when the data will 

support politically sensitive decisions such as marine 

protected area (MPA) or blue-carbon credits16. 

Scientific communities themselves face social 

pressures due to the loss of domain experts, 

especially taxonomists, and gaps in biodiversity 

reference knowledge. These weaken the capacity to 

interpret new biological data streams. 17 

Fragmentation and siloed working habits across 

different players and fields limits collaboration. 

Stronger networking between researchers, engineers 

and industry should be fostered to counteract this. 

Philanthropic interest in biodiversity and climate can 

expand the space for societal engagement and co-

funding of observation efforts. 

Finally, global inequalities act as a constraint. The 

lack of observations in the Global South, for 

example, creates uneven knowledge and limits the 

capacity to assess global climate impacts.  

Greater involvement of local communities, 

researchers and regional institutions—paired with 

open access to data and standards—will be needed 

to avoid widening these data gaps and to support 

fair and inclusive ocean governance. 

Technological 

The effectiveness of new observation technologies 

depends heavily on underlying scientific and 

organisational conditions. A deeper understanding of 

ecosystem functioning—including microbial 

communities within ecosystems, the size distribution 

of organisms across trophic levels and complex 

biological interactions—and more complete 

biological reference databases are essential to 

interpret data meaningfully. Without these scientific 

foundations, even advanced sensing platforms 

cannot deliver credible outputs. 
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As previously stated, data interoperability remains a 

central condition. Standards for data resolution, 

metadata, reporting formats, and minimum quality-

control practices are required to ensure 

comparability across countries and observation 

systems.  

Connecting national and project-level data streams 

to major aggregators—such as the European Marine 

Observation and Data Network (EMODnet), European 

Global Ocean Observing System (GOOS) and the 

European Open Science Cloud (EOSC)—could create 

the backbone for European-level services. 

Bridging new methods (e.g. eDNA) with traditional 

observations requires agreed protocols, 

intercomparison, and shared reference materials. 

Infrastructure and collaboration also play enabling 

roles. Offshore industries (wind, aquaculture, cables) 

and vessels of opportunity provide new platforms 

for sensors, lowering deployment barriers.  

However, uptake of new methods such as eDNA is 

hindered by a lack of standardised reference 

materials, unresolved methodological uncertainties, 

and challenges in integrating these approaches into 

existing frameworks, including the EU Marine 

Strategy Framework Directive (MSFD). 

Economic 

Economic pressures strongly influence the feasibility 

of sustained ocean observation. Many countries face 

significant budget constraints and competing 

priorities, which reduce long-term commitments to 

infrastructure, maintenance and data management.  

Achieving cost-effectiveness of sensors requires 

considering the full lifecycle: not only manufacturing 

costs but also durability, energy efficiency, 

maintenance requirements, and ease of use. Sensors 

requiring constant expert oversight or frequent 

servicing ultimately prove more expensive than 

robust systems with higher upfront costs. 

Discontinuous observation funding, short project 

durations, and calls imposing excessive 

administrative burden (relative to available budgets), 

reduce the scientific and operational impact. The 

high cost of development, testing and 

demonstration—often exceeding the scope of a 

single project—makes it difficult to reach high 

Technology Readiness Level (TRL) or fully deploy 

innovations. 

Figure 7 – A fish farm in Greece 

 
Source: Adobe Stock (stock.adobe.com) 

At the same time, the financial sector is creating 

new incentives. Blue bonds and blue carbon credits 

require verifiable and traceable data to ensure 

integrity. This increases demand for standardised, 

high-quality observations and rigorous quality 

control. It also creates opportunities for science-

industry partnerships to produce the datasets 

required for these finance instruments. 

Industry presence in offshore activities can reduce 

costs and expand observational capacity. For 

example, using offshore wind farms, aquaculture 

sites, subsea cables (see previous section) or other 

infrastructure as observation platforms increases 

the chances of return on investment and leverages 

existing assets. 

Cooperation with maritime industries through 

vessels of opportunity (see previous section) also 

lowers deployment costs and can engage local 

communities (as mentioned under social factors).  

Nonetheless, sustained funding for existing 

observation platforms remains essential to maintain 

data flow and avoid system degradation. 

Environmental 

Rapid environmental change is one of the strongest 

forces shaping the future of ocean observation, an 

activity that by default is already developed in an 

often-hostile environment to humans and 

equipment. 

Climate change, extreme events, ocean acidification, 

sea-ice loss and altered ecosystem services heighten 

demand for continuous, high-resolution data. Also, 
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harmful algal bloom expansion, coastal hypoxia18 

and shifting biodiversity patterns require early event 

detection and more refined monitoring of ecosystem 

function. Polar regions and other under-observed 

areas are becoming strategic environmental 

priorities. 

Biodiversity considerations amplify these pressures. 

The need to quantify biodiversity, track ecosystem 

size structure, and assess restoration outcomes 

(including blue carbon ecosystems) pushes 

observational requirements beyond physical 

variables. 

The UN’s BBNJ agreement (see “scope and policy 

context” subsection) introduces expectations for an 

effective monitoring of protected marine areas in 

zones beyond national jurisdiction, further expanding 

demand for globally coherent data. 

Environmental impacts from human activities—

including shipping, fishing, offshore energy 

production and aquaculture—justify the need for 

improved monitoring to support robust, data-rich 

environmental impact assessments.  

At the same time, expanding coastal development 

and offshore infrastructure increase ecological risks, 

reinforcing the need for adaptive management 

informed by continuous and reliable environmental 

observations. 

Figure 8 – The hybrid ROV Ariane developed by Ifremer 

 
Source: Ifremer, Olivier Dugornay (image.ifremer.fr) 

Political 

The current geopolitical context introduces 

significant uncertainty. Worldwide political changes, 

 
18 Low oxygen levels in the water—specifically, oxygen concentrations too low to support most marine life. Hypoxia disrupts ecosystems, harms fisheries, 
and signals declining coastal water quality. 

conflicts, and fluctuating interest in climate and 

science affect international cooperation and long-

term planning.  

These dynamics influence access to waters used by 

multiple countries, data exchange, and the stability 

of cross-border observational efforts. Geopolitical 

tensions can also elevate the dual-use dimension of 

ocean data, bringing additional challenges to 

international governance and partnerships. 

Limitations to data capture and access and even to 

develop scientific activity, can further bias data and 

even hinder progress in Artificial Intelligence (see 

Box 4 for more details). 

European-level initiatives such as the development 

on legislative framework on sensors, can play a 

decisive role. Continuous coordination avoids grey 

areas in regulation as well as fragmentation 

between national and EU monitoring obligations (e.g. 

homogenisation of the EEZ-exclusive economic zone 

access for oceanographic vessels).  

Political commitment to treating ocean observation 

as a critical infrastructure varies across countries, 

affecting potentially funding continuity and 

institutional support. 

Security considerations increasingly shape political 

priorities. Concerns around the safety and 

cybersecurity of ships and offshore infrastructure—

cables, wind farms, subsea assets—drive demand 

for monitoring capabilities with security relevance.  

Defence-related interest in ocean observation 

technologies can accelerate investment, but may 

also introduce restrictions on access, data sharing or 

platform use. Political choices will determine 

whether this dual-use dynamic becomes a barrier or 

an opportunity for Europe. 

Conclusions 

Considering the discussions and results of this 

exercise, technology convergence is emerging as the 

defining principle shaping next-generation ocean 

observation.  

The complexity of environmental change, the rising 

demands of governance frameworks, and the need 

for trusted data make it clear that no single 
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technology can meet present or future requirements.  

Progress will depend on integrated systems that 

combine multiple sensing approaches, autonomous 

platforms and AI-enabled analytics. 

Participants emphasised that investing in enabling 

technologies is essential for Europe to expand and 

improve its observing capacity. Meeting tomorrow’s 

challenges—climate impacts, biodiversity loss, risks 

to the blue economy and new geopolitical 

pressures—will require more continuous 

measurements, larger data volumes, and their faster 

analysis.  

This will depend not only on improved sensors and 

platforms, but also on the systems behind them: 

data fusion, high-quality metadata, robust 

interoperability, shared reference databases and 

adherence to common standards. Creating more 

cost-efficient sensors and systems will also be key 

for scaling up this activity. 

Autonomy was highlighted as a major opportunity. 

Advances in energy systems, long-endurance 

vehicles and onboard autonomous decision-making 

can make observation more cost-effective and 

persistent across the ocean, from the surface to 

deep waters.  

New sensing technologies—genomic, acoustic and 

optical—combined with AI and robotics offer 

enhanced biodiversity monitoring, from microbes to 

fish and marine mammals.  

Industry was also recognised as a strong driver of 

research and development, particularly where 

commercial and environmental interests converge. 

Participants stressed that in-situ monitoring remains 

irreplaceable. While satellite and AI-driven analytics 

can enrich understanding, they cannot substitute the 

physical samples, direct measurements and long-

time series required to build scientific knowledge. In 

fact, in-situ observations provide the reference data 

used to train, calibrate, and validate most AI 

applications in ocean observation. 

A diverse set of platforms—ranging from ROVs and 

AUVs to Argo floats, vessels, buoys and animal-

borne sensors—will therefore remain essential.  

Finally, as ocean observation becomes more 

strategically important, investment should be 

assessed in terms of long-term value, cost-

effectiveness, modularity and system-level 

integration.  

The future of ocean observation therefore depends 

on convergence: integrating technologies, aligning 

scientific methods, harmonising governance 

frameworks, maintaining sustained investment, and 

fostering collaborative networks across disciplines 

and borders. 

Figure 9 – A ‘swirling tornado’ of Barracudas 

 
Source: Adobe Stock (stock.adobe.com) 
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